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Theoretical Studies of the CO2 Capture in Atmospheric

Gas by Porous Nanoparticles

Alexsander Carvalho Vendite

Abstract

Global warming is a huge threat for life on Earth and requires vast e�orts to be tack-
led. It emerges mostly from the enhanced greenhouse e�ect, which has major contribution
from atmospheric CO2. Multiple procedures must be combined to lessen the impact of
global warming, such as emission mitigations, development of environmental friendly tech-
nologies and atmospheric carbon capture. The theoretical study of the latter is the target
of this work. Speci�cally, when performed by the metal-organic framework ZIF-8 on CO2,
H2O, N2, O2 and Ar under atmospheric conditions. ZIF-8 was considered as a nanoparti-
cle to evaluate how much its surface impacts the gas capture in proportion to the bulk. The
surface groups were represented as unsaturated Zn atom, 2-methylimidazole or deproto-
nated 2-methylimidazole. Those options imply on di�erent values of charge for the ZIF-8
nanoparticle as a whole. The study was heavily structured on molecular simulations, such
as Classic Metropolis Monte Carlo, Classic Molecular Dynamics and Born-Oppenheimer
Molecular Dynamics. Initially, parametrization of the classic force �elds and subsequent
validation were performed by electronic structure calculations. Afterwards, O2 and Ar
were found to have negligible interaction with ZIF-8. When considering pristine gases with
ZIF-8, the absorption was only possible with CO2, while the adsorption was dominated
by H2O, followed by CO2, in energetic magnitude order. In the explicit competition
between gases, the CO2 absorption was greatly decreased when simulated with either
H2O or N2. The CO2 adsorption was mostly unchanged by the presence of N2, while
it was inhibited when H2O was available. Also, both CO2 uptake and selectivity were
enhanced in lower temperatures and higher pressures. The ZIF-8 nanoparticle with more
super�cial Zn atoms excelled at capturing CO2. Although it was the nanoparticle with
the highest charge, increments of charge made by adding protons to the surface sites had
no e�ect on the CO2 capture. The e�ectiveness of ZIF-8 nanoparticles to capture CO2

decreased as its size grew. From another perspective, absorbed CO2 was compacted by
ZIF-8 similarly to low density liquid CO2. Additionally, adsorbed CO2 was structured in
a web that resembled solid phase CO2. Those features highlight the importance of the
ZIF-8 surface on the CO2 capture and its potential to store compacted CO2. Along with
the speci�c results of gas capture by ZIF-8, this work also aimed to create guidelines on
surface conditions treatment of MOFs.

Key-words: Molecular Simulation, CO2 Capture, Nanomaterial, Electronic

Structure, MOFs



Estudos Teóricos de Captura de CO2 em Gás

Atmosférico por Nanopartículas Porosas

Alexsander Carvalho Vendite

Resumo

Aquecimento global é uma enorme ameaça para a vida na Terra e requer extensos
esforços para ser abrandado. Este emerge principalmente do intensi�camento do efeito
estufa, cuja maior contribuição é atribuída ao CO2 atmosférico. Múltiplos procedimentos
precisam ser combinados para aliviar o impacto do aquecimento global, como redução de
emissões, desenvolvimento de tecnologias amigáveis com a natureza e captura de carbono
atmosférico. O estudo teórico desta última é o objetivo do trabalho. Em especial, quando
feita pela MOF chamada ZIF-8 em gases de CO2, H2O, N2, O2 e Ar sob condições atmos-
féricas. A ZIF-8 foi construída como uma nanopartícula para avaliar o impacto de sua
superfície na captura de gases em proporção com a região interna. Os grupos super�ciais
foram representados como átomo de Zn insaturado, 2-metilimidazol ou 2-metilimidazol
desprotonado. Estas opções implicam em diferentes valores de carga para a nanopartícula
de ZIF-8 como um todo. O estudo foi profundamente estruturado em simulações molec-
ulares, como Monte Carlo Metropolis Clássico, Dinâmica Molecular Clássica e Dinâmica
Molecular de Born-Oppenheimer. Inicialmente, a parametrização dos campos de força
clássicos, com subsequente validação, foram conduzidas por meio de cálculos de estru-
tura eletrônica. Em seguida, O2 e Ar demonstraram interação desprezível com a ZIF-8.
Ao considerar gases puros com a ZIF-8, a absorção foi possível apenas com CO2, en-
quanto que a adsorção foi dominada por H2O, seguida por CO2, em ordem de magnitude
energética. Na competição explícita entre os gases, a absorção de CO2 foi fortemente
reduzida quando H2O ou N2 foram simulados conjuntamente. A adsorção de CO2 foi
apenas levemente afetada pela presença de N2, enquanto que ela foi inibida quando H2O
estava disponível. Além disso, a captação e a seletividade por CO2 foram aumentadas sob
menores temperaturas ou maiores pressões. A nanopartícula de ZIF-8 com maior número
de átomos de Zn super�ciais destacou-se na capacidade de captura de CO2. Apesar de
esta ser a nanopartícula de maior carga, incrementos de carga feitos adicionando prótons
nos sítios super�ciais não demonstraram nenhum efeito na captura de CO2. A efetividade
das nanopartículas de ZIF-8 na captura de CO2 decaiu conforme seu tamanho aumentava.
De outra perspectiva, CO2 absorvido foi compactado pela ZIF-8 de forma similar à CO2

em fase líquida de baixa densidade. Além disso, CO2 adsorvido estruturou-se em uma
rede semelhante à CO2 em estado sólido. Estas observações ressaltam a importância da
superfície de ZIF-8 na captura de CO2 e seu potencial de armazenar CO2 compactado.
Juntamente com os resultados especí�cos sobre captura de gases pela ZIF-8, o trabalho
atual também buscou estabelecer diretrizes no tratamento de superfícies de MOFs.

Palavras-chave: Simulação Molecular, Captura de CO2, Nanomaterial, Estru-

tura Eletrônica, MOFs
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1

Introduction

In this chapter the overall conditions of CO2 in the atmosphere are evaluated. Potential
solutions are addressed, which pave the way to the ZIF-8 theoretical approach of the

problem.

"Every avalanche begins with the movement of a single snow�ake, and my

hope is to move a snow�ake."

Thomas Frey



1.1 Global warming

The greenhouse e�ect is an event which some atmospheric gases absorb infrared ra-

diation and emit it back to the surface of Earth, see Fig. 1.1. This phenomenon is a

key factor to understand global warming. It is caused by water vapor, carbon dioxide,

methane and other atmospheric gases [1]. Note that the greenhouse e�ect is fundamental

to nurture life in the current ecosystem of Earth, since it maintains heat on its surface.

However, the anthropogenic intensi�cation of the greenhouse e�ect is responsible for dev-

astating environmental problems, such as rise of the water-level in sea, higher number of

ocean storms, �oods, etc., see Fig. 1.2 [2].

Figure 1.1: Representative diagram of the greenhouse e�ect � Source: [3]

Atmospheric carbon dioxide (CO2) is responsible for approximately 55% of the global

warming enhancement and for around 64% of the greenhouse e�ect increase [5, 6]. It

should be noted that methane and chloro�uorocarbons (CFC's) pose a higher threat at

global warming per mass of gas. However, due to the di�erence in proportion of the

emissions, CO2 displays a stronger e�ect [7, 8].

The RCP2.6 projection portrays a concentration of atmospheric CO2 peaking at 441

ppm by 2050 and reducing to 420 ppm by 2100 [9]. In 2011, it was found that e�orts

to reduce emissions were underdeveloped and the outlook was considered worse than the

expected at 2004 [10]. According to IPCC and within the RPC2.6 scenario, in 2100, the

concentration of atmospheric CO2 may be at 570 ppm [9]. It would cause the global

temperature and sea level means to rise by about 1.9 oC and 3.8 m, respectively [11,

12]. In a less fortunate perspective, i.e. with the denial to progress towards mitigating

emissions, by 2100 the world might be 6 oC warmer than in 2009 [13].
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Figure 1.2: Temperature trends per decade around the globe considering di�erent time
intervals � Source: [4]

1.1.1 Sources

The increase of atmospheric CO2 concentration is mostly due to emissions from com-

bustion of fossil fuels, gas �aring, cement production and land use changes, such as de-

forestation and biomass burning [1]. The industry accounts for almost 40% of worldwide

CO2 emissions, with iron and steel, cement, chemical industries being responsible for 30,

26, 17% of the industrial emissions, respectively [14, 15]. Following closely behind, the

fossil fuel power plants contribute to about 30% of worldwide CO2 emissions [16].

Among all anthropogenic emissions, it is estimated that around 75% of the atmospheric

CO2 increase is due to burning fossil fuels [17]. Theoretically, carbon-free renewable and
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nuclear energy resources are enough for humankind's energy needs [18]. Therefore, a

quick removal of fossil fuels from the power, heat, transportation and industry sectors is

required [19�23]. Although a complete exchange for electricity in these sectors would be

ideal, it is not readily possible. High temperature industrial heating, long-range aviation

and marine transportation are expected to continue using fossil or synthetic fuels until

at least 2050 [24]. Also, the cement industry and the non-energetic use of fossil fuels in

the chemical industry, such as burning of plastic wastes, would still contribute to climate

change [25].

1.2 Atmosphere

The atmospheric conditions considered when determining the constituent gases con-

centrations are refered to as standard atmosphere. The air is considered dry, as an ideal

gas and within the hydrostatics domain. Also, at sea level, with temperature and pressure

of 288.15 K and 101325 Pa, respectively. This way, the density and average molar mass

are 1225 g/m3 and 28.964 g/mol, respectively [26].

The �ve most abundant gases in the standard atmosphere account for almost all of

the volume. They are N2, O2, Ar, CO2 and Ne with volume concentrations of 78.084 %,

20.948 %, 0.934 %, 314�391 ppm and 18.18 ppm, respectively [26�30]. Note, however, that

CO2 is addressed within a range, since it is heavily dependent on human activity. Many

other pollutants were also emitted, although with concentrations mostly between 1 ppm

and 0.01 ppb. Common examples are nitric oxide and ammonia that when in excess can

cause serious ambiental imbalances [31�33]. Another important remark is real atmosphere

have humidity with 0�4 % of volume concentration depending on many factors [29].

The concentration of atmospheric CO2 during the pre-industrial era (1750) was about

280 ppm [34�37], which increased to 367 ppm in 1999 [37] and to 379 ppm in 2005 [1].

According to the data of the Scripps CO2 Program, the atmospheric volume concentration

of CO2 in the vicinity of Mauna Loa is higher than 410 ppm already, see Fig. 1.3 [38].

1.3 CO2 capture methods

Currently, a wide array of CO2 capture technologies are being studied. The most

prominent ones, without any speci�c order, are: chemical absorption/adsorption (using

amines, aqueous ammonia, Na2CO3 systems, zeolites, activated carbon, amine function-

alized adsorbents, MOFs and ionic liquids), membrane separation or molecular sieves,

carbamation, mineral carbonation, cryogenic separation [39�41].

Considering the chemical adsorption, the capture process relies on selective transition

of CO2 from gas phase to a�x itself on an adsorbent material and a posterior regeneration

[7]. The regeneration techniques available in the literature are pressure swing adsorption
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Figure 1.3: Carbon dioxide concentration at Mauna Loa Observatory until Feb/2020. The
oscillations are due to natural �uctuations throughout the year � Source: [38]

(PSA), vacuum swing adsorption (VSA), temperature swing adsorption (TSA), electri-

cal swing adsorption (ESA), pressure/temperature hybrid process (PTSA) and moisture

swing adsorption (MSA) [7, 8, 42]. PSA consists of a regeneration by reducing the pres-

sure due to a lower gas adsorptivity in the adsorbent material [43]. VSA is similar to PSA,

however in the latter, typically the adsorption is done at higher than ambient pressures

with the desorption being at ambient pressure. On the other hand, in VSA, the adsorp-

tion is usually performed at atmospheric pressure, while the desorption is conducted under

lower pressures [7]. TSA is executed by elevating the temperature to reduce the adsoptiv-

ity of the adsorbent [43]. ESA is done by passing low voltage electric current through the

adsorbent [7]. MSA is also known as washing and relies on the use of water to remove the

adsorbed material [24]. Noting that hybrids are combinations of the technologies. Also,

ESA costs less than both PSA and TSA, and is believed to be able to make CO2 capture

more cost-e�ective [44, 45].

In order to mitigate emissions, there are 3 procedures to capture CO2, mainly at fossil

fueled power plants: post-combustion, oxy-combustion and pre-combustion CO2 captures.

Post-combustion CO2 capture is the most straightforward method to retro�t in cur-

rently working power plants, however its e�ciency is quite low. Post-combustion capture

relies on the separation of CO2 from the exhaust gas of fuel combustion [7, 46]. The CO2

concentration of �ue gases from natural gas power plants and from coal power plants

contain around 3-5% and 10-15% of CO2, respectively [47�49].

Oxy-combustion CO2 capture needs a prior preparation of the air to perform the

combustion. It is made in almost pure oxygen instead of atmospheric air, this way the

�ue gas is composed mostly of CO2, with NOx formation being suppressed. Another
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advantage is that O2 production and CO2 separation can be done by physical separation

processes [7, 39, 46]. Oxy-combustion requires about half of the energy generation penalty

of post-combustion CO2 capture [7]. Also, oxy-combustion capture is quite promising

since it does not demand huge costs for new installations [50].

Pre-combustion CO2 capture relies on producing carbon-free fuel from fossil fuels.

The latter is reacted with oxygen, air or steam, so mostly carbon monoxide and hydrogen

are produced. Then, these are reacted with steam to obtain CO2 and H2. Finally, CO2

is collected and H2 is employed as fuel [7, 39, 46]. Pre-combustion capture is the most

cost-e�cient among the three methods [50]. However, the initial investment to construct

a facility with pre-combustion capture is highly demanding [7].

1.3.1 Negative emission technologies

Point source carbon capture and storage (CCS) are reliable to reduce the CO2 emis-

sions, but not to halt them completely [51]. Furthermore, point source CCS would not

be applicable to ships, planes, land use, agriculture, automobile and other small sources.

Which means, emission reductions would not be enough to make a fossil-based system

not a polluter [24, 52�54]. Such feat can only be achieved with an exchange of the energy

matrix to environmentally cleaner ones and with negative emission technologies (NETs)

[55].

The atmospheric CO2 cannot stay limited below 450 ppm by 2100 if point sources

with CCS maintain their emissions at more than 10% of the current rates [56]. Thus,

NETs can aid the mitigation e�orts to reduce the atmospheric CO2 concentration peak

and enable more economically viable options. However, that cannot be used as an excuse

to reduce the development towards mitigation techniques [57, 58]. NETs can be used to

avoid the irreversibility of the atmospheric CO2 concentration increase, yet changes on

the climate system due to the strain caused are not evaded [47].

In order to apply the RCP2.6 projection, strict emission reductions should be enforced

and NETs implemented by around 2050. The proposition is to employ bio-energy with

carbon capture and storage (BECCS), however a wide use of BECCS might negatively

a�ect the food and biodiversity [9].

1.3.2 Direct air capture

Direct air capture (DAC) comprehend a collection of techniques in the NETs with the

potential to undertake the food and loss of biodiversity considerations [59, 60]. Another

outstanding advantage of DAC is the possibility to tackle emissions from both distributed

and point sources [53, 61�63].

The comparison between DAC and point source carbon capture (PSCC) is recurring,

although there are important distinctions to be estabilished [24]. PSCC can only diminish
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the CO2 emission, while DAC works as a NET [64]. Furthermore, DAC is not location-

speci�c and high concentration of degrading components present in �ue gas (SOx, NOx,

mercury, etc.) are not as prominent [53]. Finally, point source capture must increase

the e�ectiveness, CO2 capture per volume of processed air, to enhance the sequestration,

while DAC just needs e�cience, which means reducement of overall costs [63].

DAC was �rst implemented in the 1930s for cryogenic air separation plants and in life

support systems of manned closed systems later on [54, 65, 66]. Such systems dated back

to 1965 and were not regenerable [67], yet space shuttles contains regenerable Carbon

Dioxide Removal Assembly (CDRA) to keep the inner air breathable [68�70]. The em-

ployed methods worked mostly by CO2 reactions with solutions of strong alkali, such as

NaOH and KOH [71]. Unfortunately, those systems are unable to supply highly concen-

trated streams of CO2, which would make it exceptionally costly on large scale purposes

[24, 54].

An usual source of worry about DAC implementation is the localized exhaustion of

CO2. Also, footprint and land usage might become a problem [24]. An important study

regarding that issue was made by analysing the capture potential of a �at sink in a model

with 4 x 5o latitude/longitude resolution. The CO2 concentration was considered with 5

di�erent scenarios and a three dimensional chemical transport model. The conclusion is

that natural CO2 concentration oscilations are heavier than the DAC depletion potential,

hence DAC systems are not prone such issue [72].

DAC was tested with di�erent adsorbents both in controled environments [46, 53,

61, 73, 74] and in a pilot plant [75]. Especially, Metal-organic frameworks (MOFs) were

applied in experimental studies with promissing outcomes [74, 76�81].

Currently, a meaninful number of companies are active in the �eld of CO2 DAC:

• Carbon Engineering [82] (since 2009) is a pioneer in wide use of high temperature

aqueous solution-based DAC;

• Climeworks [83] (since 2009) possess an already solid base on low temperature solid

sorbent-based DAC [84�89];

• Global Thermostat [90] (since 2010) is another low temperature DAC company.

It has technology suited for CO2 capture from both atmosphere and point source

emissions [91�94];

• Antecy [95] (since 2010) also works on low temperature DAC capture and performs

on temperatures of 80-100 oC for regeneration;

• Oy Hidrocell Ltd [73, 96] (since 1993) utilizes temperature vacuum swing adsorption

(TVSA) at the lowest regeneration temperature among other companies [97, 98];
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• Skytree [99, 100] (since 2008) revolves around ESA with moisturising desorption

technologies;

• In�nitree [101] (since 2014) administers an ion exchange sorbent material applied

to a MSA in order to enrich greenhouses [102�105].

Another decisive concern is regarding the costs of CO2 capture, more speci�cally on

DAC. A delicate balance to be considered is between the operating cost and the capital

cost of the system. To optimize the costs, a minimum layout among both should be

established, since they are inversely proportional [106].

Although DAC and point source capture have signi�cant di�erences, as previously

mentioned, the energy required for them can be compared. A general proportion usually

agreed upon on the literature is that DAC requires around 3 times more energy than point

source capture [47, 58, 107].

It is also estimated that if the CO2 capture works with 5% of the second-law e�ciency,

the produced energy by a power plant with natural gas would be entirely consumed on the

CO2 capture [54]. Additionally, the expected e�ciency for DAC is already below 10% of

the second-law e�ciency [58, 63, 106]. Which means, intensive work is required to make

DAC commercially viable.

1.4 Applications for captured CO2

An essential topic to incentivize the viability of CO2 capture relies on the applications

for the obtained gas. A summary of most relevant demands for CO2 is presented below

[73, 108�110].

• Enhanced Oil Recovery: the fossil reservoirs receive compressed CO2 to provide a

more thorough extraction.

• Urea Production: synthetic ammonia and CO2 are consumed for the industrial

production of urea.

• Polymer synthesis and processing: the usual production pathway relies on phosgene.

However, the wide use of phosgene goes against the principles of green chemistry

and can be replaced by CO2 [111].

• Fuel and chemical synthesis: CO2 can be used as a carbon supply to produce a

chemical energy carrier from renewable energy sources. Some noteworthy ones are

wind and photovoltaic powers, which might provide excess or lack of energy depend-

ing on the weather at the time. This way, energy storage can compensate to ful�ll

the demand [112].

20



• Biological utilization: planting production can be enhanced by adding extra CO2 in

the atmosphere of a greenhouse.

• Mineralization: carbonates can be used to con�ne CO2 for longer periods of time.

Carbonates barely enhance the overall value, yet they can be useful as building

materials and soil amendments.

• Integrated biore�nery: the processes of ethanolic fermentation and biologic produc-

tion of succinic acid can be coupled. The �rst emit CO2 while the latter consumes

it [113].

A more in-depth viewpoint of the state of the art in CO2 utilization can easily be

found in the literature [107, 108, 114�118].

1.5 Advantages of MOFs

When pursuing quali�ed adsorbent candidates, a broad array of traits should be con-

sidered. The most important ones are large CO2 adsorption capacity, large surface area,

rapid kinetics, large CO2 selectivity, cheap regeneration conditions, stability through the

capture process, tolerance to impurities, availability of tunable properties and low pro-

duction cost [119].

Considering the aforementioned needed traits, Metal Organic Frameworks (MOFs),

see Fig. 1.4, are regarded as highly promissing for CO2 capture due to:

• Exceptionally large surface area, both pore structures and pore surface properties

can be modi�ed [39, 42, 120, 121];

• Versatility [53];

• Phenomenal prospects for researching grounds [55, 62, 121�125];

• Outstandingly positive outcomes regarding capture capacity, selectivity, recyclabil-

ity, pore functionalization, pore size, pore shape, regeneration, stability and adsorb-

ing kinetics [126�144];

• Promising CO2 capture for ambients with high or intermediate CO2 concentration

[39, 76, 128, 136, 138�143, 145�147].

A quality of MOFs that deserves exclusive attention is the presence of open metal

sites or coordinated unsaturated metal sites, see Fig. 1.5, [147, 148]. Those sites can

incorporate extra reactivity [53], selective capture of carbon with reversible binding [55],

increased CO2 uptake capacity and selectivity [62]. Additionally, the localized charges of

open metal sites are exceptionally e�ective when interacting with the quadrupole of CO2

molecules [149].
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Figure 1.4: Molecular diagrams of a wide array of MOFs � Source: [77]

Figure 1.5: Molecular diagram of undercoordinated metal atom, in red, and a fully coor-
dinated metal atom, in green, of ZIF-8

1.6 General results for CO2 capture with di�erent ad-

sorbents

Several experimental results of adsorbents interacting with components of the atmo-

sphere, especially CO2, are available within the scienti�c literature. Concerning adsor-

bents in general, it was found that both the presence of H2O and higher temperatures

usually reduce the CO2 uptake [74, 150].
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1.6.1 Capture potential of MOFs

Narrowing the scope to MOFs only, H2O reduces the CO2 uptake in the majority of

tests [39, 53, 62, 126] with rare exceptions [78]. Exposure to H2O can even degrade the

considered MOF [151, 152]. Higher temperatures also reduce the adsorption capacity of

CO2 [39, 153]. Impurities such as NOx and SOx can be damaging to the structure of

the MOF [39]. Open metal sites strongly empower the CO2 capture performance [79,

80, 126], however they bind preferentially and strongly with H2O instead of CO2 [126].

In-depth reviews providing an outlook on the CO2 capture by MOFs are available as well

[55, 154].

Glier et al. [155] provided a real setting assessment of post-combustion CO2 capture

based on functionalized amines and MOFs. Base plant considerations and process cost

were evaluated and applied on a case study. It concluded that both types of solid sorbents

are potential alternatives to liquid systems. Sinha et al. [156] addressed DAC design by

two MOFs as adsorbents along with an economic analysis. The process is performed

by temperature vacuum swing adsorption (TVSA) with energy requirements and cost

estimatives. Both studies aimed to demonstrate the feasibility of CO2 capture by MOFs

when dealing with �ue and atmospheric gases.

1.6.2 ZIF-8: CO2 capture potential and stability

ZIF, zeolitic imidazolate framework, is a class of MOF usually constituted by tetrahe-

dral units which accommodate one divalent transition metal and four imidazolate anions

[157, 158]. ZIFs have remarkable thermal and chemical stability [159�161] and favorable

CO2 adsorption properties [154]. Also, unless the imidazole linkers of ZIFs are bonded

with hydrophilic groups, ZIFs are innately hydrophobic, which greatly aids the CO2 cap-

ture [162�164].

One extensively studied ZIF on selectivity of atmospheric gases is the ZIF-8 [141], or

zincmethylimidazolate framework-8, see Fig. 1.6. ZIF-8 was found to be an exceptional

canditate for CO2 capture [165�168], CO2 storage [169] and for DAC of CO2 [77]. The

structural stability of ZIF-8 was intensely studied due to apparently con�icting results

[141, 157, 170, 171]. Di�erent studies conducted with ZIF-8 observed stability in boiling

water for 7 days [157] and reasonable stability in pure water for the same period of time

[172]. On the other hand, instability was observed when storing ZIF-8 in water at 323

K for a day and in pure water for a year [172, 173]. Later, it was found that ZIF-8 kept

the structure in water for a day at 353 K when the ZIF-8/H2O ratio was 6.0 wt % but

totally dissolved when that ratio was 0.060 wt % [174]. Finally, it was concluded that

ZIF-8, CO2 and H2O react to form a complex carbonate [175]. This way, the stability of

ZIF-8 in boiling water was due to low solubility of CO2 in water at high temperatures.

At room temperature, however, the solubility is superior and the reaction happens at a

23



faster rate. Which means, the inlet gas must be dehydrated before ZIF-8 is exposed to it.

Figure 1.6: Molecular diagram of a ZIF-8 unit cell with Zn terminations

ZIF-8 exhibits stability in a rather diverse set of environments such as re�uxing organic

solvents and aqueous alkaline solutions [157]. ZIF-8 is succeptible to deterioration in

acidic media [157, 176]. Remarkably, the bulk of ZIF-8 nanoparticles displayed stability

when exposed to dilute solutions of aqueous SO2 [177]. However, the surface su�ered

roughening and degradation. Cubic nanoparticles underwent a less intense degradation

than the rhombic dodecahedra nanoparticles. The cubic structure presented superior

stability due to smaller pores.

1.6.3 Simulations of CO2 capture with ZIF-8

The theoretical literature with simulations about capture of atmospheric gases

with ZIF-8 is abundant. The methods considered are Grand Canonical Monte Carlo

(GCMC), with a rigid structure, Molecular Dynamics (MD), with a �exible structure, and

GCMC/MD hybrids. Also, periodic boundaries on three dimensions and temperatures

around 273 K were extensively used. The absorption sites for CO2 on the bulk of ZIF-8

are close to the organic imidazolate group[166, 178], especially near the imidazolate rings
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and above the three methyl rings [179], proximal to the C = C bond and in the cage

center [180], near the H atoms [181], and on both sides of the six ring windows and above

the four ring windows [182]. It was identi�ed, in concordance with the experimental

data, that the absorption amount of CO2 increases with the pressure [179, 180, 183�186],

decreases with an increase of temperature [184] and is higher than the N2 amount [166].

Similarly, N2, H2O, O2, CO2/N2 and CO2/CH4 absorptions increase with the pressure

[184�187], however bulky absorption of H2O only happens at high pressures [188]. The

CO2 selectivity and CO2/N2 separation were una�ected by the presence of O2, H2O

or SO2 [185], however higher CO2/N2 separation was observed on lower temperatures

[178]. Furthermore, the CO2/CH4, CO2/N2, CO2/H2 selectivities towards CO2 grew

with the pressure [180, 183, 186, 187]. Also, the CO2/CH4 selectivity is dependent

on the H2O ratio and temperature [165]. Computational simulations indicate that the

structural �exibility of bulky ZIF-8 grants a gate opening of the ZIF-8 windows, however

only at high pressures with CO2 or CO2/N2 [178, 189]. Overall, the structural �exibility

displays an insigni�cant e�ect on absorption, although fundamental for the di�usion [165,

168, 180], especially when the pore window is smaller than the di�using molecule [190].

The di�usivities of CO2, pristine and at CO2/CH4, barely change with the pressure

and the CO2 di�usitivity in CO2/CH4 is similar to pristine CO2 [180]. The mean

residence time of CO2 molecules inside of bulky ZIF-8 increases at higher pressures and

lower temperatures [182]. Less commonly, force �elds parameters for Classic Molecular

Dynamics were developed with Born-Oppenheimer Molecular Dynamics (BOMD) [191].

Although multiple theoretical works are available regarding ZIF-8, there is a partic-

ular facet that is mostly disregarded: the super�cial conditions of ZIF-8, which is the

contrasting feature of the current work. There is one work that drifted from the usual

method with a partially �exible GCMC of ZIF-8 [192]. ZIF-8 was represented both as

a periodic bulk and as a nanoparticle. The neutral nanoparticle was constructed as a

sphere, of 5 nm of diameter and about 3000 atoms, with undercoordinated Zn atoms

terminated in imidazoles and all exposed N atoms protonated or with a hydroxyl group.

The simulations have shown that non degenerative structural transition of ZIF-8 happens

at a higher pressure in the bulk than in the nanoparticle and did not depend on the

considered nanoparticle surface, however the model depends on the particle size.

1.6.4 Surface conditions of ZIF-8

The reported computational e�orts were applied towards the bulk structure of ZIF-8,

with few exceptions [192], while surface composition, surface structure and morphology

of the ZIF-8 nanoparticles were mostly neglected. Yet, experimental studies draw atten-

tion to the e�ects of the aforementioned conditions of ZIF-8 nanoparticles on structural

stability, adsorbate upload and di�usion rates, and surface reactivity [175, 177, 193�195],
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which means, a proper description of the nanoparticles surface lays the foundation to fully

understand the interaction between ZIF-8 and the atmospheric gases.

Regarding the �rst topic, surface composition, there are many reported compositions

for ZIF-8 nanoparticles. The values, in wt %, mainly revolve around 42.0 for C, 4.5

for H and 24.0 for N , with small deviations depending on the experimental conditions.

However, the Zn proportion present more relevant deviations, with reported values within

the range of 22-30 wt%. Which means that structures of ZIF-8 can be synthesized with

di�erent ratios of metal sites [176, 196�199]. There are also indications of O atoms in the

structure, albeit in small proportions [193, 197].

Concerning the surface structure, a decisive factor in CO2 capture is the presence of

undercoordinated Zn atoms on the surface, mostly with 2 or 3 bonds [193, 197, 199�201].

In a work, nanoparticles of ZIF-8 were fully covered by an Au layer with a surfactant

mediating the interaction [199]. The surfactant could only bond to dicoordinated Zn

atoms. Thus, many dicoordinated Zn atoms were available on the surface to enable the

coating. Hence, the variations in wt % ratio of Zn atoms might be related to the size of the

nanoparticles, proportion between surface and bulk, and/or the terminations provided by

the synthesis method. The presence of the following groups were identi�ed on the surface

of ZIF-8: undercoordinated Zn atoms, hydroxyl groups, NH groups, N− sites, ZnO,

molecular water and hydrogencarbonates [176, 193, 197, 199�201]. Such wide variety is

achieved due to the high reactivity of the surface groups with H2O and its dissociated

products, OH− and H+, and with H2CO3. Similarly, a reaction can happen with fully

coordinated amine to generate ammonium groups [176]. If the pH of the aqueous solvent

with the ZIF-8 nanoparticle is lower than 9.6, then the zeta potential of the nanoparticle

surface is positive [176]. Thus, in a neutral setting, the nanoparticle is expected to be

positively charged or neutral.

Depending on the experimental procedure, the ZIF-8 nanoparticle is assembled in one

of the following morphologies: cubic, with 6 (100) faces, rhombic dodecahedric, with 12

(110) faces, or truncated rhombic dodecahedric, with 6 (100) and 12 (110) faces [202].

Also, the theoretical surface density of unsaturated Zn atoms on the face (100) is higher

than on the face (110) [199].

1.7 Molecular level considerations

Newcoming CO2 separation technologies ought to mind the selectivity towards CO2,

since it is a vital aspect. High selectivity is desirable to perform an intense CO2 separation.

The interaction between CO2 and the adsorbent is pressing to ensure e�ective capture.

On the other hand, �erce interaction energy would culminate in high costs on desorption

[55].

CO2 can behave both as Lewis acid and basis [203]. This way, CO2 can interact
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with negative and positive charges, by approximating the C atom or one of the O atoms,

respectively [204, 205]. Those interactions can be seen as a side-on or an end-on geome-

tries, correspondingly. According to experiments and calculations [206, 207], the CO2

adsorption is organized in an intricate structure by both interactions simultaneously. It

is constructed with interactions of CO2-adsorbent and of CO2-CO2, which portrays the

complexity of the formed fabric [208].

1.7.1 Importance of computational simulations

Amidst the scienti�c community, a few authors still frown upon the importance of

computational simulations. In order to reassure those potential doubts, the following

information is provided. Detailed nanoscopic information, inaccessible or hardly obtain-

able through experiments, can be achieved with computational analyses [209�211]. Also,

simulations can restrain a wide list of potential candidates to guide future experimental

explorations [212].

Nevertheless, to attain the aforementioned through classical means, a parametrization

of the system must be conducted. Among the force �eld parameters, the determination

of atomic charges constitute a large �eld of research. Regarding MOFs, several proce-

dures are available, yet the most popular kinds are electrostatic potential (ESP) such as

CHELPG. It relies on �tting a set of point charges centralized on each atomic nuclei to

mirror an ab initio calculated ESP on the best way possible [55].

It is possible to study MOFs with quantum chemical simulations, which would remove

the need of parametrization, however, feasible only with smaller fragments. Due to the

high amount of atoms in the structure of MOFs, the literature is scarce of quantum

chemical simulations with MOFs [208].

1.8 My contribution

In this work, the surface composition of ZIF-8 and its e�ect on the spontaneous dif-

fusion of atmospheric gases (N2, O2, H2O, Ar and CO2) are studied through theoretical

means. Simulations by Metropolis Monte Carlo (MC), Molecular Dynamics (MD) and

an ab initio method named Born-Oppenheimer Molecular Dynamics (BOMD) were per-

formed along with electronic structure calculations. ZIF-8 was studied as a nanoparticle

to evaluate its surface e�ect on the gas capture, see Fig. 1.7. The study started by per-

forming an atomic charge parametrization of ZIF-8 followed by a confrontation between

the results from classic and ab initio methods to evaluate its quality. Note that force

�eld parameters of ZIF-8 had already been obtained in the literature, however only for

the bulk region. Then, di�erent systems were considered to survey the impact from sur-

face conditions, temperature, pressure, nanoparticle size and charge, and gas mixtures.
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Additionally, tests with pristine CO2 were carried out to compare its behavior with the

adsorbed CO2. It is expected to provide not only information about ZIF-8 but also to

aid enlightening the path to approach other MOFs on similar feats.

Figure 1.7: Structural model of ZIF-8 as 1x1x1, 2x2x2 and 3x3x3 packing nanoparticles

1.9 Summary of the next chapters

The following sections of this work start by describing the theory behind applied

methods in the Chapter 2. It begins with Metropolis Monte Carlo (MC), in Section 2.1,

and delves into relevant content for molecular simulations, such as ensembles, potential

force �eld and periodic boundary conditions. Classical Molecular Dynamics (MD), in

Section 2.2, are also described through the leap frog algorithm. Other peculiarities such

as constraints and thermostat are adressed as well. At this point, the classical methods are

concluded and another simulation procedure is looked into, Born-Oppenheimer Molecular

Dynamics (BOMD) in Section 2.3. It depends on strict technical theory and is explored

in a more super�cial manner, just enough to understand its main concepts. The last

major method is regarding Electronic Structure Calculations in Section 2.4. Its theory

was partially described in the previous topic, so only the remaining parts had to be

checked. The focus was aimed at geometry relaxation, charge calculations and binding

energy evaluations. A small Section 2.5 �nishes the theory with analysis methods, such

as radial distribution function and di�usion coe�cient.

The applied methodology is described in Chapter 3. It begins by exploring the sim-

ulation parameters in Section 3.1. The simulations performed are listed in the Section

3.2. Then, the electronic structure calculations approached are described in the Section

3.3. The relation of which systems were simulated for each result section is described in

the Section 3.4. The criteria for captured gas molecules are de�ned in the Section 3.5.1.

Other analysis methodologies, free volume and CO2 di�usion coe�cient calculations, were

approached in Sections 3.5.2 and 3.5.3.

Moving on, the results are addressed in Chapter 4. It begins by developing the MC
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atomic charge parametrization, in Section 4.1, for the following simulations. Some tests

were conducted to represent the intended atmospheric environment in a simulation box

in Section 4.2. The MC force �eld parameters were validated by comparison of the

interaction distances and energies in Section 4.3. With the basis for MC simulations,

their results are discussed regarding the most abundant atmospheric gases and di�erent

values of temperature and pressure in Section 4.4. Then, di�erent surface conditions

for ZIF-8 were considered and compared among each other in Section 4.5. Up to this

point, the MC simulations were employed, however were lacking on speci�c facets of the

problem at hand. Then, parametrization for MD were performed in Section 4.6. Classical

methodologies were combined to assess gas mixtures, densities of CO2, both captured and

pristine, and di�erent ZIF-8 nanoparticle framework sizes in Sections 4.7 to 4.9. The time

trajetory from MD enabled the study of dynamic quantities, such as CO2 di�usivity and

gas absorption characteristic times in Sections 4.10 and 4.11. Finally, the adsorbed CO2

structure is checked in Section 4.12.

A summary of the found results are coupled with �nal discussions to conclude the

work in Chapter 5.
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2

Methods

In this chapter the theoretical basis used in the current work is on the spotlight. The
Metropolis Monte Carlo, Classic Molecular Dynamics, Born-Oppenheimer Molecular

Dynamics and Electronic Structure Calculations are the main focus. Their fundamental
concepts and nuances relevant for this work are detailed.

"The whole point of getting things done is knowing what to leave undone."

Oswald Chambers



An immense variety of molecular simulations and calculation methods are available

within the scienti�c literature. Among all options, Monte Carlo Metropolis, Classic Molec-

ular Dynamics, Born-Oppenheimer Molecular Dynamics and Electronic Structure Calcu-

lations were employed in this work.

Di�erent approaches were purposely chosen since representation and study of MOFs

compose a complex �eld. Surface conditions, bulk composition, nanoparticle size and

charge, interacting gases are all fundamental variables which must converge to compatible

results through di�erent methods. Ab initio procedures are important to construct a solid

parametrization. While classic methods can enhance the size and diversity of the system

due to its lower computational cost. Regarding the classic simulations, both theories

excel at di�erent areas. Dynamics provide a trajectory with time sequence and natural

framework �exibility, while Monte Carlo disregards the potential barrier heights and allows

good sampling of pressure-�xed simulations of gases.

The concepts behind the aforementioned theories are explained below.

2.1 Monte Carlo method

2.1.1 Metropolis algorithm

One objective of molecular simulations with great importance is to obtain the average

of an observable A de�ned by Eq. 2.1.1 [213, 214].

〈Atotal〉 =

∫
dpNdrNA(pN , rN)exp[−βH (pN , rN)]∫

dpNdrNexp[−βH (pN , rN)]
(2.1.1)

where rN and pN represent coordinates and momenta, respectively, of N particles,

H (pN , rN) is the system Hamiltonian, β = 1/kBT with kB being the Boltzmann

constant and T the temperature.

The kinetic part of H depends quadratically on the momenta and its integral can

be calculated analytically. However, the dependence on rN can rarely ever be exactly

integrated. Thus, numerical methods must be employed.

The average of A is evaluated on a multidimensional system and usual numerical

integration methods, such as quadratures, become useless rapidly as the dimensionality

grows. The reason is that taking m equidistant points in each axis would result in mα

calculations, with α being the dimension. Since the exponential function to be integrated

in Eq. 2.1.1, the Boltzmann factor, varies rapidly, a tight mesh would be required. One

way to address this issue is to exchange the homogeneous sampling procedure to an

importance based one named Metropolis Monte Carlo [215]. The concept of importance

sampling relies on considering many points in the region of reasonable Boltzmann factor

and only a few elsewhere.

31



The problem being faced mainly revolves around expressions such as Eq. 2.1.2.

〈Aconformational〉 =

∫
drNA(rN)exp[−βU (rN)]∫

drNexp[−βU (rN)]
(2.1.2)

Let us denote the partition function Z by Eq. 2.1.3 and the probability density N (rN)

by Eq. 2.1.4.

Z ≡
∫
drNexp[−βU (rN)] (2.1.3)

N (rN) ≡ exp[−βU (rN)]

Z
(2.1.4)

This way, the expression 2.1.2 can be rewritten as Eq. 2.1.5.

〈Aconformational〉 =

∫
drNN (rN)A(rN) (2.1.5)

Generating points in con�gurational space following N (rN) would result in Eq. 2.1.6.

N (rNi ) ≈ ni
L

(2.1.6)

where ni is the number of points generated around rNi and L is the total generated points.

Then , 〈A〉 can be calculated as Eq. 2.1.7.

〈A〉 ≈ 1

L

L∑
i=1

niA(rNi ) (2.1.7)

The Metropolis scheme is then used to generate the points in the con�gurational space

proportionally to N (rN). It is done through a Markov Chain by preparing a system

con�guration rN denoted 'old'. Next, a small random displacement δ is applied in 'old'

to obtain a trial one r′N named 'new'. Consider the transition probability for the system

to go from 'old' to 'new' as π(old −→ new). An important constraint to ensure that the

equilibrium is maintained once reached is the detailed balance, formulated in Eq. 2.1.8.

N (old)π(old −→ new) = N (new)π(new −→ old) (2.1.8)

Each Monte Carlo move is made in 2 steps: conduct a trial move from 'old' to 'new';

acceptance, or not, of the move. The �rst is encoded by the transition matrix α(old −→
new) and the latter is denoted by the probability of acceptance acc(old −→ new). Then,

the transition probability π(old −→ new) is obtained by the product of both, which means

Eq. 2.1.9.
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N (old)α(old −→ new)× acc(old −→ new) = N (new)α(new −→ old)

× acc(new −→ old)
(2.1.9)

By the Metropolis method, α is chosen as symmetric, which means it follows Eq.

2.1.10.

α(old −→ new) = α(new −→ old) (2.1.10)

Then, eqs. 2.1.9 and 2.1.4 can be rewritten as Eq. 2.1.11.

acc(old −→ new)

acc(new −→ old)
=

N (new)

N (old)
= exp{−β[U (new)−U (old)]} (2.1.11)

Which is solved by the choice of Metropolis et al. as Eq. 2.1.12.

acc(old −→ new) = N (new)/N (old) if N (new) < N (old)

= 1 if N (new) ≥ N (old)
(2.1.12)

With eqs. 2.1.12 and 2.1.11, the probability of accepting the trial move is achieved as

Eq. 2.1.13.

acc(old −→ new) = min
(

1, exp{−β[U (r′
N

)−U (rN)]}
)

(2.1.13)

Lastly, the trial moves should be made in a way that guarantee the symmetry of α,

which means a reverse trial move must be equally probable. In a rigid setting, each trial

move consists of a translational and an orientational displacements. The translational

trial moves were performed by adding a small uniformly distributed random value in the

interval [−∆/2,∆/2] for each of the coordinates x, y and z. The orientational trial moves

were done by randomly generating an axis and applying a small, and random as well,

angular displacement around it.

In this work the simulation length was measured by Monte Carlo cycles. One molecule

of the system is randomly chosen, it undergoes through a translational and an orientational

trial move, it is accepted or not based on the Boltzmann factor, then the process starts over

with the other molecules until all were tried. Then, one Monte Carlo cycle is accounted.

2.1.2 Ensembles

The choice of ensembles is important since distinct ensembles are only guaranteed to

yield same results in the thermodynamic limit. Plain Monte Carlo simulations sample

the canonical ensemble, i.e., NVT ensemble. In that case the probability of acceptance

follows Eq. 2.1.13.
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Since the objective of this work is to perform DAC, it is of interest to evaluate the

system under constant pressure as well. Thus, the isobaric-isothermal ensemble, i.e. NPT,

is detailed below. Under those circumstances, the probability of �nding a speci�c con�g-

uration of the N atoms with constant pressure P at a volume V is proportional to Eq.

2.1.14 [213, 214].

N (rN , V ) ∝ exp{−β[U (rN , V ) + PV ]} (2.1.14)

In the NPT Monte Carlo procedure, V undergoes trial moves the same way as the

coordinates r. In that case, the volume is attempted to change as V ′ = V + ∆V , where

∆V is chosen randomly. Note that trial could create an arti�cial vacuum region when

∆V > 0 and expel molecules when ∆V < 0. To avoid it, the coordinates rN must be

multiplied by (V ′/V )1/3, considering a cubic lattice, which generates r′N . When N is

integrated to be normalized, a new term arises. The acceptance probability, calculated

by 2.1.12, becomes Eq. 2.1.15.

acc(old −→ new) = min(1, exp{−β[U (r′
N
, V ′)−U (rN , V )

+ P (V ′ − V )−Nβ−1ln(V ′/V )]})
(2.1.15)

2.1.3 Force �eld for rigid molecules

The potential force �eld consisted of electrostatic, see Eq. 2.1.16, and Lennard-Jones,

see Eq. 2.1.17, interactions.

uQij(rij) =
1

4πε0

qiqj
rij

(2.1.16)

uLJij (rij) = 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

(2.1.17)

where ε0 is the vacuum permittivity; rij is the distance between atoms i and j; εij and σij
are parameters chosen for each atom pair ij; qi are charge parameters set for each atom.

In practice, εij and σij are determined by combining rules, named Lorentz-Berthelot, given

by Eq. 2.1.18.

σij =
1

2
(σi + σj)

εij = (εiεj)
1/2

(2.1.18)

Then, due to the molecular rigidity, no intramolecular forces were applied and only 3

parameters were needed for each atom, (σi, εi, qi).

The electrostatic potential is modeled as a r−1 decay, which is a simple function
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regarding r. On the other hand, the Lennard-Jones potential shape is more intricate, see

Fig. 2.1. It portrays a "hard sphere" core with an attractive well.
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r/
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Figure 2.1: Lennard-Jones potential shape with minimum at V = −ε and r = 21/6σ

Regarding long-range interactions, the Lennard-Jones tail contribution decays by r−6,

while the electrostatic is slower, with r−1. If the electrostatic long-range e�ect is controled,

then both are regulated.

There are two main methods to apply tail corrections for the electrostatic potential.

The more straightforward one relies on considering the region after a cuto� radius to

be �lled by an ideal continuous material de�ned by a dielectric constant. However, the

solvent being studied is composed of gases and the average dielectric constant of gaseous

media is minuscule. The second method would be an Ewald summation, which works by

making copies of the simulation box to consider the interaction between the primitive box

and its copies. It can only be used if the system in the primitive box is neutral. The ZIF-8

was treated as a charged nanoparticle and the only way to neutralize the system would

by adding counterions. It is a potentially e�ective procedure for liquid solvents, however

gaseous environment will probably be signi�cantly impacted by the counterions. The

latter might induce clusters of gas molecules to be formed around it or interact directly

with ZIF-8 sites of interest. To minimize the adverse e�ects, long-range interactions were

not treated after the truncated cuto� distance rc, which was chosen as a large enough
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value to ensure it would work properly.

2.1.4 Periodic boundary conditions

In the current work, Monte Carlo molecular simulations intended to portray macro-

scopic samples. However, explicitly representing each atom of such system is impossible

with the current processing power. Also, molecules on the borders would interact di�er-

ently than the ones in the bulk, which could lead to unwanted border behavior. One way

to address those issues is by enforcing periodic boundary conditions as represented in Fig.

2.2. In that case, the simulation box is treated as a primitive cell and is replicated in

all of its sides. Each particle can interact with all other particles in this in�nite periodic

system. Then, to limit that in�nite sum, a cuto� radius is determined based on the usual

range of the interactions. Note the primitive cell lattice should be larger than two times

the cuto� radius to avoid arti�cial events.

Figure 2.2: Representation of a system with periodic boundary conditions � Source: [213].

The algorithm simply transfers each molecule that trespass a side of the box to its

opposing one. Do note it should be done with the whole molecule, not only the fragment

that crossed a box side. Refusing to do so might generate arti�cial dipoles and compromise

the whole simulation.

2.2 Classical molecular dynamics

The classical term implies that the nuclear motion of each atom of the system follows

classical mechanics laws. That approximation can be satisfactorily employed depending

on the used integration time step ∆t. When the motion of light atoms, such as H, He,
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are allowed to freely evolve, ∆t must be kept at 0.1 fs. By enforcing constraints on

the aforementioned atoms, ∆t can be increased while maintaining a reasonable classical

approximation. Those methods are elaborated with more depth in the following sections.

2.2.1 Leap frog algorithm

Classical Molecular Dynamics operates by integrating the Newton's equations of mo-

tion for each particle of the system [213, 214]. Multiple numerical approaches can be

applied, such as Verlet, velocity Verlet and Leap Frog algorithms. The construction of

the latter starts by obtaining the Verlet algorithm. First of all, the coordinate of the

particle is Taylor expanded around time t, Eq. 2.2.1.

r(t±∆t) = r(t)± v(t)∆t+
f(t)

2m
∆t2 ± ∆t3

3!

d3r

dt3
+ O(∆t4) (2.2.1)

where v(t) is the particle velocity, m is the particle mass and f(t) is the force applied on

the particle.

By adding both signs of Eq. 2.2.1, the Eq. 2.2.2 and its approximation Eq. 2.2.3 are

obtained.

r(t+ ∆t) + r(t−∆t) = 2r(t) +
f(t)

m
∆t2 + O(∆t4) (2.2.2)

r(t+ ∆t) ≈ 2r(t)− r(t−∆t) +
f(t)

m
∆t2 (2.2.3)

On the other hand, subtracting both signs of Eq. 2.2.1 results in Eq. 2.2.4, which can

be reordered into Eq. 2.2.5.

r(t+ ∆t)− r(t−∆t) = 2v(t)∆t+ O(∆t3) (2.2.4)

v(t) =
r(t+ ∆t)− r(t−∆t)

2∆t
+ O(∆t2) (2.2.5)

Then, the Verlet algorithm is concluded. The Eq. 2.2.3 can be used to evolve the sys-

tem and the Eq. 2.2.5, to compute kinetic energy or others velocity-dependent quantities.

The Leap Frog algorithm is equivalent to the Verlet one and can be obtained from the

latter. It starts by de�ning the half-step velocities as Eq. 2.2.6.

v(t−∆t/2) ≡ r(t)− r(t−∆t)

∆t

v(t+ ∆t/2) ≡ r(t+ ∆t)− r(t)
∆t

(2.2.6)

Then, the evolution of the coordinates can be written as Eq. 2.2.7.
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r(t+ ∆t) = r(t) + v(t+ ∆t/2)∆t (2.2.7)

By applying Eq. 2.2.6 on Eq. 2.2.3, the velocity evolution can be written as Eq. 2.2.8.

v(t+ ∆t/2) = v(t−∆t/2) + ∆t
f(t)

m
(2.2.8)

It should be noted the Leap Frog algorithm proceeds by alternating between iterations

of position and velocity, see Fig 2.3.

Figure 2.3: Leap frog scheme representation where position and velocities are evolved
with a time di�erence of ∆t/2 � Source: [216]

2.2.2 AMBER force �eld

The force �eld used in Molecular Dynamics simulations is the AMBER force �eld

[217]. It is divided in two parts, non-bonded and bonded interactions. The �rst con-

sists of Lennard-Jones and Coulomb potentials, previously considered as Eqs. 2.1.17 and

2.1.16. Non-bonded interactions were truncated beyond a cuto� radius and no long range

corrections were employed. Similarly to the Monte Carlo simulations, huge values of cuto�

radius were used to avoid artifacts due to the abrupt truncations.

Atoms of the same molecule can interact with non-bonded potentials. Within the

force �eld model of AMBER, atoms that are neighbors or separated by two consecutive

bonds do not interact via non-bonded terms. Atoms separated by three consecutive bonds

interact through non-bonded potentials in the following way: Lennard-Jones potential is
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divided by 1/2 and Coulomb potential, by 1/1.2. Further atoms interact fully by non-

bonded terms.

The bonded interactions are exclusive to �exible structures and are represented by Eq.

2.2.9.

Vnon−bonded =
∑
bonds

kb(r − r0)2 +
∑
angles

kθ(θ − θ0)2

+
∑

dihedrals

3∑
n=1

Vn[1 + cos(nφ− γ)] +
∑

improper

Vp[1− cos(2φ)]

(2.2.9)

The �rst term is the harmonic potential of bond stretching. Its strength is quanti�ed

by the force constant kb and the equilibrium bond length is given by r0. Those parameters

must be de�ned for each pair of bonded atom types in the simulated molecules.

The second term codi�es the harmonic angle potential of each ordered triplet of atoms.

kθ is a force constant and θ0 is a phase constant.

The third term refers to the dihedral, or torsional, potential of four atoms bonded

in a row. Naming the chain of atoms as a, b, c, d, a dihedral is the angle between the

planes de�ned by the atoms a, b, c and b, c, d. Vn is a force constant, n possibilits varied

periodicities and γ is a phase constant.

Lastly, the fourth term is a tool to maintain certain structures within a plane. Named

improper dihedral, it works in a similar way to dihedrals, however the atoms a, b, c, d are

not consecutive. The atom c is bonded to the other three and remains in the middle of

the triangle formed by a, b, d.

Do note that dihedral interactions can have periodicity higher than 3 and improper

dihedrals can be written in a more general way to reinforce out-of-plane structures. How-

ever, this current work employed only the possibilities within Eq. 2.2.9.

2.2.3 Constraints

The classical approximation of Molecular Dynamics can be successfully applied with

larger values of time steps if faster movements, such as vibration of H atoms, are con-

strained. The method utilized in this work is the LINCS algorithm [218].

LINCS works by implementing a matrix correction on the positions to �x the bond

lengths while retaining its directions. This algorithm consists of two steps for each bond to

be constrained after an unconstrained position update, see Fig. 2.4. First, the projection

of the updated bond on the previous one is set to be equal to the latter. Second, the bond

is corrected due to rotational lengthening with Eq.2.2.10.
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l = d cosθ

p = (2d2 − l2)1/2
(2.2.10)

Figure 2.4: Representative diagram of LINCS procedure � Source: [219]

The full matricial treatment can be found in the original work [218].

2.2.4 Thermostat � velocity-rescale

The conventional Molecular Dynamics operate on the microcanonical ensemble, i.e.,

NVE ensemble. However, to establish a proper comparison with the Monte Carlo sim-

ulations, it is of interest to have the same ensemble on both. Then, to enforce a NVT

ensemble, a thermostat is required. Many options are available within the literature, such

as Berendsen, Nosé-Hoover, Andersen and Velocity-rescale thermostats. The latter was

chosen due to its e�ciency and proper generation of the canonical ensemble [220].

The most basic Velocity-rescale thermostat simply multiplies the velocity module of all

particles to enforce a �xed temperature. However, that crude method creates an abrupt

change of the velocities when applied. An enhanced method is the Berendsen thermostat

in which temperature is slowly corrected by Eq. 2.2.11.

dT

dt
=
T0 − T
τ

(2.2.11)

where T0 is the expected temperature and τ is a time constant.

The value of τ can be changed to adapt the coupling strength. However, variations

of kinetic energy included by the Berendsen thermostat do not provide the generation of

a proper canonical ensemble. Then, to restore those �uctuations, a noise is added by an
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auxiliary continuous stochastic dynamic procedure and the Velocity-rescale thermostat is

complete. The stochastic dynamic step can be chosen arbitrary as long as it conserves

the canonical distribution. In this work, the kinetic energy K with the stochastic term is

given by Eq. 2.2.12.

dK = (K0 −K)
dt

τT
+ 2

√
KK0

Nf

dW
√
τT

(2.2.12)

where Nf is the number of degrees of freedom, dW is a Wiener process and τT can be

related to τ by Eq. 2.2.13.

τ =
2CvτT
NfkB

(2.2.13)

where Cv is the heat capacity of the system and kB is the Boltzmann constant.

2.2.5 Periodic boundary conditions

The periodic boundary was applied in the same way as the one for Monte Carlo

simulations, except that the periodic removal of the center of mass translational motion

was employed. Since temperature is calculated by the average kinetic energy of the system,

anomalous e�ects can take place such as freezing of the system. If most energy is applied

on center of mass translation, it would freeze the internal movements of the system, while

maintaining a wrongly apparent constant temperature.

2.3 Ab initio simulations

2.3.1 Born-Oppenheimer molecular dynamics

The concept of Ab Initio Molecular Dynamics is to evolve a system with classical

point particles driven by quantum-mechanical formalism [221]. It starts with the time-

dependent Schrödinger Eq. 2.3.1 with the Hamiltonian given by Eq. 2.3.2.

i}
∂

∂t
Φ({ri}, {RI}; t) = H Φ({ri}, {RI}; t) (2.3.1)

H = −
∑
I

}2

2MI

∇2
I −

∑
i

}2

2me

∇2
i

+
1

4πε0

∑
i<j

e2

|ri − rj|
− 1

4πε0

∑
I,i

e2ZI
|RI − ri|

+
1

4πε0

∑
I<J

e2ZIZJ
|RI −RJ |

= −
∑
I

}2

2MI

∇2
I + He({ri}, {RI})

(2.3.2)
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where {ri} and {RI} are the electronic and nuclear degrees of freedom, respectively; MI

is the mass and ZI is the atomic number of nucleous I, me is the electron mass, −e is the
electron charge and ε0 is the vacuum permittivity.

Then, consider the nuclei to be �xed points in space, i.e. constant {RI}. The electronic
Hamiltonian He can be written as Eq. 2.3.3 with orthonormalized eigenfunctions Ψk.

Noting that He, Ψk and Ek have parametric denpendance with {RI}.

He({ri}; {RI})Ψk({ri}; {RI}) = Ek({RI})Ψk({ri}; {RI}) (2.3.3)

A complete set of all eigenfunctions {Ψk} of He along with the time-dependent nuclear

wave functions {χk} can be combined to express the total wave function as Eq. 2.3.4. It

separates the light electrons and heavy nuclei due to di�erent order of magnitude of the

characteristic times of their motion.

Φ({ri}, {RI}; t) =
∞∑
l=0

Ψl({ri}; {RI})χl({RI}; t) (2.3.4)

Applying Eq. 2.3.4 in Eq. 2.3.1 with left multiplication by Ψ∗l ({ri}; {RI}) and in-

tegration over {ri} leads to a group of coupled di�erential equations. It is further de-

veloped by assuming Ψl ∈ R and by implementing the adiabatic approximation, where

non-diagonal couplings are removed. Lastly, diagonal couplings are also neglected as the

Born-Oppenheimer approximation and and the evolution for the nuclei motion is obtained

as Eq. 2.3.5. [
−
∑
I

}2

2MI

∇2
I + Ek({RI})

]
χk = i}

∂

∂t
χk (2.3.5)

However, in Eq. 2.3.5 all nuclei are represented by a single wave equation in a spe-

ci�c electronic state, while molecular dynamics requires considering nuclei as individual

classical points. To do so, the nuclei wave function is expanded as Eq. 2.3.6.

χk({RI}; t) = Ak({RI}; t)exp[iSk({RI}; t)/}] (2.3.6)

where Ak, Sk ∈ R and Ak > 0.

Substituting Eq. 2.3.6 in Eq. 2.3.5, considering only the real part and applying the

classical limit of }→ 0 results in Eq. 2.3.7.

∂Sk
∂t

+
∑
I

1

2MI

(∇ISk)
2 + Ek = 0 (2.3.7)

The Eq. 2.3.7 has a important similarity with the Hamilton-Jacobi formulation as in

Eq. 2.3.8.

42



∂Sk
∂t

+Hk({RI}, {∇ISk}) = 0

Hk({RI}, {PI}) = T ({PI}) + Vk({RI})
(2.3.8)

Finally, consider a given conserved energy Etot
k and the de�nition for conjugate canon-

ical momenta PI ≡ ∇ISk. Then, the solutions of Eq. 2.3.7 from the Hamilton-Jacobi

formulation are written as Eq. 2.3.9.

MIR̈I(t) = −∇IV
BO

k ({RI(t)}) (2.3.9)

with V BO

k ({RI(t)}) given by minΨk
{〈Ψk|He|Ψk〉}. Then, Eqs. 2.3.3 and 2.3.9 can be

rewritten as Eq. 2.3.10 for the electronic ground state.

MIR̈I(t) = −∇I min
Ψ0

{〈Ψ0|He|Ψ0〉}

E0Ψ0 = HeΨ0

(2.3.10)

In summary, the procedure is made by: I) Finding the Born-Oppenheimer potential

energy surface Ek of the electronic Hamiltonian given by Eq. 2.3.3 of state k at the static

nuclei coordinates {RI(t)}. II) Evolving the nuclei positions via classical mechanics with

an e�ective potential V BO

k constructed from the Ek surfaces.

Do note the quantum problem is reduced to a time-independent Schrödinger equation

with parametric dependence of {RI}, alternated with classical mechanics.

2.3.2 Electronic structure method - density functional theory

The following concern is about estabilishing a method to calculate 〈Ψ|He|Ψ〉. The

density functional theory (DFT) starts with the Hohenberg-Kohn theorems, which enables

the development of a many-body theory with electron density ρ as the main quantity [221�

224]. In this case, the ground state energy can be written as Eq. 2.3.11.

E0 = min
ρ

(T [ρ(r)] + Eee[ρ(r)] + ENe[ρ(r)] + ENN + EXC [ρ(r)]) (2.3.11)

where T [ρ(r)] is the kinetic energy functional, Eee[ρ(r)] is the Coulomb interaction energy

functional between electrons, ENe[ρ(r)] is the Coulomb interaction energy functional be-

tween electron and nucleous, ENN is the Coulomb interaction energy functional between

nuclei and EXC [ρ(r)] is the exchange and correlation energy functional.

Up to this point, the electron density ρ is exact, however it is not readily known in a

many-body system. Kohn-Sham reduced the many-body problem into a set of orthonor-

mal one-particle functions, named Kohn-Sham orbitals {φi}. Initially, the electrons are

considered as uncharged fermions, so without interactions between them. Slater deter-

minants can be used to represent exact wave functions of uncharged fermions. Then, a
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non-interacting reference system can be achieved with the electronic one-body density as

Eq. 2.3.12 satisfying 〈φi|φj〉 = δij.

n(r) =
occ∑
i

fi |φi(r)|2 (2.3.12)

where {fi} are integer occupation numbers. Then, the energy functionals were rewritten

as Eq. 2.3.13.

E0 = min
{φi}

(TS[{φi}] + ENe[n] + Eee[n] + ENN + EXC [n]) (2.3.13)

where each of the terms, except EXC [n], are explained and expanded into their explicit

form:

• Non-interacting kinetic energy functional TS[{φi}] as Eq. 2.3.14

TS[{φi}] = − }2

2me

occ∑
i

fi
〈
φi
∣∣∇2
∣∣φi〉 (2.3.14)

• Coulomb interaction energy functional between nucleous and electron ENe[n] as Eq.

2.3.15

ENe[n] = − e2

4πε0

∫ ∑
I

ZI
|RI − r|

n(r) dr (2.3.15)

• Coulomb interaction energy functional between electrons Eee[n] as Eq. 2.3.16

Eee[n] =
1

2

e2

4πε0

∫∫
n(r′)

|r− r′|
n(r) dr′dr (2.3.16)

• Coulomb interaction energy between nuclei ENN as Eq. 2.3.17

ENN =
e2

4πε0

∫ ∑
I<J

ZIZJ
|RI −RJ|

n(r) dr (2.3.17)

The respective potential of each energy functional can be obtained by Eq. 2.3.18.

Vα(r) =
δEα[n]

δn(r)
(2.3.18)

Then, the Kohn-Sham equation can �nally be written as Eq. 2.3.19.
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HKS
e φi(r) =

∑
j

Λijφi(r)

HKS
e = − }2

2me

∇2 +
e2

4πε0

∑
I<J

ZIZJ
|RI −RJ|

− e2

4πε0

∑
I

ZI
|RI − r|

+
e2

4πε0

1

2

∫
n(r′)

|r− r′|
dr′ +

δEXC [n]

δn(r)

(2.3.19)

Via an unitary transformation on the orbitals φi such as φ′i = ΣjUijφj with ΣjU
∗
ijUjk =

δik, the canonical form of the Kohn-Sham equation is obtained as HKS
e φ′i = εiφ

′
i. Where

{εi} are the Kohn-Sham eigenvalues and the total energy can be written in terms of {εi}
as 2.3.20.

EKS =
∑
i

εi −
e2

4πε0

1

2

∫∫
n(r)n(r′)

|r− r′|
dr′dr + EXC [n]−

∫
δEXC [n]

δn(r)
n(r)dr (2.3.20)

The Kohn-Sham equation is solved by a self-consistent procedure. It starts with an

initial guess of n(r), followed by iterations of Eq. 2.3.19 and calculations of n(r) until

self-consistency is achieved.

2.3.3 Exchange and correlation functional

The Kohn-Sham method separates exact known terms from the unknown, the exchange

and correlational functional VXC [n]. A wide array of approximations are available in the

literature for VXC [n]. Among them, the Generalized-Gradient Approximations (GGAs)

were found to provide good accuracy, particularly the Perdew�Burke-Ernzerhof (PBE)

functional [224].

In a GGA, the energy EXC [n] can be obtained by Eq. 2.3.21.

EXC [n] =

∫
drf(n,∇n) (2.3.21)

where f(n,∇n) is a semilocal functional chosen and adjusted to obtain known values for

the �nal energy value. The potential cannot be readily reached with Eq. 2.3.18 due to

its semilocal behavior. The one used in this work is the PBE functional from [225] and a

deeper handling on general forms of EXC [n] can be found in [224].

2.3.4 Orbital representations

The orbitals φi can be represented in a multitude of forms, each with its own ad-

vantages and disadvantages. The valence orbitals are usually described in a di�erent

formalism from the core ones, due to their contrasting energy magnitude.
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The basic models for valence electrons are Gaussian, Slater and plane-wave functions.

The �rst two portray a localized feature, while the third is delocalized and periodic. A hy-

brid of Gaussian and plane-wave functions (named GPW) was chosen to construct valence

orbitals φi, see Eq. 2.3.22. As a side note, Slater functions would better represent the

physical aspect of the orbitals. However, Gaussians provides better analytic evaluations.

φi(r) = Ri(r) Yli,mi
(θ, ϕ)

Ri(r) = rli
N∑
j=1

cij exp(−αj r2)
(2.3.22)

where Yl,m(θ, ϕ) are spherical harmonics, cij and αj are weighting constants.

More speci�cally, double zeta for valence electrons plus polarization functions (DZVP)

were used. It means two functions φi(r) were employed for each orbital plus a set of

polarization functions with higher angular momentum.

Regarding core electrons, they were represented by smooth and close to the nuclear

core region pseudo wave functions. Such choice is assured by the chemical inactivity of the

inner electrons and reduces the calculation time. The chosen method is the Goedecker-

Teter-Hutter (GTH) norm-conserving pseudopotential [226] from Eq. 2.3.23.

Vloc = −Ze�

r
erf

(
r√

2rloc

)
+ exp

[
−
(

r√
2rloc

)2
]

4∑
i=1

Ci

(
r

rloc

)2i−2

(2.3.23)

where erf is the error function, Ze� is the nucleus charge minus the charge of core electrons,

rloc is the range of the Gaussian ionic charge distribution and {Ci} are constants. The

�rst term of Eq. 2.3.23 is the long-range factor, while the second is the short-range one.

Finally, the total orbital is constructed by a linear combination of atomic orbitals

(LCAO). Noting the coe�cients are set based on theoretical methods, not to re�ect ex-

perimental results, which attain the ab initio label.

Di�erent approaches to orbital representations can be found in [221, 222, 224].

2.3.5 Thermostat � velocity-rescale

Up to this point the molecular dynamics would evolve in the microcanonical ensemble,

i.e. NVE. Yet, the NVT ensemble is required for a proper comparation between the

other considered methods. For such, a thermostat is imperious. The same thermostat

from the Classical Molecular Dynamics was employed, the Velocity-rescale procedure. Its

application is analogous since only nuclear positions and momenta are dynamic variables

for both Classical and Born-Oppenheimer Molecular Dynamics.
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2.4 Electronic structure calculations

Two main branches of theories were operated for electronic structure calculations:

1. Density Functional Theory with PBE exchange-correlation pure functional

2. Hartree-Fock plus Density Functional Theories with B3LYP exchange-correlation

hybrid functional

Since DFT and the PBE functional were already approached in the Section 2.3, only

Hartree-Fock theory and B3LYP functional are explained below.

2.4.1 Hartree-Fock theory

Hartree-Fock (HF) theory, also known as self-consistent �eld (SCF) theory, begins by

writting the many-electron wave function as a single Slater determinant, Eq. 2.4.1.

ΦHF(r1, r2, ...., rN,σ1,σ2,....,σN)

=
1√
N !

∣∣∣∣∣∣∣∣∣∣
φ1(r1,σ1) φ2(r1,σ1) · · · φN(r1,σ1)

φ1(r2,σ2) φ2(r2,σ2) · · · φN(r2,σ2)
...

...
. . .

...

φ1(rN,σN) φ2(rN,σN) · · · φN(rN,σN)

∣∣∣∣∣∣∣∣∣∣
(2.4.1)

Note this approximation considers exchange e�ects, but not correlational e�ects, since

a general many-body wave function would require more than a single Slater determinant.

The energy contributions are given by Eq. 2.4.2 with Ĥ being given by one-electron

and two-electron contributions in Eq. 2.4.3.

E(a) =

∫
Φ∗ĤaΦdr1...drN (2.4.2)

Ĥ = Ĥ(1) + Ĥ(2) = − }2

2me

N∑
i=1

∇2
ri

+
e2

4πε0

1

2

N∑
i=1

N∑
j 6=i

1

|ri − rj|
(2.4.3)

That way, the one-electron surviving terms add up to Eq. 2.4.4.

E(1) = − }2

2me

N∑
i=1

∫
φ∗i (r)∇2

rφi(r)dr =
N∑
i=1

Eii (2.4.4)

While the two-electron contribution in Eq. 2.4.5 splits in two parts, the Coulomb

integrals Jij and the Exchange integrals Kij.
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E(2) =
e2

4πε0

1

2

N∑
i=1

N∑
j=1

(Jij −Kij)

Jij =

∫∫
φ∗i (r)φ

∗
j(r
′)

1

|r− r′|
φi(r)φj(r

′)drdr′

Kij =

∫∫
φ∗i (r)φ

∗
j(r
′)

1

|r− r′|
φi(r

′)φj(r)drdr
′

(2.4.5)

Then, the total Hartree-Fock energy can be obtained as Eq. 2.4.6.

EHF = E(1) + E(2) + ENN (2.4.6)

where ENN is the energy due to the Coulombic interaction of all nuclei pairs.

Finally, the Hartree-Fock equation can be written as Eq. 2.4.7.

F̂φi(r) =
∑
j

Λijφi(r)

F̂ = − }2

2me

∇2
r1

+
e2

4πε0

∑
j

(
Ĵj − K̂j

) (2.4.7)

where F̂ is the Fock operator, Ĵj is the Coulomb operator and K̂j is the exchange

operator. The last two are de�ned by Eq. 2.4.8.

Ĵjφi(r) =

∫
φ∗j(r

′)
1

|r− r′|
φj(r

′)dr′ φi(r)

K̂jφi(r) =

∫
φ∗j(r

′)
1

|r− r′|
φi(r

′)dr′ φj(r)

(2.4.8)

By a unitary transformation on the orbitals φi such as φ′i = ΣjUijφj with ΣjU
∗
ijUjk =

δik, the canonical form of the Hartree-Fock equation is obtained as F̂φ′i = εiφ
′
i, where

{εi} are the Hartree-Fock eigenvalues. The total energy can be written in terms of {εi}
as 2.4.9 to correct the interaction double-counting.

EHF =
∑
i

εi −
e2

4πε0

1

2

∑
i

∑
j

(Jij −Kij) + ENN (2.4.9)

Alike the Kohn-Sham equation solving, the Hartree-Fock equation is solved by a self-

consistent procedure.

2.4.2 Exchange and correlation functional

The hybrid functional B3LYP is a combination of energy contributions from a mul-

titude of functionals to represent known molecular behavior. Its form is given by Eq.

2.4.10.
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A ESlater

X + (1− A) EHF

X +B ∆EBecke

X + C ELYP

C + (1− C) EVWN

C (2.4.10)

where A, B and C are �tting constants, the subscripts X and C means exchange and

correlation terms, respectively, and the superscript refers to the used functional/method:

• Slater [227�229] � is a Local (Spin) Density Approximation (LDA). In LDAs the

exchange energy density is assumed to be equal to the exact case of a homogeneous

electron gas. The only information needed is the exchange energy of the homoge-

neous gas written in terms of the density.

• HF � Hartree-Fock energy from Section 2.4.1.

• Becke [230], LYP [231, 232] � are GGA methods such as PBE. The main structures

are similar to PBE, however the �tted functionals f(n,∇n) from Eq. 2.3.21 di�ers.

• VWN [233] � is also a LDA method. However, the correlation energy is not same

as the exact homogeneous electron gas, but rather a approximation or �t. VWN is

constructed as an interpolation for fractional spin polarization.

2.4.3 Orbital representations

In electronic structure calculations the orbitals were represented by Dunning's

correlation-consistent, polarized valence, basis set (cc-pV) [234]. In this case, both core

and valence orbitals are represented and some higher angular momentum orbitals are

added as well to account for polarization. Each orbital Φnlm was constructed with two

base orbitals ϕnlm weighted by ζ to account for its di�usivity, i.e. double zeta (DZ), see

Eq. 2.4.11.

Φnlm(r) = ϕnlm(r, ζ1) + αϕnlm(r, ζ2) (2.4.11)

where ζ controls the width of the orbital and α is a weighting constant.

Another improvement can be attained by augmenting the system with one extra di�use

function (aug), i.e. with small values of ζ, for every angular momentum available in the

basis. By combining the reduced names, the used bases are called cc-pVDZ and aug-cc-

pVDZ.

2.4.4 Geometry relaxation

A relaxed molecular structure means it is located in the global minimum of the po-

tential energy surface. However, this surface is constructed with numerous dimensions,

which are the number of degrees of freedom within the molecule. Then, a well directed
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search must be employed to avoid local minima and to navigate e�ciently on a system

with high dimensionality.

The used procedure is a hybrid scheme of 3 di�erent methods, each employed at its

favored region. It starts with a wide search of potential wells to avoid local minima,

followed by a quick and well behaved minimization and �nished by a precise probe near

the minimum.

The �rst is the rational function optimization (RFO) [235, 236]. RFO is reliable within

a quadratic order in energy and it deals with a crucial shift parameter λ. Based on its

choice, the search leaves a current potential well to �nd others in the vicinity. Which

means, local minima can be avoided and the step length of λ is updated to adapt for

di�erent potential surface trends.

The second is the Geometry Optimization Using Energy-Represented Direct Inversion

in the Iterative Subspace (GEDIIS) [237]. GEDIIS is faster and reduces large energy

oscillations drastically when compared to the other two methods. It works by constructing

a vector R∗ from previous geometries Ri by Eq. 2.4.12.

R∗ =
N∑
i=1

ciRi, where
N∑
i=1

ci = 1 andci > 0, i = 1, ..., N (2.4.12)

Then, after some algebraic manipulations, the new energy E(R∗) is obtained as Eq.

2.4.13

E(R∗) =
N∑
i=1

ciE(Ri)−
1

2

N∑
i,j=1

cicj(gi − gj)(Ri −Rj) (2.4.13)

E(R∗) is minimized with respect to {ci} in a least-square fashion. The next step Ri+1

is obtained from R∗ with �rst order Hessian corrections based on the RFO method.

The third is the Geometry Optimization Using Direct Inversion in the Iterative Sub-

space (GDIIS) [238]. GDIIS is similar to GEDIIS with the di�erence being the next step

Ri+1 is obtained from �rst and second orders on the Hessian corrections. It allows faster

convergence when near the minimum than GEDIIS.

2.4.5 Charge calculations

The force �eld model for Monte Carlo and Molecular Dynamics simulations requires

a charge parameter for each atom. For such, the employed parametrization procedure

was the Charges from Electrostatic Potentials using a Grid-based method (CHELPG)

[239]. It works by calculating the ab initio molecular electrostatic potential (MEP) in a

grid around the molecule. Then, atomic charges are optimized in a least-squares sense to

describe MEP with the constraint of maintaining the total parametrized charge equal to

the total system charge. Note CHELPG is not recommended for large molecular systems
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since the innermost atoms will be only slightly relevant for the outer MEP grid.

2.4.6 Binding energy

The binding energy was obtained by dividing a molecular system in two fragments.

Then, three energy terms were calculated, of fragment 1 E1, of fragment 2 E2 and of both

fragments combined E1+2. Lastly, the binding energy Eb was reached by Eq. 2.4.14.

Eb = E1+2 − E1 − E2 (2.4.14)

Each energy term was achieved by a hybrid Self-Consistent Field (SCF) method [240].

The energy values were calculated by Direct Inversion of the Iterative Subspace (DIIS)

when close to convergence and Energy-based DIIS (EDIIS) when far from convergence.

Both methods DIIS and EDIIS are respectively similar to GDIIS and GEDIIS, previously

approached. In summary, both construct an error vector x = Σicixi and minimize x

relative to {ci}. In DIIS, x is a suitable commutator and in EDIIS, it is a Hartree-Fock

energy functional.

The molecular fragments might display basis set superposition errors (BSSE). It occurs

when basis functions of one fragment overlaps with atoms of the other and arti�cially alters

the latter electron distribution. For instance, consider Eq. 2.4.14 with the superscripts

being the used basis sets, see Eq. 2.4.15.

Eb = E
(1+2)
1+2 − E

(1)
1 − E

(2)
2 (2.4.15)

The counterpoise correction [241] is based on writing the arti�cial contribution on each

fragment as Eq. 2.4.16.

EBSSE(1) = E
(1+2)
1 − E(1)

1

EBSSE(2) = E
(1+2)
2 − E(2)

2

(2.4.16)

2.5 Analysis properties

2.5.1 Radial distribution function

The Radial Distribution Function (RDF) is a method to describe and visualize the

density of particles based on the distance from a �xed point. A RDF is usually named

g(r) and is constructed by dividing the system into spherical shells of width ∆r centered

on a reference point A. The number of particles B in each shell is counted and divided

by 4πr2∆r to obtain the density in each shell. Lastly, it is normalized by the average

density ρavgB of particles B in the whole simulation box, see Fig. 2.5. The de�nition of

g(r) centered on particles A with respect to particles B can be arranged as Eq. 2.5.1.
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g(r) =
1

ρavgB

1

NA

NA∑
i∈A

NB∑
j∈B

δ(rij − r)
4πr2∆r

(2.5.1)

where NA is the total particles A and rij is the distance between particles i and j.

Figure 2.5: Radial distribution function representation of spherical shells around a refer-
ence particle � Source: [242]

In practice, the δ is not directly used. The system is divided in spherical shells from r

to r + ∆r and the count of particles B in each shell is displayed in a histogram with the

proper normalization.

Also, the integral of g(r) from r1 to r2 results in the number of particles inside the

spherical region between r1 and r2.

2.5.2 Di�usion coe�cient

The di�usion coe�cient D describes the proportion between molar �ux of a molecular

species and its concentration gradient. It can be obtained during equilibrium from the

time correlation equation named Green-Kubo expression in Eq. 2.5.2 or by its associated
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Einstein relation in Eq. 2.5.3.

D =
1

3

∫ ∞
0

〈vi(t) · vi(0)〉i∈A dt (2.5.2)

lim
t→∞

(
‖ri(t)− ri(0)‖2

)
i∈A = 6Dt (2.5.3)

where A is the particle type of interest, ri and vi are its position and velocity, respectively.

Both expressions yield the same coe�cient, however the Eq. 2.5.3 carries less numerical

inaccuracy and was used in the current study.
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3

Methodology

In this chapter the calculated and simulated systems parameters are detailed, along with
the objective behind the various sets of considered systems. The used de�nition for

captured gas molecules is explored as well.

"Nothing has such power to broaden the mind as the ability to investigate

systematically and truly all that comes under thy observation in life"

Marcus Aurelius



The used softwares for each type of procedure were: DICE [243] for Classical Monte

Carlo Molecular Simulations (MC), GROMACS [244] for Classical Molecular Dynamics

(MD), CP2K [245] for Born-Oppenheimer Molecular Dynamics (BOMD) and GAUSSIAN

[246] for electronic structure calculations.

3.1 Simulation parameters

The gases were portrayed with the parameters from Vujic et al. [247], except H2O

which followed the SPC/E model [248]. On the MD simulations, the CO2 molecule �exi-

bility was represented by adding the force constants kCOb = 714230.5754 kJ/(mol nm2) for

the bond CO and kOCOθ = 1236.1252 kJ/(mol rad2) for the angle OCO. Those constants

were based on the EPM2 [249] and UFF [250] models.

Also, to avoid repetitive content, unless informed otherwise, the simulations were

performed with the following parameters:

• MC: rigid molecular framework model; NVT ensemble; 2.106 and 1.106 MC cycles

of thermalization and production, respectively; potential cuto� radius of 60 Å.

• MD: �exible molecular framework model with constraints enforced by the LINCS

algorithm; system evolution by the leap frog algorithm; velocity-rescale thermostat;

time step of 2 fs, possible since H bonds were kept constrained; 10 and 90 ns of

thermalization and production, respectively; potential cuto� radius of 60 Å.

• BOMD: cubic box of lattice 20 Å; PBE exchange correlational functional; GPW

functions and GTH pseudopotentials; gaussian orbitals represented by DZVP and

plane wave with a charge density cuto� of 280 Ry; electronic density calculations

had a self-consistent-�eld energy threshold of 1.10−6 hartree; time step of 0.25 fs;

total time length of 40 ps.

Note the termalization length was chosen based on the potential energy curves. Only

when the system reached a constant minimum potential energy average it was deemed

ready for production. Also, the BOMD parameters were chosen based on the work of

Cabral et al. [251], which studied CO2 in di�erent phases.

A potential issue PBC might cause is an atom being a�ected by itself from a neighbor

arti�cial box. To avoid it, the potential radius cuto� must be equal or smaller than half

of the smaller box lattice. In a box with 1000 CO2 molecules, at ambient conditions,

the maximum cuto� radius was of 13 nm. However, for Lennard-Jones and Coulombic

potentials it is unlikely to require such a large cuto�. The truncated cuto� distance rc
was determined as the distance which outer molecules had interaction energy magnitude

comfortably below 0.05 kcal/mol. That requirement was explored between molecule pairs

always containing the ZIF-8 nanoparticle, since it had the highest charge and number of
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atoms. Checking the interaction energies, a rc of 4.5 nm would contain the vast majority

of the required molecules. Still, rc was extended up to 6 nm, to ensure it would work for

all sceneries. No di�erence was observed between two tests with 6 nm and 13 nm for rc.

3.2 Simulated systems

The conducted MC, MD and BOMD simulations are given in the Tables 3.1, 3.2 and

3.3, respectively.

Table 3.1: All MC simulations conducted in the work

# Solvent Gas Ensemble Pressure (atm) Temperature (K)
(i) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 100CO2 NVT 1 273.15
(ii) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 200CO2 NVT 1 273.15
(iii) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 500CO2 NVT 1 273.15
(iv) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 1000CO2 NVT 1 273.15
(v) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 2000CO2 NVT 1 273.15
(vi) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 1000CO2 NVT 1 298.00
(vii) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 1000CO2 NPT 1 273.15
(viii) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 1000CO2 NPT 20 273.15
(ix) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 1000H2O NVT 1 273.15
(x) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 1000H2O NVT 1 298.00
(xi) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 1000N2 NVT 1 273.15
(xii) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 1000O2 NVT 1 273.15
(xiii) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 1000Ar NVT 1 273.15
(xiv) ((Zn+2)24 (mIm−)60 (Zn+2)6) 1000CO2 NVT 1 273.15
(xv) ((Zn+2)24 (mIm−)60 (Zn+2)6) 1000H2O NVT 1 273.15
(xvi) ((Zn+2)24 (mIm−)60 (Zn+2)6) 1000N2 NVT 1 273.15
(xvii) ((Zn+2)24 (mIm−)60 (Zn+2)12)+12 1000CO2 NVT 1 273.15
(xviii) ((Zn+2)24 (mIm−)60 (Zn+2)12)+12 1000H2O NVT 1 273.15
(xix) ((Zn+2)24 (mIm−)60 (Zn+2)12)+12 1000N2 NVT 1 273.15
(xx) ((Zn+2)24 (mIm−)60 (Zn+2)16)+20 1000CO2 NVT 1 273.15
(xxi) ((Zn+2)24 (mIm−)60 (Zn+2)16)+20 1000H2O NVT 1 273.15
(xxii) ((Zn+2)24 (mIm−)60 (Zn+2)16)+20 1000N2 NVT 1 273.15
(xxiii) ((Zn+2)24 (mIm−)60 (Zn+2)20)+28 1000CO2 NVT 1 273.15
(xxiv) ((Zn+2)24 (mIm−)60 (Zn+2)20)+28 1000H2O NVT 1 273.15
(xxv) ((Zn+2)24 (mIm−)60 (Zn+2)20)+28 1000N2 NVT 1 273.15
(xxvi) ((Zn+2)24 (mIm−)60 (H+)12) 1000CO2 NVT 1 273.15
(xxvii) ((Zn+2)24 (mIm−)60 (H+)12) 1000H2O NVT 1 273.15
(xxviii) ((Zn+2)24 (mIm−)60 (H+)12) 1000N2 NVT 1 273.15
(xxix) ((Zn+2)24 (mIm−)60 (H+)18)+6 1000CO2 NVT 1 273.15
(xxx) ((Zn+2)24 (mIm−)60 (H+)18)+6 1000H2O NVT 1 273.15
(xxxi) ((Zn+2)24 (mIm−)60 (H+)18)+6 1000N2 NVT 1 273.15
(xxxii) ((Zn+2)24 (mIm−)60 (H+)24)+12 1000CO2 NVT 1 273.15
(xxxiii) ((Zn+2)24 (mIm−)60 (H+)24)+12 1000H2O NVT 1 273.15
(xxxiv) ((Zn+2)24 (mIm−)60 (H+)24)+12 1000N2 NVT 1 273.15
(xxxv) (Zn+2 mIm−)+ 100CO2 NVT 1 273.15
(xxxvi) (Zn+2 mIm−)+ 100H2O NVT 1 273.15
(xxxvii) (Zn+2 mIm−)+ 100N2 NVT 1 273.15
(xxxviii) - 2000CO2 NVT 1 273.15
(xxxix) - 2000CO2 NPT 1 273.15
(xl) - 2000CO2 NVT 10 225.15
(xli) - 2000CO2 NPT 10 225.15
(xlii) - 2000CO2 NVT 72 298.00
(xliii) - 2000CO2 NPT 72 298.00
(xliv) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 1000CO2 + 1000H2O NVT 1 273.15
(xlv) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 1000CO2 + 1000N2 NVT 1 273.15
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Table 3.2: All MD simulations conducted in the work

# Solvent Gas Ensemble Pressure (atm) Temperature (K)
(xlvi) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 1000N2 NVT 1 273.15
(xlvii) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 1000CO2 NVT 1 273.15
(xlviii) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 1000CO2 + 1000N2 NVT 1 273.15
(xlix) ((Zn+2)24 (mIm−)60 (Zn+2)24)+36 1000CO2 + 9000N2 NVT 1 273.15
(l) ((Zn+2)144 (mIm−)336 (Zn+2)72)+96 8000CO2 NVT 1 273.15
(li) ((Zn+2)144 (mIm−)336 (Zn+2)24) 8000CO2 NVT 1 273.15
(lii) ((Zn+2)432 (mIm−)972 (Zn+2)144)+180 27000CO2 NVT 1 273.15

Table 3.3: All BOMD simulations conducted in the work

# Solvent Gas Temperature (K)
(liii) (Zn+2 mIm−)+ 4CO2 300.00
(liv) (Zn+2 mIm−)+ 4H2O 300.00

3.3 Electronic structure calculations

3.3.1 Geometry optimization and charge calculation

The geometry optimizations and CHELPG charge calculations were both carried out

with the B3LYP method and aug-cc-pVDZ basis set. B3LYP is a common method

throughout the literature for zeolitic imidazolate framework studies [166, 181, 183, 200,

252�254]. The systems from Figs. 3.1c, 3.1e, 3.1h, 3.1j were optimized and underwent

CHELPG calculations with the method PBE since it was used on the BOMD simulations.

The systems from Fig. 3.1 were chosen for electronic structure calculations to test

speci�c circumstances. Figs. 3.1b, 3.1c, 3.1g, 3.1h represent the super�cial Zn atom

in vacuum as monocoordinated or dicoordinated, while in the crystallographic and in

the relaxed geometries. Figs. 3.1d, 3.1e, 3.1i, 3.1j represent the super�cial Zn atom

interacting with CO2 and H2O as monocoordinated or dicoordinated with the imidazole

rings. Figs. 3.1k, 3.1l represent the bulk Zn atom with and without super�cial H atoms.

Fig. 3.1f represents the super�cial H atom in vacuum. Also, in a di�erent set of CHELPG

calculations, the systems from Figs. 3.1d, 3.1e, 3.1i, 3.1j had its gas molecules �xed as

point charges.

Do note other systems such as (Zn+2 mIm−) + 4N2 and (Zn+2 mIm−) + 5X, where

X is CO2 or H2O, were optimized as well. However, those did not portray a proper

binding between Zn and the solvent molecules, such as Fig. 3.2.

3.3.2 Binding energy

The employed methodology started with optimization by B3LYP/aug-cc-pVDZ. Then,

multiple binding energy calculation were carried out with B3LYP/cc-pVDZ in the follow-

ing fashion. For example, a system composed by a ZIF-8 fragment (ZF) with 3 gas

molecules named A, B and C, had twelve calculations performed. By denoting each
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(a) Labels of the atoms (b) (Zn+2 mIm−)
(c) (Zn+2 mIm−)

(d) (Zn+2 mIm−)+3CO2
(e) (Zn+2 mIm−)+3H2O

(f) (H+ mIm−)

(g) (Zn+2 2Im−) (h) (Zn+2 2Im−)

(i) (Zn+2 2Im−) + 2CO2

(j) (Zn+2 2Im−) + 2H2O

(k) (Zn+2 4mIm−)
(l) (Zn+2 4mIm− 2H+)

Figure 3.1: Fragments of ZIF-8 which underwent CHELPG charge calculations. All frag-
ments but (b), (g), (k), (l) had its geometry optimized prior to the charge calculations.
The (k) and (l) structures are meant to represent the environment in which bulk Zn
atoms reside.
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Figure 3.2: Molecular representation of optimized (Zn+2 mIm−) + 5CO2. The CO2

molecule on the right-bottom diagonal was signi�cantly further away from the Zn atom.

fragment between parenthesis, the calculations were: (ZF)(A), (ZF)(B), (ZF)(C), (ZF +

A)(B), (ZF + A)(C), (ZF + B)(A), (ZF + B)(C), (ZF + C)(A), (ZF + C)(B), (ZF + A

+ B)(C), (ZF + A + C)(B), (ZF + B + C)(A). Then, an energy average of all twelve

systems was considered to be the binding energy.

To do so, the systems 3.1d and 3.1e from Fig. 3.1 along with the ones from Fig. 3.3

underwent geometry optimization followed by binding energy calculations.

3.4 Systems used for each purpose

The systems from the Tables 3.1, 3.2 and 3.3 were used in di�erent groups for each

section of the work.

The charge parametrization in Section 4.1 was made with electronic structure calcu-

lations as explained in Section 3.3. The representation of atmospheric air on Section 4.2

was conducted with systems composed by di�erent number of CO2 molecules, which were

(i) - (v). The geometry and energy validations on Section 4.3 were made with multiple

methods and systems. MC simulations of (iv), (ix) and (xi) represented the 1x1x1 ZIF-8

nanoparticle with each gas CO2, H2O and N2, individually. Similarly, the ZIF-8 fragment

in (xxxv) - (xxxvii) with the mentioned gases was simulated. Meanwhile, BOMD simu-

lations of (liii) and (liv) and electronic structure calculations were conducted to provide

�rst principle results. The results for di�erent gases in Section 4.4.1 were obtained from
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(a) (H+ mIm−) + CO2

(b) (H+ mIm−) +H2O
(c) (H+ mIm−) +N2

(d) (Zn+2 mIm−) + 3N2 (e) (Zn+2 mIm−) + 4CO2

(f) (Zn+2 mIm−) + 4H2O

Figure 3.3: Fragments of ZIF-8 which underwent geometry optimization followed by bind-
ing energy calculations. The fragments (e) and (f) were also simulated via BOMD.

systems of 1x1x1 ZIF-8 with each gas CO2, H2O, N2, O2 and Ar, which were (iv), (ix)

and (xi) - (xiii). The temperature e�ect in Section 4.4.2 was veri�ed by comparing (iv)

and (vi) for CO2, (ix) and (x) for H2O. The pressure e�ect in Section 4.4.3 was obtained

by comparing di�erent ensembles by (iv) and (vii), and di�erent pressures by (vii) and

(viii). The surface e�ect in Section 4.5 was performed with a wide number of simulations.

The di�erent ZIF-8 compositions and gases are represented in (iv), (ix), (xi), (xiv) - (xxv)

and (xxvi) - (xxxiv). The MD parametrization in Section 4.6 was performed with multiple

simulations di�ering by tweaks on the force �eld parameters. Most are not listed since

only the �nal set of parameters is relevant. The system considered is (xlvii) which was

compared to (iv). The direct CO2 and H2O gas competition in Section 4.7.1 was made

with (xliv) and compared to (iv). The mixtures of CO2 and N2 in Section 4.7.2 were con-

ducted both with MC and MD and in di�erent proportions. The systems (xlv), (xlviii)

and (xlix) were simulated and compared to (iv) and (xlvii). The CO2 density study in

Section 4.8 compared simulations of ZIF-8 + CO2 in di�erent ensembles, temperatures,

simulation methods and competition scenarios. Those are (iv), (vi), (vii), (xlvii), (xlix).
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Also, pristine CO2 simulations of the systems (xxxviii) - (xliii) were performed.

The nanoparticle size study in Section 4.9 was performed with the 1x1x1, 2x2x2 and

3x3x3 ZIF-8 nanoparticles. From the Section 4.2, the 1x1x1 ZIF-8 nanoparticle needed

at least 1000 gas molecules to attain a good approximation for the thermodynamic limit.

In order to �nd a minimum amount of gas molecules reasonable for larger ZIF-8 nanopar-

ticles, individual tests would have to be conducted. On the other hand, the e�cient

paralelization of GROMACS allows huge systems to be simulated in convenient time.

Consider a cube of lattice a. Its volume is a3 and area is 6a2. If the lattice is grown

to na, the volume and area would be n3a3 and 6n2a2, respectively. Setting n to 2(3), the

volume and area are 8a3(27a3) and 24a2(54a2), respectively. In comparison to the initial

cube, the one with twice the lattice has a multiplier of 8 in volume and of 4 in area. It

means that the needed molecules to solvate the cube with twice the lattice would need

to grow by at least 4 and at most 8 times. Making use of the e�ciency of GROMACS to

avoid further testing, the 2x2x2 ZIF-8 nanoparticle simulation had 8000 CO2 molecules.

Following the same path, the 3x3x3 ZIF-8 nanoparticle was simulated with 27000 CO2

molecules. Both the 2x2x2 and 3x3x3 ZIF-8 nanoparticles were simulated with all surface

sites �lled with Zn atoms as Fig. 1.7. Also, a neutral 2x2x2 ZIF-8 nanoparticle was

simulated. Thus, the nanoparticle study was conducted with the (xlvii) and (l) - (lii)

systems.

The di�usion coe�cients in Section 4.10 were were obtained from (xlvii) with 10 ns

continuing a previous (xlvii) simulation already on equilibrium. Then, no termalization

was needed. The absorption time study in Section 4.11 was performed by preparing the

system with the CO2 or N2 molecules randomly placed in the simulation box. The 1x1x1

ZIF-8 nanoparticle was placed in the middle of the box avoiding superpositions, then both

(xlvi) and (xlvii) were simulated for 10 ns. The same procedure was done a total of 5

times by generating di�erent initial positions for the CO2 or N2 molecules. The adsorbed

CO2 structure study in Section 4.12 was conducted on the system (iv).

3.5 Analysis methodologies

3.5.1 De�nition of captured gas molecule

The RDF of monocoordinated Zn atoms relative to CO2 from MC classical simulations

is displayed in Fig. 3.4. The green curve, which refers to O of CO2, has a deep local

minima at 3.25 Å. This way, the CO2 cuto� radius of interacting solvent molecules was

estabilished at 3.25 Å for Zn−O. Similarly, the same pattern was observed at 2.75 and

2.95 Å for O of H2O and N of N2, respectively.

A de�nition for absorption in inner pores and for adsorption is also required. In Fig.

3.5 the combination of blue and yellow, i.e. r < 14.65Å, composes the inner region of the
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Figure 3.4: RDFs of monocoordinated Zn atoms in regard to CO2 molecules from a classic
simulation of the ((Zn+2)24 (mIm−)60 (Zn+2)24) nanoparticle and CO2. Green and blue
refers to the pairs Zn-O and Zn-C, respectively. The second peak of the Zn-C curve
represents other CO2 molecules interacting with the captured ones on the surface.

ZIF-8 nanoparticle. The thin peak at 15.0 Å refers to CO2 molecules that interacts with

two Zn atoms simultaneously. Also, the broader peak between 15.5 and 17.5 Å is the

�rst solvation layer. The adsorbed molecules could be approximated by the �rst solvation

layer, however a more precise path was used. All X gas molecules within a distance dXSurf
of the atom in the surface site are deemed to be bonded. The distances are 3.25, 2.75 and

2.95 Å for CO2, H2O and N2, respectively. Note that this approach is more precise since

it only considers gas molecules directly bonded to the surface sites.

This mix of methods to identify absorbed and adsorbed molecules could count some

gas molecules as both types since they might �t in both criterias. To verify it, the angle

NZn− O distribution is displayed in Fig. 3.6. In either distributions, the vast majority

of occurrences have NZn − O angles higher than 80o. Considering the Fig. 3.5, a more

acute NZn−O angle would be needed for the captured CO2 molecule to be both closely

interacting with the Zn atom and inside the blue zone. Which means the distinction

between a gas molecule being absorbed, adsorbed or neither is well established.

3.5.2 Free volume calculation

The density of captured CO2 had to be calculated considering ZIF-8 occupies space

already. It was conducted by approximating the atoms of ZIF-8 as rigid spheres and

evaluating the free volume through MC counting. The radii for the framework atoms
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Figure 3.5: Regions of the 1x1x1 ZIF-8 nanoparticle with a RDF of the center of mass of
CO2. The yellow part is the inner core and the blue part is the inside region without its
core.

were estabilished as 0.57 times of its own σ parameter. Such speci�c proportion was

adopted due to:

• In the MD software GROMACS, when solvating a molecular structure in water, the

Van der Waals radius of each atom is multiplied by 0.57 to avoid superpositions.

• In the molecular visualization and analysis software Mercury [255], the free volume

in a molecule can be calculated as well. It works by probing the accessible surface

for the solvent. Since speci�c regions of the molecule could not be chosen, only the

whole unitary cell, it was not �t for this current work. Nevertheless, when selecting

the same region, our method achieved the same volume with the choice of 0.57 times

σ for the radii.
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(a) CO2 binding with 2 Zn (b) CO2 binding with 1 Zn

Figure 3.6: Angle NZn − O distribution of CO2 binded to super�cial Zn atoms from a
classic simulation. The distributions (a) and (b) represent di�erent interaction structures
between CO2 and the ZIF-8 nanoparticle.

3.5.3 CO2 di�usion coe�cient calculation

The di�usion coe�cients were calculated by the Einstein relation from Eq. 2.5.3,

which requires a linear �t on the mean squared displacement (MSD) curve. This �t was

obtained by the following steps.

The whole 10 ns trajectory was split in smaller ones of 1 ns each. In the middle of

each smaller trajectory, the CO2 molecules were categorized as "in", if their center of

mass distance from ZIF-8 was smaller than 14.65 Å, or as "out", if their center of mass

distance from ZIF-8 was smaller than 25.00 Å but bigger than 14.65 Å. These regions

were chosen so that the vast majority of CO2 molecules con�rmed to be within it midway

through the 1 ns trajectory, stayed there for the whole duration.

In each trajectory fragment, the MSD was calculated for both sets "in" and "out"

separetely. A least squares �t y = Ax + B was made for every of the aforementioned

cases. The �t was applied only in an interval where the MSD trend was similar to a

straight line.
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4

Results

In this chapter the methods are employed on the gas capture by ZIF-8. It starts by laying
down the foundation for the simulations, such as parametrization and representation

issues. Then, multiple facets are explored, being thermodynamic e�ects, gas competition,
ZIF-8 nanoparticle structures and CO2 detailed surveys.

"The gem cannot be polished without friction, nor man perfected without

trials."

Chinese Proverb



4.1 Charge parametrization

An essential step before any classical simulation can be performed is the force �eld

parametrization. Regarding the rigid framework interactions, only intermolecular terms

are present, being the Lennard-Jones (Eq. 2.1.17) and the Coulombic (Eq. 2.1.16) po-

tentials. Thus, values of the parameters εij and σij for each molecule pair ij and of qi
for each atom must be estabilished. The εij and σij are constructed by a combination of

individual terms εi and σi through the Lorentz-Berthelot rule, see Eq. 2.1.18. Then, the

whole rigid framework parametrization is constituted by only three values for each atom

type, being (σi, εi, qi).

Hu et al. [168] developed a force �eld to study absorption of CO2 and CH4 in ZIF-8.

The ZIF-8 was depicted as an in�nite periodic bulk, which means the parameters were not

optimized for surface atoms. In the current work, the values of σi and εi proposed by Hu

et al. were �rst assumed to be reasonable for all atoms, bulk and surface ones. However,

the charge parameters qi could not be applied in the same way. An 1x1x1 nanoparticle

of ZIF-8 terminated in Zn atoms is constitued of 48 Zn+2 atoms and 60 deprotonated

2-methylimidazolate groups (mIm−), i.e., ((Zn+2)24 (mIm−)60 (Zn+2)24). The charge of

the whole 1x1x1 nanoparticle is +36 e. If the bulk charge parameters from Hu et al. are

indiscriminately applied for all atoms in the nanoparticle, its total charge results in +18

e. Thus, electronic structure calculations with CHELPG were performed on fragments of

ZIF-8, see Section 3.3.1, to obtain more reasonable values of qi for surface atoms.

The CHELPG charge parameters of the ZIF-8 fragments obtained for the systems in

Fig. 3.1 are displayed in Tables 4.1, 4.2, 4.3. Note the methyl ligand was exchanged for a

H atom named H7* in variants of the system (Zn+2 2Im−) to reduce the computational

cost, since it was expected to have little e�ect on the Zn atom charge.

The PBE method was applied on the BOMD simulations. From the Tables 4.1, 4.2, 4.3,

B3LYP and PBE methods yielded similar results when performed on the same systems.

Which means the �nal charge parameters should be reasonable for applications regarding

either of the methods.

Considering systems without gas molecules, between those that did and did not under-

went prior geometry optimization, more distinct charge values were obtained when they

were composed of fewer atoms. The systems 3.1b and 3.1c had di�erent charge parame-

ters especially for the N11 atom in the Table 4.1. On the other hand, the systems 3.1g

and 3.1h are bigger and had more similar charge values. The systems 3.1k and 3.1l were

not optimized due to their size and structure complexity. Following the trend of charge

similarity as the system grows towards the crystallographic framework, the systems 3.1k

and 3.1l were expected to be reasonable structures for charge calculations even without

geometry optimization. Do note all systems with gas molecules had its geometry relaxed

to ensure proper interaction conformation with the ZIF-8 fragment.
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Table 4.1: CHELPG charge calculations of variants of the system (Zn+2 mIm−) with
B3LYP and PBE methods. The systems with gas molecules had them either explicitly
considered or �xed as point charges.

B3LYP PBE [168]

Fig. 3.1b 3.1c 3.1d 3.1e 3.1c 3.1e 3.1b

None None Explicit Point Explicit Point None Explicit None

C1 0.129 -0.121 -0.004 0.192 0.001 0.215 -0.013 0.023 -0.100
H2 0.008 0.118 0.049 0.016 0.049 0.004 0.082 0.042 0.100
C3 0.384 0.468 0.216 0.147 0.158 0.134 0.364 0.153 -0.100
H4 0.037 0.045 0.069 0.094 0.072 0.081 0.063 0.075 0.100
N5 -0.528 -0.514 -0.602 -0.491 -0.566 -0.596 -0.452 -0.535 -0.500
C6 0.551 0.405 0.832 0.952 0.697 1.070 0.465 0.689 0.500
C7 0.175 0.025 -0.453 -0.562 -0.381 -0.694 -0.017 -0.430 -0.300
H8 0.017 -0.030 0.054 0.089 0.152 0.242 -0.002 0.170 0.100
H9 0.046 0.163 0.187 0.225 0.064 0.112 0.151 0.082 0.100
H10 -0.167 -0.082 0.054 0.089 0.067 0.099 -0.065 0.090 0.100
N11 -0.722 -0.459 -1.047 -1.231 -0.928 -1.358 -0.555 -0.939 -0.500
Zn12 1.070 0.981 1.342 1.480 1.335 1.692 0.977 1.281 1.000

Table 4.2: CHELPG charge calculations of variants of the system (Zn+2 2Im−) with
B3LYP and PBE methods. The systems with gas molecules had them either explicitly
considered or �xed as point charges. Atom types that appeared more than once have
their charge displayed as the mean value.

B3LYP PBE [168]

Fig. 3.1g 3.1h 3.1i 3.1j 3.1h 3.1j 3.1b

None None Explicit Point Explicit Point None Explicit None

C1 -0.012 0.088 0.140 0.069 0.079 0.172 0.099 0.129 -0.100
H2 -0.016 0.020 0.009 0.028 0.033 0.010 0.015 0.016 0.100
C3 0.331 0.166 0.128 0.185 0.131 0.137 0.157 0.121 -0.100
H4 -0.010 0.041 0.045 0.034 0.028 0.020 0.042 0.026 0.100
N5 -0.690 -0.559 -0.551 -0.566 -0.560 -0.570 -0.533 -0.542 -0.500
C6 0.668 0.584 0.590 0.578 0.483 0.601 0.573 0.510 0.500
H7* -0.055 -0.073 -0.075 -0.061 -0.025 -0.048 -0.070 -0.033 0.000
N11 -0.850 -0.930 -1.022 -0.960 -0.868 -1.130 -0.933 -0.942 -0.500
Zn12 1.268 1.326 1.436 1.386 1.260 1.614 1.300 1.279 1.000

Although the charge parameters of the system 3.1l, in Table 4.3, were di�erent from

the ones made by Hu et al., the overall trend was reasonable if you consider the mean

values between protonated and deprotonated imidazole rings for each atom. The mean

was deemed as reasonable due to similarity between charge values and making the aver-

age would be a way to propose a simpli�ed set of parameters, especially considering the

bulk environment without surface e�ects. Also, the charge of the Zn atom, of 1.036, had

outstanding agreement with Hu et al. parameter of 1.000. Thus, the employed methodol-
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Table 4.3: CHELPG charge calculations of variants of the systems (H+ mIm−) and
(Zn+2 4mIm−) with B3LYP method. H13 is the H+ atom which replaces Zn at the
surface. Atom types that appeared more than once have their charge displayed as the
mean value.

Fig. 3.1k 3.1l 3.1f [168]

None Deprotonated Protonated None None

C1 -0.210 -0.289 0.020 -0.279 -0.100
H2 0.045 0.076 0.086 0.154 0.100
C3 0.269 0.299 -0.089 0.197 -0.100
H4 -0.044 0.003 0.131 0.053 0.100
N5 -0.898 -0.804 -0.320 -0.591 -0.500
C6 0.790 0.725 0.501 0.454 0.500
C7 -0.344 -0.397 -0.389 -0.189 -0.300
H8 0.051 0.055 0.119 0.042 0.100
H9 0.058 0.071 0.124 0.082 0.100
H10 0.046 0.108 0.114 0.042 0.100
N11 -0.525 -0.515 -0.472 -0.237 -0.500
Zn12 1.046 1.036 - 1.000
H13 - - 0.327 0.272 -

ogy in this work managed to reach similar bulk parameters, i.e. the methylimidazole and

internal Zn atoms, to the work of Hu et al.

With the aforementioned comparison of the bulk charge parameters considering the

ones from Hu et al., the method could be extrapolated for the surface atoms. Regarding

the super�cial Zn atom, a wide range of values were obtained, from 0.977 to 1.692. That

way, which system and procedure would be best suited to address the super�cial Zn atom?

First of all, ZIF-8 is expected to be allowed to interact with gas molecules. Which

means pure ZIF-8 fragments systems are not a good option to reproduce potential polar-

ization from the gas�ZIF-8 interaction. Instead, the systems 3.1d, 3.1e, 3.1i and 3.1j can

portray a more representative example of the total ZIF-8 + gas system.

The next point is the choice to implement the gas molecules as explicit atoms or point

�xed charges. Taking into consideration all gas molecules of the same type will have the

same charge parameters in classical simulations, regardless of its relative position to ZIF-

8, explicit gas could not be used if the polarization e�ects are signi�cant. Considering

Table 4.1, all systems with gas molecules, in respect to the ones without, had shown a

considerably higher charge on the Zn atom. It demonstrates that CO2 and H2O polar-

ization play an important role. The charge parameters obtained for explicit gas atoms

are in Table 4.4. From the CO2 parameters, a charge displacement between the O atoms

would not be represented with the current force �eld model. Also, from the H2O param-

eters, the charge sum for one H2O molecule is not neutral, which could not be employed

as well. Therefore, �xed point charges for the gases was the chosen procedure for the
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parametrization.

Table 4.4: CHELPG charge calculations of the gas molecules when explicitly represented
with B3LYP and PBE methods. Atom types that appeared more than once have their
charge displayed as the mean value.

CO2 H2O
C Onear Ofar O Hnear Hfar

(Zn+2 mIm−) w/ B3LYP 0.806 -0.465 -0.240 -0.830 0.470 0.470
(Zn+2 mIm−) w/ PBE - - - -0.788 0.477 0.411
(Zn+2 2Im−) w/ B3LYP 0.785 -0.355 -0.411 -0.617 0.344 0.343
(Zn+2 2Im−) w/ PBE - - - -0.575 0.325 0.325
Force �eld parameters [247, 248] 0.651 -0.326 -0.326 -0.848 0.424 0.424

After de�ning the path, the �nal part is determining numerically the parameters for

surface atoms. From Table 4.1, the charges for monocoordinated Zn atom were obtained

as 1.480 and 1.692 e for systems with CO2 and H2O, respectively, treated as �xed point

charges. An 1x1x1 ZIF-8 nanoparticle terminated in Zn atoms constructed as Fig. 1.6

has a charge of +36 e. If all atoms but the super�cial Zn atoms are parametrized with

the charges from Hu et al., then those Zn atoms must have a charge of 1.750 e to reach

the expected value of +36 e for the whole nanoparticle, see Table 4.5. When removing

the super�cial Zn from the nanoparticle, its total charge diminishes and until it becomes

neutral with only 6 super�cial Zn atoms. Those changes impact the Zn atomic charge

parameter needed to complete the expected total nanoparticle charge. The chosen values

are 1.00 e, same as the bulk parameter, when the nanoparticle is neutral, and range

from 1.50 to 1.75 e in positively charged con�gurations. Those values are similar to the

CHELPG charges previously obtained as 1.480 and 1.692 e.

The procedure employed for the super�cial H atom bonded to N was similar. The

di�erence lays on a weaker polarization between the pair HN . From Table 4.3, the

CHELPG charges are -0.237 and -0.472 for the atom N , 0.272 and 0.327 for the H,

depending on the tested system. Thus, the charge values were chosen in the ranges -0.320

to -0.125 and 0.320 to 0.375 for N and H, respectively, see Table 4.5.

In bigger nanoparticles, such as 2x2x2 and 3x3x3, dicoordinated Zn atoms are present,

see Fig. 4.1. From Table 4.2, the CO2 and H2O �xed point charge systems resulted in

CHELPG charges of 1.386 and 1.614 e. Since those values are similar to the ones for

monocoordinated Zn atoms, the charges were chosen accordingly as:

• Fully charged 2x2x2 nanoparticle: Monocoordinated Zn → 1.70 e; Dicoordinated

Zn → 1.60 e

• Neutral 2x2x2 nanoperticle: Monocoordinated Zn absent; Dicoordinated Zn →
1.00 e
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Table 4.5: Force �eld parameters for the ((Zn+2)24 (mIm−)60 (Zn+2)24) nanoparticle
where each atom label can be related to Fig. 3.1a as Zn → Zn12; N → N5, N11; C1 →
C6; C2 → C1, C3; HC2 → H2, H4; C3 → C7; HC3 → H8, H9, H10.

Bulk atoms [168] qi(e) εi (kcal/mol) σi(Å)
Zn 1.000 0.0125 1.960
N -0.500 0.1700 3.250
C1 0.500 0.0860 3.400
C2 -0.100 0.0060 3.400
HC2 0.100 0.0150 2.421
C3 -0.300 0.1094 3.400
HC3 0.100 0.0157 2.650
Surface sites

(Zn)n

1.000 (n = 6); 1.500 (n = 12);
0.0125 1.9601.625 (n = 16); 1.700 (n = 20);

1.750 (n = 24)

(N)n
-0.320 (n = 12); -0.183 (n = 18);

0.1700 3.250
-0.125 (n = 24)

(HN)n
0.320 (n = 12); 0.350 (n = 18);

0.0157 1.069
0.375 (n = 24)

• Fully charged 3x3x3 nanoparticle: Monocoordinated Zn → 1.65 e; Dicoordinated

Zn → 1.60 e

All other used parameters were from Table 4.5.

Figure 4.1: Structural model of mono and dicoordinated Zn atoms on the surface of ZIF-8
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4.2 Depiction of atmospheric air in a �nite container

Due to computational limitations, all simulations run in a �nite space, which normally

could not represent the atmospheric air. Certain methods, such as periodic boundary

conditions (PBC), can mitigate adverse e�ects from the �nite box. However, PBC can

make others abnormalities arise if the simulation box is small for the intended system.

On the other hand, a huge box implies on a �erce strain for each simulation step.

The �rst step on the simulation production was the evaluation of how large does the

box has to be to avoid arti�cial e�ects. The molar density of atmospheric air is quite

similar to the ideal gas of 22.4 mol/L under ambient conditions. Then, by �xating this

density, the volume can be evaluated by the means of number of particles.

From Fig. 4.2, both the numbers of absorbed CO2 molecules (Nin) and the interaction

energy between CO2 and ZIF-8 reached a reasonable plateau between 1000 and 2000 CO2

molecules. Then, 1000 gas molecules was chosen as the minimum number for the classic

simulations.

Figure 4.2: Graph of number of absorbed CO2 molecules (Nin) and interaction energy
between CO2 and ZIF-8 versus number of CO2 molecules present on the MC simulation
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4.3 Geometry and energy validations

Although the force �eld parameters were obtained in a seemingly reasonable way, the

results obtained from the classical simulations need to be confronted with results from

�rst principles methods.

A compilation of the observed interaction distance and energy is displayed in Table

4.6. Note the optimized geometries also had their binding energy calculated classically

with the previously developed force �eld parameters.

Table 4.6: Interaction distance and energy of di�erent systems to evaluate the classical
force �eld quality. Eij is the binding energy between solute and gas, in kcal/mol, and
RZn−X is the average distance between super�cial Zn atoms and the closest atom X of
the gas molecule, in Å. Binding energies obtained from B3LYP/cc-pVDZ are displayed in
parenthesis. The cases with MC and BOMD methods were averaged over 5000 con�gu-
rations from the simulations.

Method Solute Ngas
CO2 H2O N2

Eij RZn−O Eij RZn−O Eij RZn−N
MC ZIF-8a 1000 -15.1 2.21 -62.2 1.93 -8.4 2.26
MC (Zn+2 mIm−) 100 -11.5 2.18 -45.5 1.98 -5.7 2.22
OPT (Zn+2 mIm−) 3 -11.8 2.12 -41.7 2.08 -6.5 2.21

(-17.5) (-34.7) (-11.9)
OPT (Zn+2 mIm−) 4 -10.5 2.26 -42.1 2.05 - -

(-14.7)
BOMD (Zn+2 mIm−) 4 -9.5 2.21 -40.0 2.09 - -
OPT (H+ mIm−) 1 -2.3 2.28 -7.5 1.99 -1.3 2.46

(-1.5) (-5.8) (-1.0)
aThe complete name is ((Zn+2)24 (mIm−)60 (Zn+2)24)+36

The Fig. 4.3 represents Table 4.6 in a visual manner. The full icons are from classical

force �eld usage, while the hollow ones are from �rst principle methods. Regarding CO2,

the classic interaction distance was between the values from quantum methods. Similarly,

for N2, the classic interaction distance was almost equal to the quantum value. On

the other hand, both interaction energy and distance for H2O had discrepancies. The

super�cial Zn atom force �eld parameters were slightly tweaked to enhance the H2O

representation by increasing the σ of Zn in 7 %, i.e. increased the interaction distance.

TheH2O interaction energy displayed a slight reduction from -45 kcal/mol to -43 kcal/mol.

However, the binding energies of CO2 and N2 were reduced as well. Then, the parameters

were reverted to the values already presented. Overall, the H2O interaction energy and

distance di�erences between classic and quantum methods were about 15 % and 0.1 Å,

respectively. Which means, although some discrepancies can be seen, especially with

H2O, the current force �eld parameters enabled a balance between values for the di�erent

gases.

The binding energies of the system ((Zn+2)24 (mIm−)60 (Zn+2)24) from Table 4.6 are
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Figure 4.3: Binding energy and distance of (Zn+2 mIm−) with CO2, H2O and N2. The
quantities obtained using the classical force �eld from Table 4.5 are represented by �lled
icons and the ones obtained from �rst principle methods are represented by hollow icons.

systematically higher than its counterpart of (Zn+2 mIm−). It is a good sign since the

energy is considered between the whole solute molecule with the binding gas molecule.

So, a more intense interaction was expected.

The interaction energies between (H+ mIm−) and the gases CO2 and N2 are around 2

to 4 times the kBT value for temperature of 273.15 K. Which means, thermal �uctuation

e�ects are su�cient to disrupt those interactions. Only H2O can maintain the binding

with (H+ mIm−) in ambient temperature. Also, the classic force �eld represented the

interaction with reasonable agreement.

4.4 Initial results: di�erent gases and thermodynamic

e�ects

The CO2 capture is meant to be done in atmospheric environment, which means

temperature and pressure are not strictly constant, and many di�erent gases are present.

4.4.1 Di�erent gases

The results from simulations with di�erent gases are in Fig. 4.4. The �rst important

result from Fig. 4.4 is the almost absent interaction between ZIF-8 and the gases O2 and

Ar. In the literature, those gas species can be captured by ZIF-8, although only at lower

temperatures, such as 77 K [256]. Both were not further studied in this work since they

73



pose no competition at atmospheric environment.

Figure 4.4: Number and interaction energy of captured gas molecules fromMC simulations
at ambient pressure. Nin, Nsurf and Nint are the number of absorbed, adsorbed and
interacting gas molecules, respectively. Esurf and E are the interaction energy of adsorbed
and interacting gas molecules, respectively, in respect to the ZIF-8 nanoparticle given by
((Zn+2)24 (mIm−)60 (Zn+2)24)+36.

Only CO2 was absorbed (Nin) in signi�cant amounts considering the remaining three

gases. The absence of H2O was already expected due to the hydrophobicity of the inner

cavities of ZIF-8 [163, 257]. Surprisingly, the inner ZIF-8 pores were extremely selective

towards CO2, even among other apolar gases.

On the other hand, the super�cial capture (Nsurf ) demonstrates the Zn atoms on

the surface are a competitive domain for CO2, H2O and N2. The interaction energy

〈Esurf/Nsurf〉 is more intense with H2O than CO2. Thus, for the fully charged ZIF-8, the

surface is dominated by H2O, while CO2 is prefered over N2.

4.4.2 Temperature

The temperature in�uences CO2 uptake drastically as the Fig. 4.4 suggests and as seen

experimentally [165]. Nin of CO2 decreases about a third over the temperature increase

of only 25 K. Nsurf diminishes over this change, however only slightly. Also, Nsurf for

H2O increases with growing temperature, which means CO2 selectivity worsens as well

with higher temperatures. Do note the binding energies barely change, the whole e�ect

is exclusive on the uptake amount.
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4.4.3 Pressure

The initial simulation box volume had lattice of 334 Å, which is necessary for pristine

CO2 to be at ambient conditions. After the simulation, the box volume decreased by 27.5

%. To put it in perspective, the introduction of a ZIF-8 nanoparticle of about 0.04 % of

the total initial volume was su�cient to shrink the box in 27.5 % to maintain atmospheric

conditions. Thus, a minuscule particle, in relation to the whole box, managed to compress

the total volume by about a fourth. It demonstrates that ZIF-8 has a great potential on

CO2 storage.

An enhanced pressure setup of 20 atm of the same system was tested. The super�cial

CO2 capture was marginally increased by only 4 %. However, the inner CO2 uptake rose

by 108 %. Therefore, absorption can be highly enhanced in more pressured environment

whereas adsorption barely depends on it.

4.5 Surface e�ect

Based on the scienti�c reports for ZIF-8 surface, a multitude of options as surface sites

can be found. Among those possibilities, monocoordinated Zn atoms, protons and empty

surface sites were simulated. The speci�c ZIF-8 con�gurations are the ones expressed in

Table 4.5, which account to charges for the whole nanoparticle as depicted in Fig. 4.5.

Figure 4.5: Diagram of the charge of the ((Zn+2)24 (mIm−)60 (Zn+2)24) nanoparticle
based on its surface composition.

The numbers of absorbed (Nin) and adsorbed (Nsurf ) gas molecules are displayed in

the Figs. 4.6a and 4.6b. As seen from the Table 4.6, those gases possess weak interactions

with the super�cial protons.

The Nin trend shows that the CO2 absorption does not increase when more protons are

added, but it does increase with more Zn atoms. Also, the absorption of H2O decreases

with the charge increase of the ZIF-8, while the N2 absorption stays near zero. It is

important to note the drastic impact that surface conditions have on the internal gas

capture. In summary, ZIF-8 nanoparticles with higher values of charge displayed increased

absorption selectivity towards CO2. Also, more super�cial Zn atoms enhanced the sheer

CO2 absorption.

The Nsurf results are less appealing for CO2 separation. Although the CO2 adsorption

increased with more Zn atoms on the surface, H2O and N2 capture increased as well.
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(a) Number of absorbed gas molecules (b) Number of adsorbed gas molecules

(c) Interaction energy of adsorbed gas molecules

Figure 4.6: Energy and number of captured gas molecules of MC simulations with multiple
charge con�gurations for the ZIF-8 nanoparticle. The atom in parenthesis refers to the
surface condition of the ZIF-8 nanoparticle. Note (b) does not have values for CO2 or N2

with H at the surface sites since it was constantly null.

Their competition can be veri�ed with the Fig. 4.6c. In all tested circumstances with Zn

atoms on the surface sites, H2O dominated the super�cial capture, since its interaction

energy is the highest. Also, H2O is the only captured gas by H super�cial atoms. On the

other hand, CO2 has energetic advantage over N2.

4.6 Molecular dynamics parametrization

Up to this point, all classical simulations were done with a rigid framework by MC.

However, MD simulations enable di�erent approaches, such as innately �exible molecules

and dynamic measures. Similarly to the intermolecular parameters, the bulk intramolec-

ular ones for ZIF-8 were available in the literature [168]. Those were developed for a bulk

bound by PBC, then could be inadequate for a free nanoparticle.

In the �rst tests of ((Zn+2)24 (mIm−)60 (Zn+2)24) in vacuum, the whole structure

76



maintained most of its integrity but the imidazole rings planarity, see Fig. 4.7. Many

gradual adjustments were employed on the dihedrals, both proper and improper, to ensure

the expected planarity. The bond and angle intramolecular parameters were kept as the

bulk ones from [168]. The dihedrals were extensively strengthened and had some of its

phase values changed to re�ect better the crystallographic structure until the values in

Table 4.7.

Figure 4.7: Molecular representation of a non-planar imidazole ring from initial MD
simulations.

The structure of the ZIF-8 nanoparticle remained stable throughout the whole simu-

lation with root-mean-square deviation (RMSD) approximately constant at 1 Å. Which

means the �exible ZIF-8 framework was only slightly di�erent from the crystallographic

structure. The newly added �exibility enhanced the CO2 inner capture by 19 % and the

super�cial capture by 14 %. It is a welcome boost, but not enough to discredit the MC

results.

Regarding the ensemble, NPT simulations could not be made due to the di�culty of

setting a barometer for gases. The box size was extremely unstable between steps, then

only NVT simulations were done with MD.

4.7 Gas mixtures

The previous simulations were all performed with a solute related to ZIF-8 immersed

in a pristine gas. Therefore, no direct competition between di�erent solvents were tested.

Analysing the interaction geometries and energies, a reasonable guess can be made on

how the competition would happen. However, the con�rmation comes from actually

simulating them together. Those were carried out with H2O or N2 along CO2, as both

were the potential competitors of CO2.
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Table 4.7: Intramolecular dihedral force �eld parameters for ZIF-8 in the AMBER format.
The atom labels are the same as the ones used in Table 4.5 with the addition of Zn1 being
the bulk Zn atom and Zn2 is the monocoordinated Zn atom.

Dihedrals V1 V2 V3 γ1 γ2 γ3

Zn1-N-C1-N 0.0 15.0 0.0 0.0 180.0 0.0
Zn1-N-C1-C3 0.0 15.0 0.0 0.0 180.0 0.0
C2-N-C1-N 0.0 15.0 0.0 0.0 180.0 0.0
C2-N-C1-C3 0.0 15.0 0.0 0.0 180.0 0.0
Zn1-N-C2-C2 0.0 15.0 0.0 0.0 180.0 0.0
Zn1-N-C2-HC2 0.0 15.0 0.0 0.0 180.0 0.0
C1-N-C2-C2 0.0 15.0 0.0 0.0 180.0 0.0
C1-N-C2-HC2 0.0 4.8 0.0 0.0 180.0 0.0
N-C2-C2-N 0.0 15.0 0.0 0.0 180.0 0.0
N-C2-C2-HC2 0.0 4.0 0.0 0.0 180.0 0.0
HC2-C2-C2-HC2 0.0 4.0 0.0 0.0 180.0 0.0
N-C1-C3-HC3 0.0 0.0 0.1 0.0 0.0 0.0
C1-N-Zn1-N 0.0 0.0 15.0 0.0 0.0 8.8
C2-N-Zn1-N 0.0 0.0 15.0 0.0 0.0 -171.2
C2-C2-N-Zn2 0.0 15.0 0.0 0.0 180.0 0.0
HC2-C2-N-Zn2 0.0 15.0 0.0 0.0 180.0 0.0
N-C1-N-Zn2 0.0 15.0 0.0 0.0 180.0 0.0
C3-C1-N-Zn2 0.0 15.0 0.0 0.0 180.0 0.0
Improper Dihedrals Vp
N-Zn1-C1-C2 15.0
C1-N-N-C3 15.0
C2-N-C2-HC2 8.5
N-C2-C1-Zn2 15.0

4.7.1 CO2 + H2O

The real proportion of CO2:H2O depends on the local humidity, then 1:1 was used as

a general case.

The CO2 capture su�ered a severe blow, the absorption decreased by 83 % while the

adsorption became null. Exclusively H2O was captured by the super�cial Zn atoms. In

general, MOFs tend to adsorb H2O in favor of other apolar solvents [39]. Speci�cally for

ZIF-8, the trends of CO2 absorption and H2O adsorption were known [194]. However,

such an intense impact on the CO2 absorption was not expected. Thus, H2O must be

removed prior to CO2 capture attempts.

4.7.2 CO2 + N2

Di�erently from the previous case, CO2:N2 proportion is immensely favored for N2

at an atmospheric setup. Firstly, an 1:1 MC simulation was performed. It displayed

a decrease on CO2 absorption by 35 % and almost no change in CO2 adsorption in
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comparison to the simulation with CO2 only. Do note, almost none N2 molecule was

adsorbed or absorbed. The CO2 absorption was signi�cantly decreased without N2 closely

interacting with the ZIF-8 nanoparticle.

The same system was simulated again, but through MD. The results had displayed a

similar trend to the previous MC attempt. In comparison to the MD simulation with only

CO2, it had a decrease on CO2 absorption by 47 % and no di�erence on CO2 adsorption.

Also, exclusively CO2 got captured by ZIF-8 in either the inner pores or the surface sites.

In an attempt to reproduce better the proportion imbalance of CO2:N2, an 1:9 MD

simulation was performed. This speci�c proportion was chosen since 10 - 15 % is roughly

the CO2 composition in �ue gas. This simulation was not performed by MC since a sys-

tem of this size would take a long time, while intense paralelization on the MD algorithm

of GROMACS enabled larger systems to be tackled. The results were similar to the ones

from the previous system, however more drastic. The CO2 absorption and adsorption

decreased by 75 % and by less than 1 %, respectively, when comparing to the MD sim-

ulation with CO2 only. The capture in the inner pores of ZIF-8 was mainly dominated

by CO2, still traces of captured N2 molecules were found. Although the internal capture

of CO2 diminished, the super�cial CO2 capture by the unsaturated Zn atoms remained

un�inched. A possible root for those results could be that this bigger system required

a longer termalization, even though the production phase of each simulation was only

conducted when the system potential energy reached a minimum average. To test it, the

system was simulated from two di�erent initial conditions: 1. random placement for CO2

and N2; 2. ZIF-8 already �lled with CO2, while N2 was randomly placed. However, both

conditions led to the same production scenario. Considering volume and temperature

were set for the whole gas to have atmospheric pressure, the partial pressure of CO2 was

0.1 atm in an 1:9 simulation. Then, the results were analogous to the ones observed in

Section 4.4.3, an enhanced pressure increased the internal CO2 capture greatly but was

mostly irrelevant for the super�cial CO2 capture.

4.8 CO2 density

In view of the intense CO2 compactation provided by ZIF-8, a set of pristine CO2

simulations were made to compare how similar the latter is to captured CO2.

The pristine CO2 simulations had average densities 〈ρ〉 as displayed in Table 4.8 along

with the theoretical expected values [258]. The expected and obtained density values

are compatible, which means the used force �eld parameters for CO2 are reliable even in

signi�cantly di�erent thermodynamic conditions. Those thermodynamic conditions were

chosen to represent atmospheric CO2 and light density liquid CO2. A diagram of the

region with small theorical densities for liquid CO2 is in Fig. 4.8. It shows the density

values around the critical point and it goes as low as 0.583 g/cm3, but simulations near
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phase transitions are tricky to be made.

Table 4.8: Pristine CO2 densities from MC simulations. The value in parenthesis is the
standard deviation.

Phase
Pressure Temperature Densities (g/cm3)
(atm) (K) 〈ρ〉 [258]

Gas 1 273.15 0.00198(4) 0.00196
Liquid 10 225.15 1.139(8) 1.148

72 298.00 0.730(26) 0.758

Figure 4.8: Diagram of theoretical CO2 density, in g/cm3, with values from [258]. The
encirclement colors refers to: none � gas phase, teal � liquid phase, purple � supercritical
phase.

The structure of the ZIF-8 nanoparticle, ((Zn+2)24 (mIm−)60 (Zn+2)24), was decom-

posed as suggested in Fig. 4.9. The 1x1x1 ZIF-8 nanoparticle has an approximately

spherical shape and was analysed as such. The innermost sphere, named (a), is the

biggest pore devoid of ZIF-8 atoms. Moving outwards, the light grey (b) region is heavily

populated with ZIF-8 atoms with only slight free space. The dark blue (c) region is an

intermediate region with plenty of space for absorbed molecules. Finally, the dark grey

(d) region consists of the super�cial sites with the adsorbed molecules.

Due to the spherical nature of this nanoparticle, the number of CO2 molecules was

counted by the RDF. Dividing the amount by the free volume, determined as described

in Section 3.5.2, densities for each region were obtained as displayed in Table 4.9.

From the MC simulations in Table 4.9 it is clear that the highest CO2 density region

is the external one, (d). Which highlights once more the major importance of the surface

conditions on the CO2 capture. Additionally, when the temperature is increased, the

region (a) displays a huge drop on density, followed by region (c), while the (d) maintains

most of its density. The ensemble change from NVT to NPT increased the densities only

slightly.
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Figure 4.9: Decomposition of spherical regions in the ZIF-8 nanoparticle for the density
analysis. The concentric spheres are named as (a) to (d), starting with the yellow and
moving outwards.

Table 4.9: Densities of captured CO2 in di�erent regions, according to Fig. 4.9, of the
1x1x1 ZIF-8 nanoparticle under atmospheric pressure. The region (b) is not shown due
to almost null value in all cases.

Simulation Ensemble Temperature (K)
Densities (g/cm3)

(a) (c) (d) all
MC NVT 273.15 0.362 0.344 0.658 0.453
MC NVT 298.00 0.091 0.209 0.586 0.353
MC NPT 273.15 0.401 0.378 0.676 0.476
MD NVT 273.15 0.680 0.392 0.917 0.606
MDa NVT 273.15 0.010 0.027 0.632 0.295
a from the simulation with the gases 1000 CO2 + 9000 N2

Regarding the MD simulations in Table 4.9, the �exibility enhanced the capture mostly

on (a) and secondly on (d). The simulation of the mixture CO2:N2 on proportion 1:9 shows

how drastically the absorption can be impaired by low CO2 partial pressure, while the

adsorption reached a similar level to the MC simulation.
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The �exible ZIF-8 framework immersed in pristine CO2 attained an average overall

density of captured CO2 of 0.606 g/cm3. It peaked at 0.917 g/cm3 in the region (d), which

is signi�cantly denser than the pristine CO2 simulation of 0.730 g/cm3. Going back to

Fig. 4.8, 0.606 g/cm3 is denser than liquid CO2 at 73 atm and 304 K, with 0.583 g/cm3.

In other words, the ZIF-8 nanoparticle spontaneously condensed the gaseous CO2 into

low density liquid CO2.

4.9 Nanoparticle size e�ect

The fundamental reason why ZIF-8 was chosen to be studied as a nanoparticle is the

potential to change its size and evaluate the surface e�ect. When the nanoparticle is

grown, its surface-to-volume ratio diminishes. Then, smaller nanoparticles have propor-

tionally higher surface e�ect than bigger ones.

A di�cult step was the analysis of absorbed CO2 molecules in non-spherical nanopar-

ticles. The method of counting used so far was based on the RDF, however it does not

convey as much information for far from spherical nanoparticles. A huge aid from the

developers of the software SuAVE [259] was provided to overcome the counting problem.

By de�ning a set of surface atoms, SuAVE constructs a smooth surface with gaussian

functions on the aforesaid atoms. The surface can be constructed as a closed one and all

molecules of the required type inside of it are counted.

The results from simulations with nanoparticles of di�erent sizes are in Table 4.10. A

higher CO2 uptake for growing nanoparticles with analogous architecture was just about

obvious. The relevant results are the CO2 density inside of the ZIF-8 nanoparticles and the

total loading. There is a clear and steep tendency of internal CO2 density decrease as the

nanoparticle grows, i.e. as the surface-to-volume ratio diminishes. Which demonstrates

how impactful the surface is on the inner CO2 capture.

Table 4.10: Number of absorbed (Nin) and adsorbed (Nsurf ) CO2 molecules, density of
captured CO2 inside the inner pores of ZIF-8 and CO2 loading regarding both Nin and
Nsurf , i.e. mass of captured CO2 in proportion to mass of ZIF-8. These values are
presented for ZIF-8 nanoparticles of di�erent sizes.

Nanoparticle size Nin Nsurf Internal CO2 density (g/cm3) Total Loading (mg/g)
1x1x1 117 120 0.657 1304
2x2x2 195 322 0.210 550
3x3x3 434 605 0.161 393

The CO2 loading represents the proportion of captured CO2 mass in comparison to the

ZIF-8 nanoparticle mass. As the nanoparticle grows, its e�ciency decreases sharply. The

overall range of CO2 loading values by ZIF-8 for atmospheric environment available in the

literature are 22 - 60 and 8 - 82 mg/g, for experimental [165, 166, 183] and theoretical [165�
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167, 178, 179, 183, 185, 186, 260�263] studies, respectively. The experimental procedures

are made with ZIF-8 in di�erent forms, such as �lms and nanoparticles. However the size

of the nanoparticles are orders of magnitude bigger than the ones in Table 4.10. Which

means, the values of loading in Table 4.10 are expected to be exceptionally higher than

observed experimental values. Similarly, the theoretical works consider the bulk replicated

by PBC, i.e. the limit of huge nanoparticles.

Speci�c interaction factors between monocoordinated Zn atoms and CO2 such as co-

ordination of CO2 molecules for each Zn atom, the binding energy and geometry were all

indistinguishable among di�erently sized nanoparticles. Thus, growing the ZIF-8 nanopar-

ticle does not weaken the binding between super�cial Zn atoms and CO2. However it

does reduce the availability of super�cial Zn in proportion to the bulk due to the smaller

surface-to-volume ratio.

Unlike the 1x1x1 ZIF-8 nanoparticle, bigger ones had dicoordinated Zn atoms on the

surface. Those were impactful on the adsorption, each binding with 3.4 CO2 molecules,

on average. It is not as attractive as the monocoordinated Zn atoms averaging 5.0 CO2

molecules, although still important. Monocoordinated Zn atoms are more prone to react

with its surrounding molecules than dicoordinated Zn atoms [193, 197, 199�201]. Then,

the latter is also capable of contributing considerably in the capture by real synthetized

ZIF-8 nanoparticles.

A survey of metal-organic complexes have shown the Zn coordination number is 4 or

6 with frequencies of 59 or 23 %, respectively [264, 265]. Then, the hexacoordinated Zn

atoms (coordinated to 1 mIm− and 5 CO2) can appear in other circumstances as well.

A last MD simulation on this topic was made with a 2x2x2 ZIF-8 nanoparticle devoid

of any monocoordinated Zn atom. This nanoparticle was neutral and the dicoordinated

Zn atoms were less polarized. In such scenery, each super�cial Zn atom binded with

only 1.9 CO2 molecules in average. Thus, analogously to the trend from the 1x1x1

ZIF-8 nanoparticle, more super�cial Zn atoms can enhance the capture potential of the

nanoparticle even without direct interaction to it.

4.10 CO2 di�usivity

After discussing long about how many gas molecules are captured by ZIF-8, an im-

portant question that arises is about the stability of those newformed bindings. In an

environment �lled with more CO2 to be captured, the resilience of the binding with the

ZIF-8 can be overlooked. However, considering a �ux of gas with CO2 going through the

ZIF-8 for it to act as a �lter, it would be important to not leak too much CO2. On the

other hand, a �erce binding would require a high energy cost regeneration procedure.

An unexplored facet of the CO2 capture so far in this work relies on dynamic quantities.

While MC simulations do not have an estabilished timeline between frames, the MD
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simulations are built upon a time ordered structure. Then, di�usion coe�cients can be

obtained to assess the likelihood of captured CO2 molecules staying as such.

The �ts obtained as described in Section 3.5.3 are displayed in Fig. 4.10. By the

Einstein relation, A is the di�usion coe�cient, however from Fig. 4.10a it can be seen

that A �uctuates strongly. Which is why 10 trajectory fragments were made, so that 〈A〉
would be more accurate.

(a) CO2 "in"

(b) CO2 "out"

Figure 4.10: MSD of CO2 molecules from MD simulation with the least squares �t y =
Ax+B. The di�erence between (a) and (b) is detailed in Section 3.5.3

The coe�cient di�usions were 〈Din〉 = 14.630(3)nm2/ps and 〈Dout〉 = 69.846(5)

nm2/ps. The value in parenthesis is the standard deviation. Which means, absorbed

CO2 molecules di�use four to �ve times slower than non-absorbed ones. While it is not

proof of outstanding retaining potential, it is a rather good sign.

4.11 Absorption characteristic time

The previous topics explored the evolution of systems in equilibrium, i.e., post ther-

malization process. Yet a noteworthy part of the operation lies on the gas capture by a

non loaded molecule of ZIF-8.

The distance between the centers of mass of ZIF-8 and the i-th gas molecule is named

di. The average of di over all values of i is 〈d〉. Considering L to be the simulation box

lattice, the highest value possible for di is half of the internal box diagonal, i.e. L
√

3/2.

Thus, the quantity to represent the capture process of gas by ZIF-8 is 〈d〉 /(L
√

3/2), as

shown in Fig. 4.11. The curves were �t by an orthogonal distance regression algorithm,

which considered time correlations, of the form y0 + Aj exp(−t/τj). In this model, y0 is
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the constant reached when the system reaches equilibrium, Aj is an auxiliary constant for

the �t and τj is the characteristic capture time.

Figure 4.11: Graphs of the normalized average distance d between the centers of mass of
CO2 and ZIF-8. The �tting curve is y0 + Aj exp(−t/τj).

All simulations shown in Fig. 4.11 were randomly generated and are equally repre-

sentative. Thus, the CO2 normalized average of the equilibrium constant and the char-

acteristic CO2 capture times yield 0.148(3) and 1.04(5) ns, respectively, with standard
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deviation in parenthesis. The results for N2 were 0.060(4) and 0.28(3) ns. The �rst value

could act as a compactation parameter, which shows ZIF-8 is capable of compacting CO2

2.5 times more than N2. On the other hand, the characteristic capture time is 3.7 times

slower for CO2 than for N2. It might be due to the stronger compactation which demands

a longer time.

4.12 Adsorbed CO2 structure

Adsorbed CO2 on the ZIF-8 nanoparticle form a web of CO2. Some frame superposi-

tions are in Fig. 4.12 where the dots represent CO2 molecules. On Figs. 4.12a, 4.12c and

4.12d, the clouds inside a green circle represent a strongly localized CO2 molecule binding

with two super�cial Zn atoms. The clouds in yellow rings are adsorbed CO2 molecules

binding with a single Zn atom. Those are less localized, but still clear. However, the

blue rings hold the most revealing results, they encircle clouds which are CO2 molecules

that do not interact closely with any atom of the ZIF-8 nanoparticle. Those molecules

are captured by the interaction with the CO2 molecules from the green and yellow rings

by their quadrupole interaction. There is a web of CO2 molecules captured indirectly by

the surface of ZIF-8, mediated by the truly adsorbed CO2 molecules.

The interaction between CO2 molecules that are either directly or indirectly adsorbed

is given by the graphs in Fig. 4.13. Although the pair interaction energy seems weak in

comparison to kBT , which is 0.5 kcal/mol, it is strong enough to maintain the structure.

The solid phase of CO2 which exists in conditions closer to the ambient has a C − O

distance of 3.18 Å, a C − OC angle of 133.7o and, considering the force �eld parameters

used in this work, interaction energy of -0.80 kcal/mol. The modal value of both distance

and energy is similar, while the angle distribution is probably composed of two patterns

combined, one with a peak similar to solid CO2 and another around 160o. Along these

lines, the CO2 molecules organize themselves in a similar fashion to solid phase CO2 mixed

with another angular structure. It reinforces the point that ZIF-8 can spontaneously

change the phase state of CO2 to a composition of liquid and solid states.
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(a) (b)

(c) (d)

Figure 4.12: Frame superpositions from a MC simulation of ((Zn+2)24 (mIm−)60

(Zn+2)24) + 1000 CO2 with the ZIF-8 nanoparticle aligned on top of each other. Each
image had its molecular structure cut for better visualization. The big atom spheres are
the super�cial Zn atoms, while the black and red dots are C and O atoms, respectively,
both from CO2. (a), (c) and (d) have rings with the following meaning based on its color:
green, localized CO2 molecule between two super�cial Zn atoms; yellow, captured CO2

molecule on the surface; blue, CO2 molecule captured by the quadrupole interaction of
the neighbor CO2 molecules.
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(a) Angle O − CO (b) Distance C −O

(c) Interaction energy

Figure 4.13: Distributions of the interaction between the CO2 molecules in the adsorbed
web on the ZIF-8 nanoparticle.
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5

Conclusions

In this chapter the results are summarized and discussed. The focused topics are
construction of the model to be simulated, evaluation of gas competition and

thermodynamic conditions, impact of ZIF-8 framework and CO2 response for interacting
with ZIF-8.

"Mystery creates wonder and wonder is the basis of man's desire to

understand."

Neil Armstrong



The atmosphere of Earth has an alarming concentration of CO2 which continues to

rise due to anthropogenic CO2 emissions. CO2 is fundamental on the greenhouse e�ect

and its intensi�cation is a prominent threat to life diversity and quality on Earth. While

methods to reduce emissions are valuable, negative emission technologies are needed from

economical and logistical points of view. Direct air capture can greatly aid on this �eld,

with CO2 capture by metal-organic frameworks (MOFs) being a vast �eld of study. Among

the considered MOFs in the literature for this job, zinc-methylimidazolate framework-8

(ZIF-8) was found to be an outstanding candidate for CO2 capture.

This work had the objective of studying the capture of atmosheric gases (CO2, H2O,

N2, O2 and Ar) by ZIF-8 through theoretical means. Multiple works were already per-

formed, and are available in the literature, on the same subject. However, the surface of

ZIF-8 is rarely ever taken into consideration. Mostly because the treatment of surface

conditions of MOFs is an intricate problem, while their bulk structures are better estabil-

ished throughout the literature. Thus, along with results for the ZIF-8, this work is also

oriented to assist future treatments of other MOFs, speci�cally on the surface conditions

domain.

The form of ZIF-8 that was chosen as a study subject is the nanoparticle. It has both

bulk and surface present and changing its size allows the comparison of their e�ects, since

the surface-to-volume ratio varies with the nanoparticle size.

Molecular simulations of di�erent sorts, such as Classic Monte Carlo (MC), Classic

Molecular Dynamics (MD) and Born-Oppenheimer Molecular Dynamics (BOMD) were

employed. Electronic structure calculations were used as well to reach satisfactory classic

models and infer on its quality. The numerous forms of ZIF-8 fragments and nanoparti-

cles were constructed both by crystallographic data and by geometry optimization. The

analysis procedures relied on molecular counts, radial distribution functions (RDFs), prob-

ability distributions, di�usion coe�cients and visual evaluations. Those operations were

made mostly by external softwares or scripts developed by the author. Then, along with

the study of the problem at hand, a comprehensive learning of programming was attained.

Multiple molecular quantities were analysed to study the interaction between ZIF-8

and atmospheric gases. Those were atomic charges; interaction geometries and energies;

gas capture coordinations; amount of absorbed and adsorbed gas molecules; gas densities,

di�usivities and conformations.

The conclusions that arose from the simulations and analysis are summarized in the

following topics.

5.1 Initial treatment

The parametrization began by calculating charges for the ZIF-8 fragments. Although

parameters were already available in the literature, those were meant for the bulk re-
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gion. Then, electronic structure calculations were employed on multiple systems to obtain

CHELPG charges and validate them.

B3LYP as a method to obtain CHELPG charges is a common method throughout

the literature. It was successfully applied on the systems composed of a ZIF-8 fragment

with some CO2 or H2O molecules, as they were the most important gases on this study.

Also, CO2 and H2O had to be treated as pontual charges since their polarization could

not be represented on the employed force �eld model. Lastly, the parametrized ZIF-8

was simulated and the geometries and energies were compared to validate the force �eld.

This procedure is not meant only to recapitulate the results section. It is to serve as a

guideline for future works since treatment of the surface of MOFs is a di�cult matter to

approach.

Moving onto the �exible framework, the parametrized charges caused an abnormal

behaviour of the imidazole rings. The imidazole rings near the surface were heavily dis-

torted. To circumvent it, the dihedral force constants were strengthened until a reasonable

planarity of the rings was achieved. Thus, although the charges seemed to work properly

and no distortion was seen on the small fragments, an inspection must be conducted on

the whole simulated nanoparticle.

5.2 E�ects of di�erent gases and thermodynamic con-

ditions

The most abundant atmospheric gases are N2, O2, H2O, Ar and CO2. Their sizes are

similar and are all apolar, except forH2O. Which means developing a selective mechanism

to capture exclusively CO2 is highly delicate. Yet, the inner pores of ZIF-8 are capable

of capturing only CO2 among the �ve studied gases. The surface capture was not as

selective and could adsorb H2O, CO2 and N2, in this energetic order.

Up to this point, the gases were treated separately. Based on its results, absorption

was expected to be dominated by CO2 and adsorption by H2O, with CO2 following

behind. The actual competition test was made by simulating pairs of gases together

with the ZIF-8 nanoparticle. The CO2/H2O competition was vastly disadvantageous

for CO2. Adsorption worked as expected, but surprisingly the absorption also took a

severe blow. In summary, CO2 capture by ZIF-8 can only be performed in a dehumidi�ed

media. CO2/N2 competition was di�erent. The adsorption was dominated by CO2, as

the interaction energies suggested. The absorption was greatly diminished, but its extent

depended on what the CO2 partial pressure was set at. The more unbalanced setup of

1:9 for CO2:N2 caused a purge of molecules from inside of ZIF-8. Due to the dominance

of CO2 molecules interacting directly with ZIF-8, N2 could barely approach its vicinity.

Which means, N2 has a faint impact on the CO2 absorption, with only trace N2 capture,
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and no e�ect on the CO2 adsorption. However, the small CO2 partial pressure of 0.1 atm

was responsible for the CO2 absorption decay. The CO2 partial pressure in atmospheric

environment is sharply lower than 0.1 atm, which means absorption of CO2 would be

unlikely, however adsorption was mostly una�ected and could become the main capture

method.

The previous results were obtained for atmospheric conditions, however those can

�uctuate in a real setting. Higher temperatures were found to not only drastically reduce

the CO2 capture but also to increase the H2O adsorption. Then, both CO2 intake and

selectivity are enhanced by lower temperatures.

Currently there are projects already working to capture CO2 from atmospheric air.

Some use turbines to increase the pressure of the inlet beyond the atmospheric value. The

higher pressure setup simulated was greatly above the atmospheric pressure to check for

this possibility. It was found to be extremely impactful on the CO2 absorption, but only

marginally signi�cant on the adsorption.

5.3 Nanoparticle e�ects

ZIF-8 was simulated with multiple di�erent conditions, which a�ected its charge and

surface composition. The surface sites of the ZIF-8 nanoparticle could be �lled with Zn or

H atoms or be left empty. CO2 capture was found to have higher uptake and selectivity

whenever more Zn atoms were available on the surface. It implies the ZIF-8 nanoparticle

had a higher charge, however increasing its charge by adding protons on the surface sites

caused no change on the CO2 capture. In summary, ZIF-8 nanoparticles with higher

density of Zn atoms can capture CO2 more e�ciently, not necessarily the ones more

positively charged. Note that even the absorption is greatly dependant on the super�cial

Zn density.

Bigger ZIF-8 nanoparticles were tested and displayed an acute decrease on the CO2

loading in relation to the smaller one. The surface-to-volume ratio also decreases as the

nanoparticle is grown. Once again, it reinforces the impact of the surface e�ect on the

overall CO2 capture. Even when the surface sites were kept in a similar fashion, fully

�lled by Zn atoms, the expansion of bulk over surface was enough to extensively cripple

the CO2 loading.

5.4 CO2 structure and behaviour

As the main gas for this study, CO2 had received special attention. It was simulated

as a pristine substance to be compared with the captured CO2. The average density of

CO2 in ZIF-8 is comparable to pristine low density liquid CO2. Then, density-wise ZIF-8
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can spontaneously condense CO2. Additionally, this capture was performed in about 1

ns for the 1x1x1 ZIF-8 nanoparticle.

Adsorbed CO2 promotes a web of CO2 molecules around the ZIF-8 nanoparticle. The

structure of this web resembles the geometry of solid phase CO2. So, structure-wise ZIF-8

can compose a framework related to solid CO2.

Thus, ZIF-8 is capable of compacting and ordering CO2 in a manner unlike the gas

phase. It possibilits a multitude of applications regarding not only capture, but also

storage of CO2. For the latter, gas competition can be overlooked, which was the weak

point of ZIF-8 in an atmospheric setting. The di�usivity also re�ects how absorbed CO2

molecules are less mobile than external ones and are more inclined to stay inside ZIF-8.

The Zn atoms on the surface of ZIF-8 can provide an outstanding CO2 loading poten-

tial, in both density and structure. Two proposals of applications arise from such ability.

The �rst is by creating imperfections in the bulk of ZIF-8, more undercoordinated Zn

atoms would be available and could create arti�cial surface sites within the inner pores.

Secondly, nanoparticles of ZIF-8 could be deposited on a supporting media, which would

create a membrane of ZIF-8 with an extensive super�cial area.
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