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SUMMARY

The use of fossil fuels accounts for 90% of global energy consumption.
However, as its usage increases, greenhouse gases such as CO2 accumulates in the
atmosphere resulting in global warming. Besides to the increments of sea levels all
over the world, this also leads a breakage of ecological chain irreversibly. In this sense,
it is crucial to separate CO2, which is generated during syngas production, from Ho,
especially considering the decreasing energy resources. Although different separation
processes are available, adsorption is mostly preferred due to its reversibility, and high
separation performance. In this thesis, adsorption-based separation performances of
novel MXene nanomaterials for CO2/H> separation are investigated. MXene database
Is created and some of its members are optimized. CO, and H> uptakes are examined
by grand canonical Monte Carlo simulation and several adsorbent metrics are
computed. To identify the effect of interlayer spacing of MXenes on the adsorption
selectivity, after interlayer distance is enhanced, simulations are repeated. The
promising 10 MXene structures for Pressure Swing Adsorption (PSA) and Vacuum
Swing Adsorption (VSA) processes were revealed according to some metrics. Among
the MXenes with short interlayer distance, four MXene structures, Tio.4Nb16C,
V2TioCs, Ti2VC2, Tirt2NbogC, containing double metal, and unsaturated surface are
noteworthy for both PSA and VVSA. After enhancement of interlayer distance, MXenes
containing double metal and bulky functional groups of —(NCS,) stand out for both
processes. In general, after increasing the interlayer distance for PSA, the CO2 working
capacity increased, while the adsorption selectivity decreased. The results obtained
from this thesis will lead to the use of MXene family as a novel adsorbent material and

to guide the experimental studies.

Keywords: MXene Nanomaterials, Adsorption Process, CO2/H2 Separation, GCMC

Simulations.



OZET

Fosil yakitlarin kullanimi, kiiresel enerji tiiketiminin %90’1n1 olusturmaktadir.
Ancak fosil yakit kullanimi arttikga CO2 gibi sera gazlart atmosferde birikerek kiiresel
1sinmaya neden olmaktadir. Tiim diinyada deniz seviyelerinin ylikselmesinin yani sira
bu ayn1 zamanda ekolojik zincirin geri doniisii olmayan bir sekilde kirilmasina da yol
acacaktir. Bu anlamda, 6zellikle de azalan enerji kaynaklar1 g6z ontine alindiginda Hz
tiretimi sirasinda ortaya ¢ikan CO2’in Hz’den ayrilmasi 6nem arz etmektedir. Bunun
icin farkli ayirma prosesleri kullanilsa da islemin geri doniisiimlii olmas1 ve yiiksek
ayirma saglayabilmesinden dolay1 en ¢ok adsorpsiyon tercih edilmektedir. Bu tezde,
yeni ve Ozgiin bir malzeme ailesi olan MXene’lerin adsorpsiyon temelli CO2/H>
ayirma i¢in performanslarinin incelenmesi hedeflenmistir. Oncelikle genis malzeme
cesidine sahip kiitiiphane olusturulup, bazi fertlerinin yapisi optimize edilmistir.
Monte Carlo simiilasyonu yardimiyla CO2 ve Hz adsorpsiyon kapasiteleri hesaplanmis
ve bunlar kullanilarak ¢esitli gaz adsorbent dlgiitleri irdelenmistir. Ayrica, MXene’ nin
katmanlar aras1 mesafesinin adsorpsiyon seciciligine etkisini belirlemek i¢in, ara
katman mesafesinin arttirilmasi sonrasi simiilasyonlar tekrar yapilmistir. Hem basing
salimimli adsorpsiyon hem de vakum salinimli adsorpsiyon i¢in en iyi performans
sergileyen 10 MXene yapisi siralanmistir. Ara katman mesafesi dar olan MXene’ler
i¢in her iki proseste de Titanyum elementi i¢eren ve yiizeyi doyurulmamis 4 MXene,
Ti04Nb16C, V2Ti2Cs, Ti2VCa, Tir2NbogC, yapist dikkati ¢ekmektedir. Ara katman
mesafesi arttirildiktan sonra ise ¢ift metal igeren ve —(NCS2) gibi biiyiik fonksiyonel
gruplari iceren MXene yapilari her iki adsorpsiyon islemi i¢in 6ne ¢ikmaktadir. Genel
anlamda, basin¢ salinimli adsorpsiyon islemi i¢in ara katman mesafesinin artmasi
sonrasinda CO2 calisma kapasitesi artarken adsorpsiyon segiciligi azalmistir. Bu
tezden elde edilen sonuglar MXene ailesinin yeni bir adsorbent malzemesi olarak

kullanimina vesile olacak ve deneysel ¢alismalarin ilerlemesine 11k tutacaktir.

Anahtar Kelimeler: MXene Nanomalzemesi, Adsorpsiyon Prosesi, CO2/H2 Ayirma,

Monte Carlo Simiilasyonu.
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1. INTRODUCTION

With rapid industrialization, global warming has become the most important
problem for the humanity. As the amount of the greenhouse gases in the atmosphere
increase, increment of temperature will reach to 1.9°C, and sea level also rise about
3.8 meter all over the world by the year 2100 [1]. In addition to the industry,
greenhouse gases are also emitted from agriculture and human activity by naturally
[2]. The primary Greenhouse Gases (GHGS) are carbon dioxide (CO.), methane (CHa),
nitrous oxide (NO3), and ozone (O3). GHGs can absorb infrared radiation and trap heat
energy. CO: level has been increased due to the combustion of fossil fuel such as coal,
oil, and natural gas directly to meet the energy demands increasing day by day.
Moreover, average CO; residence time in the atmosphere is found as 4 years [3].
Globally averaged abundances and alterations of CO2, CHs, and N2O in 2020 are listed
at Table 1.1. According to Table 1.1, global mean abundance of CO, was 413.2 + (0.2
ppm in 2020 with the highest increase rate of 2.40 ppm/year over the last ten years [4].

Table 1.1. Global annual surface mean abundances (2020) and trends of key GHGs
from the Global Atmosphere Watch (GAW) in situ observational network.

CO2 CHs N2O
2020 global mean abundance | 413.2+0.2 ppm | 188942 ppb | 333.24+0.1 ppb
2019-2020 absolute increase 2.5 ppm 11 ppb 1.2 ppb
2019-2020 relative increase 0.61% 0.59% 0.36%
Mean annual absolute increase
over the last 10 years 2.40 ppm/year | 8.0 ppb/year | 0.99 ppb/year

Three main CO. emission sources such as power plants, natural gas, and
industrial gas exit [5]. Natural gas streams generally contain CH4, CO2, N2, and higher
molecular weight hydrocarbons. Depending on its source, CO2 amount in natural gas
varies between 5-50% and, it must be separated from CH4 due to its corrosive effect
in pipelines and reducing energy efficiency. Considering the coal power plant, steam
is created by burning coal in air and this steam is used to run a turbine/generator to
produce electricity. However, combustion gases mainly contain N2 and CO., which
should be separated from other gases.

Carbon Capture and Sequestration (CCS) technologies was used at power plants

and industrial facilities to trap CO: in order to reduce its emissions. The main CCS



technologies are pre-combustion, post-combustion, and oxy-fuel combustion carbon
capture [6]. For all combustion processes, COz2 is separated from the other gases by
various separation methods. Mainly used separation methods are absorption,
adsorption, membrane-based separation, and cryogenic distillation. Considering
separation methods, adsorption-based separation is emerged as an efficient method
with high adsorption efficiency of CO. above 85%. In addition, this method is
reversible, and adsorbent can be recycled [7]. For CO- adsorption, different materials
are examined such as zeolites, silica, Metal-Organic Frameworks (MOFs), activated
carbon (AC), Covalent Organic Frameworks (COFs), ordered porous carbon, Carbon
Molecular Sieve (CMS), etc. [8].

MXenes have a formula of Mn+1XnTx, M is an early transition metal, X is C or
N, Tx shows surface terminations [9]. They become very popular among two
dimensional nanomaterials due to its many excellent properties since first discovery in
2011. Some of their important features are large surface area, hydrophilicity, high
melting point, and electrical and thermal conductivity. MXenes are examined for
various applications such as environmental remediation, catalysis, energy storage,
biomedical, sensors, etc. In the last few years, only one MXene type (TisC2Tx) has
been tested and successfully used in adsorption studies. Given that MXenes are a large
family, we have the chance to design several types of MXenes that will outperform
currently being tested ones. However, their experimental synthesis and testing for the
separation applications is a very challenging process. Therefore, as an effective tool,
molecular simulation methods are started to be applied frequently.

Therefore, the purpose of this thesis is to investigate the CO2 and H2 adsorption-
based separation potential of MXenes at molecular level which ensures rapidly
identification of the promising adsorbent materials. In this thesis, MXene library were
created which includes both existing and hypothetical MXene structures, and
optimized. CO2 and H> adsorption performance of all optimized MXenes were
examined by molecular simulation technique named as Grand Canonical Monte Carlo
(GCMCQ). Single gas adsorption capacities of MXenes were evaluated in according to
the performance evaluation metrics. The high-throughput computational screening
allows us to investigate all MXene types to determine their adsorption-based
separation performance with a cost and time-effective manner. Definition of top
performing MXene types for separation of CO> from H will guide and support the

experimental studies that will be carried out in the future. MXene library created in



this thesis will support the researchers to enlarge the library more resulted in more
sophisticated MXene database in the future.



2. CO, CAPTURE AND SEQUESTRATION

CO. capture and sequestration (CCS) is emerged as one of the most important
issue to combat global climate changes. The usage of renewable energy sources such
as solar, wind or nuclear energy is emerged as an alternative way to reduce the
accumulation of COz in the atmosphere. However, CCS is the most effective solution
to mitigate emissions of greenhouse gases.

CCS is consisted of emissions of greenhouse gases produced by industrial power
plants and industrial facilities capture, transportation and storage in geological sites.

Three main CO- capture processes are,

e Pre-Combustion Capture,
e Post-Combustion Capture,

e Oxy-fuel Combustion.

In this section, firstly main sources for CO2 emissions will be provided. Then,
adsorption-based separation processes that are highly used for CCS will be discussed.
Finally, frequently encountered adsorption isotherm types and preferred models are

going to be given.
2.1. Sources for CO2 Emissions
2.1.1. Pre-combustion

The fuel such as coal or natural gas first oxidized in steam and mixed with
air. Syngas (synthesis gas) is obtained at high temperature including mixture of CO,
H2, CO2, and low amount of CHs. This process is named as gasification. Following
gasification, CO2 and H> are obtained via water-gas shift reaction by conversion of
carbon monoxide and water with the addition of steam and reduction of temperature

as depicted in Figure 2.1 [10-12]. After pre-combustion method, CO; is captured from



mixture and purified Hz is used for different areas as clean fuel. Concentrated CO- gas
is removed at high pressure before combustion of Hz by water-gas shift reaction.
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Figure 2.1: Principle of pre-combustion CO; capture.

2.1.2. Post-combustion

Different from pre-combustion, removal of CO> takes place after combustion
process as shown in Figure 2.2 [10-12]. Generally, power plants preferred post-
combustion processes that use air and produce a flue gas at atmospheric pressure. This
flue gas includes low CO2 concentration such as 13-15% for coal fired power plant or
7-8% gas fired power plant [13, 14]. Even CO- exists at low concentration, high cost
and large equipment are required to handle more CO2. Add to the CO», larger amounts
of dust, CO, SOy, and NOy are also present in the flue gas mixture, which degrade the

capture materials.
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Figure 2.2: Principle of post-combustion CO> capture

2.1.3. Oxy-fuel combustion

Fossil fuel is added into a chamber at atmospheric conditions as pictured in
Figure 2.3 [1]. The fuel gas is mixed with O2 having purity of >95% for combustion.

Flue gas mixture from the combustion process mostly consists of CO, and H.O. CO>



Is separated via physical separation and compression process while water is deported
by condensation [1]. Purity of CO: is generally varied between 70-95% related to the
fuel quality, process type, and amount of O.. However, the power consumption of this

unit is high, and it requires the use of Recycled Flue Gas (RFG).
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Figure 2.3: Principle of oxy-fuel combustion CO; capture

Each CO2 capture process has its own advantages and disadvantages. Main

advantage and disadvantages of three processes are listed comparatively at Table 2.1

[5]

Table 2.1: Comparison of CO» capture processes.

Method Advantages Disadvantages
. . . li high
Pre-combustion High CO; levels, easy separation Comp |cate302:ocess, 9
Post-combustion Simple process, more branches Low CO; levels
Oxy-fuel . . .
combustion High CO; levels, low cost of separation High cost of oxygen supply

2.2. Adsorption-Based CO- Separation

Expectation from available CCS technology is to remove 90% of CO, with a
purity of 95% [15]. However, considering combustion steps of three CCS methods,
COgz is fed to the separation unit with other gases together. Within the scope of this
thesis, pre-combustion process which includes CO2 and H. gases are aimed to be
investigated. The main technologies for the separation of CO2 from H> are absorption,
adsorption, chemical looping combustion, membrane separation and cryogenic
distillation. Absorption is the most mature process for CO2 separation. However,
process efficiency depends on the CO2 concentration. Absorbent regeneration is
required high amount of heat [16-18]. Development for chemical looping combustion



process is still ongoing, and there is not any large-scale application [19]. Membrane
separation is suffered from operational problems such as low flux and fouling [18, 20,
21]. Although cryogenic distillation is adopted for many years in industry, it is
effective only at high CO. concentration (>90% v/v) [22, 23]. In the end, adsorption
Is appeared suitable for large plants compared to the other separation methods.
Adsorption is the removal of components from either gas or liquid stream by
solid adsorbents. Adsorption was emerged as an alternative approach against to the
common solvent based carbon capture process. Since early 1990’s, adsorption process
continues to grow. The first advantage of adsorption-based separation is that the
process is reversible. The second advantage is the adsorbent can be recycled in the
process [24-27]. With this process, high adsorption efficiency of above 85% was
reached [24-27]. However, requirements of high energy and adsorbents with high
resistance to heat are the main disadvantages. Temperature, partial pressure, and
adsorbent structure affect the adsorption capacity of adsorbents for components.
Intermolecular forces between gases such as CO; and surface of solid adsorbents are
formed the basis of separation. Adsorption process is carried out by the consecutive
two basic steps; adsorption and desorption which are illustrated in Figure 2.4 [28].
Adsorption step is governed by the technical efficiency whereas desorption provides
economical sustainability. The balance between adsorption and desorption steps

dominates the success of this separation process.

Feed Purge (inert)
N2 2 N2
Ho
"/
=5 2 2
[m] E g / 8 HP
o
Nz N2 CO;
H>
Raffinate Desorbate
(extract)

Figure 2.4: Sketch of the adsorption-desorption cycle configuration.



Adsorption is mainly classified as chemical (chemisorption) and physical
adsorption (physisorption) according to the adsorption mechanism. In chemical
adsorption, chemical reaction is occurred between adsorbate (gas) and surface atoms
of the adsorbent and new chemical bond is form altering chemical structure of the atom
or molecule as seen at Figure 2.5 [29]. At the chemisorption, adsorption occurs only
one monolayer because of the irreversible chemical bonds. Therefore, to reverse the

reaction, it requires high temperature.

! physisorption/
\ desorption

. "*‘. chemisorption

Figure 2.5: Irreversible chemisorption and reversible physisorption.

Unlike chemisorption, physical adsorption is depended on a physical interaction
between adsorbate and adsorbent which is reversible and dominated by van der Waals
forces and electrostatic interactions. Mainly, it is occurred when the intermolecular
attractive forces between adsorbate and adsorbent exceeds the attractive forces
between adsorbates. The enthalpy change is followed the equation below:

AH=AG+TAS (2.1)

Entropy (AS) change is commonly negative owing to the steady manner of
adsorbed state and Gibbs free energy (AG) change is also negative, so the enthalpy
change is resulted in negative which means that physisorption is an exothermic
process. When the temperature increased in physical adsorption process, decrement in
adsorption capacity is observed. Therefore, physisorption is the best choice to separate
CO; effectively due to its reversibility, low energy requirement, and easily adsorbent
regenerability.



The main principle of adsorption-based separation is the diversity of interaction
between gas or liquid mixture components and solid adsorbent. This diversity helps us
to discriminate adsorption-based separation process under three mechanism; Kinetic
separation (diffusion of gas molecules through adsorbent with different rates);
Molecular sieving (one gas molecule is bulkier and reside into the pores of the
adsorbent while other molecule permeates through the sorbent); equilibrium separation
(some molecules form strong interaction with adsorbent by intermolecular
interactions) [15]. Adsorption-based separation processes applied in the industry are
mostly composed of these three important mechanisms. However, some major
technical challenges such as the requirement of effective and low-cost regeneration
process are existing in the CO> capture. Besides the improvements in the design of
effective adsorbents, adsorption process developments are also progressed for CO>
capture. Several cyclic processes have been designed to obtain successful adsorbent
regeneration using temperature, vacuum, moisture, or their combinations. Based on
separation conditions, adsorption-based separation can be categorized into four

processes.

e Pressure Swing Adsorption (PSA)
e Vacuum Swing Adsorption (VSA)
e Temperature Swing Adsorption (TSA)

e Electrical Swing Adsorption (ESA)

2.2.1. Pressure Swing Adsorption (PSA)

PSA is an effective and economical cyclic process. It requires lower regeneration
time and easily resides into a small area [30-34]. In this process, CO- is adsorbed on
the surface of the adsorbent and separated from the mixture components at higher
pressure than the atmospheric pressure. When the pressure drops to atmospheric
pressure, CO: is desorbed from the adsorbent and release to the stream with an
efficiency of higher than 85%.

PSA was set up generally either single- or multi-bed processes depending on the
performance of adsorbents. Single-bed PSA displays shorter cycle time and larger



pressure drop and named as Rapid Pressure Swing Adsorption (RPSA) [35]. However,
multi-bed PSA contains interconnected two or more beds that operate simultaneously.
Thereby, it provides continuous product supply, and feed flows without high pressure
differences. For instance, Figure 2.6 [36] illustrates the two-bed PSA system where

cyclic operation takes place including four basic steps [35].
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Figure 2.6: Two-bed PSA: a) operating principle, and b) pressure with time
evolution.

First step is the pressurization of feed stream in bed 1 at elevated pressure and
low temperature. Second step is the adsorption of COz and its separation preferentially
from other components. Less adsorbable components are concentrated in the product
stream. Some of the CO. lean gas is applied to bed 2 to purge it, and the remaining one
is stored. At the third step, pressure is decreased (blow downed) with constant outlet
flow rate (Foiow) Of the extract for a time (tbiow) With no inlet stream. Fourth step is
purging part of the product stream which comes from bed 2 within adsorption step at
low inlet pressure. At the end of the purging, emitted gas is the waste and recycled.

After regeneration, beds can be used for another adsorption cycle.

2.2.2. Vacuum Swing Adsorption (VSA)

VSA process is directed between atmospheric and low vacuum pressures.

Atmospheric pressure is the highest pressure where the adsorption is occurred during
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process. Adsorbed CO: is desorbed at moderate or low vacuum. PSA and VSA are
cyclic processes however, VSA is performed at near ambient temperature and

pressures [36].

2.2.3. Temperature Swing Adsorption (TSA)

In TSA, regeneration which means releasing of adsorbed CO: is attained by
increasing temperature via hot air or steam injection. Since adsorption from the gas
phase is exothermic process, higher temperature is going to shift the equilibrium to
lower loadings CO2 named as desorption [15]. Although longer regeneration time is
required, purity and recovery rate of CO> is above 95 and 80%, respectively [26]. TSA
is more expensive process than PSA because of the extra heat demand, however, it

provides greater working capacity than PSA as depicted in Figure 2.7.
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Figure 2.7: Representation of adsorption and desorption conditions in
PSA/PTSA/TSA processes via equilibrium gas adsorption isotherms.

With the appropriate combination of pressure and temperature, different
processes are also proposed as Pressure and Temperature Swing Adsorption (PTSA),
and Vacuum and Temperature Swing Adsorption (VTSA). When modified 13X
Zeolite which shows higher adsorption capacity for CO> than the commercial 13X
Zeolites under steam condition was tested experimentally in the VTSA process for
CO; separation from flue gas, CO> purity was observed as 93.6% with the recovery
rate of 92.2% at 110°C, 0.1 bar [37]. They applied different regeneration conditions,
temperatures (110, 130, 150, and 170°C), and vacuum pressures (0.03, and 0.1 bar) to
modified 13X Zeolite in the VTSA process. The COz recovery and purity rates were
determined above 91% as experimentally. However, recovery rate of CO2 was only
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78.1% with purity of 91.6 in TSA process (170°C). This highlighted the importance of
hybrid processes such as VTSA using heating and vacuum to regenerate adsorbent on
adsorption performance. At another study, Vacuum, and Pressure Swing Adsorption
(VPSA) simulations are performed using Zeolite 5A for CO. separation from flue gas
containing mixture with CO2/N2:85/15%. To improve CO> purity, more beds and
cycles were applied in two-stage VPSA process. CO> purity reached to 96% from 70%
(one bed) indicating that the hybrid processes could also be improved [38].

2.2.4. Electrical Swing Adsorption (ESA)

ESA is an alternative adsorption process where rapidly heating adsorbents are
used. Electric current with low voltage is supplied through the adsorbent so that heat
is generated [39]. It seems to be a derivative form of the TSA with the help of in-situ
heating approach; however, additional heat requirement is eliminated. Compared with
PSA and TSA, it has several advantages such as fast heating, less energy demand,
independent of gas and heat flow rates [40]. But the important issue for ESA is the
property of adsorbent and design of system. Adsorbent should be conductive, and

configuration of system should be designed suitable for the continuous electrical flow.

2.3. Types of Adsorption Isotherm

Adsorption isotherm represents the amount of adsorbate (namely gas in our case)
on the adsorbent as a function of pressure or concentration at a constant temperature.
Amount of adsorbed adsorbate is expressed as a function of two parameters,
equilibrium pressure (P) of bulk phase of adsorbate and temperature (T) as defined

following.
X,=f(P), (2.2)

Physical adsorption occurs at solid-liquid, liquid-gas, or solid-gas interface. Gas
adsorption on solid adsorbent which we are particularly interested displays various
isotherm types. International Union of Pure and Applied Chemistry (IUPAC) describes

adsorption isotherms under six types of isotherms as shown in Figure 2.8 [41]. The
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amount of adsorbed gas is represented in any unit such as grams, moles, volume per

unit area at standard temperature and pressure (STP) or per gram of the adsorbent. P/P°

represents the relative pressure.
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Figure 2.8: Types of physisorption isotherms.

Type | isotherm: They are used to represent adsorption on microporous adsorbent.
Adsorption occurred at relatively low pressure and a monolayer form on the
adsorbent surface. Isotherm becomes smooth due to the lack of external surface

area. Type | isotherms are characterized using Langmuir model.

Type 1l isotherm: For the initial phase, type | and Il isotherms are similar. Unlike
type | isotherm, amount of adsorbed gas does not reach saturation. B shows the
starting point of adsorption. After monolayer is formed on sorbent surface,
adsorption continues to progress because of the strong adsorbent-adsorbate
interaction resulting in multilayer adsorption. These isotherms are typical for non-
porous or macro-porous solid sorbents. Reversible adsorption is also represented

by this isotherm.

Type 1l isotherm: Type 11l isotherm takes place after the adsorbate-adsorbate
interaction exceeds the adsorbent-adsorbate interaction. Although initial adsorption
is very low, after starting the adsorption of molecules, as same as multilayer
adsorption, progressive adsorption is easily obtained. This type of isotherm is also
reversible and applied to describe gases which have very low affinity towards to the
adsorbent.
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e Type IV isotherm: Adsorption of mesoporous solid materials with pore width
between 2-50 nm are defined by this isotherm. Hysteresis is occurred between
desorption and adsorption branches because of the capillary condensation. Initially,
type IV isotherm resembles type | isotherm however, multilayer formation is

observed as the pores are filled up.

e Type V isotherm: Type V isotherm takes place when the interaction between
adsorbent and adsorbate is very weak. This isotherm is uncommon and associated

with type 11l isotherms.

e Type VI isotherm: Type VI isotherm is also not common. It exhibits layer-by-layer
adsorption on a regular non-porous adsorbent surface. The steps of this isotherm
display multilayer adsorbates which indicate the presence of groups of different

sized pores.

2.4. Adsorption Isotherm Models

When adsorbate contact to the adsorbent for a sufficient time, adsorption is
established under the dynamic balance between interface concentration and the
adsorbate concentration. This adsorbed amount onto the adsorbent is measured
depending on pressure (for gases) or concentration (for liquids) at constant
temperature. For the prediction of the adsorption capacity of the adsorbent at other
pressures or concentrations, we utilized from specific models based on linear or non-
linear analysis as an alternative mathematical approach [42]. Since interaction between
adsorbate and adsorbent shows variations, many adsorption isotherms models have
been implemented such as Henry [43], Langmuir [44, 45], Freundlich [46], and Flory-
Huggins model [47].

Henry’s adsorption isotherm model is linear model which means that adsorption
capacity of gases on the adsorbent is a linear function of pressure. So, when the
pressure increases, adsorption capacity of gases also increases proportionally as

following.
q.=KueCe (2.3)
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The amount of adsorbate at equilibrium (mg/qg) is represented by de, Kne is the
Henry’s adsorption constant (l/g), and Ce is the equilibrium concentration of the
adsorbate on the adsorbent (mg/l). In according to this model, pressure is low (less
than 10 bar) and coverage of the adsorbent surface is only 10%. Thus, this model
displays monolayer adsorption in the case of low initial adsorbate concentration. Non-
ideal and reversible adsorption is described by Freundlich model with the following
equation [43, 48].

1
q.=KpCer (2.4)

In according to this model, surface energy of solid adsorbent is not same. Each
adsorbed molecule can be filled in one adsorption center. Isotherm type is reported by
the value of n, and parameters of Kr and n are dependent on temperature. K is
Freundlich isotherm constant (I/mg) indicating adsorption capacity, n is the adsorption
intensity. Heterogeneity of surface is showed by 1/n. Adsorption is favorable when 1/n
is greater than zero. If it is above 1, adsorption is unfavorable. If it is equal to 1,
adsorption is irreversible and simplified to the Henry model. Solid surface monolayer
adsorption model was proposed by Langmuir kinetic model [44]. The main hypotheses
are 1) monolayer adsorption as same as Freundlich exists, 2) adsorption sites are
distributed homogeneously, 3) there is no interaction between adsorbate molecules,

and 4) adsorption and desorption rates are equal.

_ q,,KLCe
¢ I+K.C. (2:5)

KL (L/mg) is the ratio of adsorption and desorption rates, Ce is the adsorbate
concentration (mg/L), gm (mg/g) is the maximum adsorption capacity which is
predicted using Langmuir model. Toth model is the extended form of Langmuir model
to decrease the errors between experimental and estimated values [42]. It is
implemented to describe the heterogeneity of adsorption systems. Toth isotherm model
can define the data at the low and high adsorbate concentrations using the following

equations:
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K1Ce
9.~ = (2.6)

(ar+Ce)t

Kt (mg/g) is a function of the monolayer saturation pressure like gm which has
the same meaning in the Langmuir equation [49]. Toth constant is ar (mg/L).
Heterogeneity of adsorption system is displayed by t. As temperature increases, ar
increases owing to the relation between temperature and t which is independent from
temperature. Toth model turns out to the Langmuir isotherm model at t=1.
Heterogeneous manner of the adsorption system is observed at t much greater than 1
[50].

Add to the mostly used adsorption isotherm models, many different models have
been formulated up to date and summarized at Table 2.2 [51]. Table 2.2 tabulates the
names of all isotherm models along with their linear and non-linear equations, and
variables used in the plots. Over the years, due to the shortcoming of existing models,
many new models were proposed. For instance, since Henry and Langmuir isotherm
models were not valid at high pressure [51, 52], Toth isotherm model was proposed
[53]. When Toth model was unsuccessful for the explanation of transition to the
saturation region, Jaroniec and Marczewksi model was emerged [54-56]. Another
model, Dubinin-Radushkevich model performs well at high pressure while ineffective
under low pressure [57, 58]. To compare the prediction performance of these models,
Wang and colleagues [59] analyzed the adsorption characteristics of a pure gas in a
shale reservoir. The comparison of different models is depicted at Figure 2.9 [59].
Henry model displays large error due to the linear model fitting whereas Langmuir and
Langmuir-Freundlich models revealed small error with good fitting effect. The fitting
results between experimental data and models are decreased from low to high errors
as in the following order: Langmuir-Freundlich > Toth > Langmuir > Radke-Prausnitz

> Freundlich > Dubinin-Radushkevich > Henry model.
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Table 2.2: Lists of adsorption isotherm models.
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Figure 2.9: Comparison of different models fitting with adsorption manner of Barnett

shale gas.
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3. ADSORBENTS FOR GAS SEPARATION

Adsorbents with high adsorption capacity and selectivity are desired for efficient
adsorption-based separation processes. Moreover, adsorbents should maintain their
structure after several adsorption-desorption cycles. They must have thermal and
mechanical stability to withstand with process conditions. [60, 61]. To determine the
real adsorption behavior of adsorbents against to the conditions, adsorbents should be
examined under actual process conditions with different configurations by
experimentally and theoretically. Up to date, different types of adsorbents are notified
in the literature for physical and chemical adsorption. Adsorbents used in physical
adsorption process are classified under two main titles, carbonaceous and non-
carbonaceous adsorbents. Carbonaceous materials are consisted of AC, Carbon Nano
Tube (CNT), graphene, and CMS. Silica, zeolites, and MOFs compose the non-
carbonaceous adsorbents. In this section, commonly used adsorbents for gas separation
will be mentioned.

ACs are synthesized from different raw materials by chemical and physical
activations, or combination of these two processes. They have different forms such as
powder, granular, spherical, bead, and fiber [62, 63]. They have various shapes of
pores (cylindrical, rectangular, or irregular) with size ranging from 0.8 to 2000 nm
[64]. The properties of ACs are dominantly affected from the raw precursor material
and activation technique that used in the synthesis. High surface area is obtained which
is ranging between 700-1800 m?/g [65, 66]. The main advantages of ACs are low
energy cost, easy regeneration, and high thermal stability. However, when partial
pressure increased, adsorption capacity decreased owing to the impurities such as NOy,
SOy, and H20 [67, 68]. In addition, ACs are soft and tend to cause deterioration in the
beds. Therefore, instead of AC, CNT, graphene, and CMS have been used as
adsorbents.

Graphene is single layer sheet of sp? hybridized carbon atoms which is arranged
in a hexagonal honeycomb lattice [69]. Large surface area of ~ 2600 m?/g, tunable and
expendable layer structures [70-72]are the main advantages of graphene for the CO>
adsorption process. Since it has been discovered by lijima in 1991, CNTSs are the
famous members of fullerene family with dimensions ranging from 1-10 nm diameter

and 200-500 nm in length [73, 74]. They are mechanically strongest and hardest fibers
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because of their C-C bond. They have also thermal stability at vacuum and air which
makes them suitable for CO separation [75]. CMSs are another member of
carbonaceous materials with molecular dimensions. They have a narrow pore size
distribution. Molecules can be easily separated depending on their sizes and shape
[76]. CMSs provide high adsorption capacity and selectivity for different molecules
such as SOz and CO2 [77].

Silica is the first adsorbent used as a non-carbonaceous material due to its
abundance in the world as quartz. [78]. Mesoporous silica materials are favorable for
CO; adsorption because they have large surface area, chemical and thermal stability,
tunable pore diameter [79]. However, low hydrothermal stability in the presence of
water or stream is the main disadvantages of silica materials [80]. Therefore, zeolites
and MOFs have been emerged as an alternative adsorbent to the silica materials.
Zeolites are a class of porous crystalline materials that existing naturally. The
advantages are tunable physical properties such as high surface area, uniform porosity,
and interconnected channels with regular pore sizes in range of between 0.5-1.2 hm
[81, 82]. Strong dipole-quadrupole interactions between CO- and alkali metal cations
of zeolites makes them favorable for adsorption [83]. However, CO, adsorption
performance of zeolites are affected from the process conditions such as temperature,
pressure, and moisture [84, 85]. MOFs are hybrid materials produced by the
combination of metal containing clusters and organic linkers with pore size reaching
up to 150 nm [86, 87]. High surface area of more than 10000 m?/g, tunable pore size
and geometry provide improved CO adsorption and selectivity [88, 89]. However,
CO. adsorption capacity decreased at low CO: partial pressure [90] and the presence
of high-water vapor [91]. MOFs tend to be sensitive to water vapor and thermal
treatment which may lead to their degradation. Thus, they have poor stability and
mechanical strength towards to the moisture.

Transition metal carbides are emerged recently especially for CO> adsorption
due to their outstanding properties such as high surface area, thermal and chemical
stability, surface chemistry and tunable interlayer distance. Transition metal carbides
and transition metal nitrides named collectively “MXenes” which have become more

popular material since their first discovery in 2011 [9].
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4. MXENE NANOMATERIALS

MXenes are rapidly growing member of two-dimensional materials including
transition-metal carbides, nitrides, and carbonitrides. MXene structure is derived from
its three-dimensional counterpart named as MAX phase which is formulated Mn+1AXn
(M = early transition metal(s), containing Sc, Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, and
Mn;n=1,2,3,4; A=IlIA or IVA group elements such as Al; X = C and N) [92-94].
M atoms of MAX phase are closed pack with X atoms into the hexagonal lattice (hcp)
and X atoms fills their octahedral spaces. With the extraction of A atoms from MAX
phase, MnXn-1 thin layer is obtained with a horizontal arrangement [95, 96]. To extract
A atoms for the synthesis of MXene, MAX phase is immersed into the acid commonly
hydrofluoric acid (HF) which demolish the bonds between transition metals and A
elements. This step is named as etching. Final two-dimensional MnX,.1 layer is
terminated with Ty groups including hydroxyl, oxygen, fluoride and/or chloride groups
and the ultimate MXene structure is formulated as Mn+1Xn Tx.

MXenes are categorized under several groups depending on composition and
arrangement which are illustrated in Figure 4.1 [9]. The first group is mono-transition-
metal MXenes which M layers are composed of a single type of transition metal such
as Ti2CTyx or NbsCsTx. The second group is double transition-metal MXenes. They
consist of two separate transition metals, colored by blue and pink representing their
coordination within MXene layer. Two separate transition metals may reside specific
sites of M layers described as in-plane order or out-of-plane order. In-plane ordered
MXenes, two separate transition metals are organized alternately in each M layer
atomic plane. Unlike, in out-of-plane MXenes, transition metals are ordered in separate
atomic planes. For solid solution MXenes, transition metals are randomly distributed
within all M layers and carbon and nitrogen atoms similarly randomly oriented within
X layers. Finally, ordered vacancy MXenes are composed of mono-transition metals
such as Mo, W, Cr and only Mo1.33C and W1.33C have been synthesized experimentally
while Cry33C was designed by theoretically. The composition of the ordered vacancy
structure is ~33 atom % in the M layers.
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Figure 4.1: Typical MXene structures and compositions reported up to date.

There were only 70 different MAX phases at the discovery of TisC; in 2011.
Today, this number reached to 150 and will continue to increase in the near future [9].
However, unfortunately, few kinds of MXene structures have been synthesized.
Thanks to the power of computational science which predicted recently many possible
MXene compositions that have never been synthesized yet. Since ordered MXenes
were first synthesized in 2014 and reported in 2015 [92], about 50 new ordered double
transition metal MXenes and infinite number of solid solutions have been added to the
MXene family [97]. Besides, studies continue to produce two dimensional “borides”
to add another X element [92]. While MXene family has increased its members since
2011, another advance has been recorded for the MXene synthesis approaches. New

synthesis methods are examined which provide to obtain new MXene compositions.

4.1. MXene Synthesis

Various MXene types and forms were fabricated due to the discovery of various
synthesis techniques since 2011. Vital properties of MXenes such as surface
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chemistry, hydrophilicity, stability, and tunable interlayer spacing can be tailored by
the synthesis methods. Two basic approaches used for the synthesis of MXenes: top-
down and bottom-up approaches. Basically, at the top-down strategy, bulky MAX
phase is exfoliated to the thin MXene nanosheets while bottom-up synthesis focuses
on the production of MXenes from atoms or molecules [98, 99]. Mostly used top-down
approaches are selective etching of MAX phases such as wet acid, molten-salt, Lewis-
acid, and electrochemical etching, as well as chemical transformation containing

ammonization, carburization, de-oxygenation-carburization [99].

4.1.1. Selective Etching

First MXene type, TizC> was synthesized via immersing MAX phase (TizAlIC»)
into the HF for two hours at ambient conditions by Naguib et al. [100, 101]. The

reaction is summarized as follows:
M, AX, +3HF = M, X, (s) +AF; +1.5H,(g) (4.1)
MnHXn(S) +2HF = MnHXn F2 + HZ (g) (42)

HF utilized to remove A layer from MAX phase. Hz and Al/Si-based fluorides
are produced, and accordion-like structure is observed. Synthesized MXene terminated
with several functional groups such as hydroxyl, oxygen, fluoride, etc. From the Al/Si-
based MAX precursors such as Ti2AIC, TisSiCz, Nb2AIC, TizAICN, Zr:AlsCs,
different MXenes have been fabricated using HF etching. Since HF is highly toxic,
alternative etchants such as fluoride salts (LiF, KF, NHsHF2, and NH4F) and
hydrofluoric acid mixtures has been examined for etching. With the use of these
alternative etchants, some cations have been easily intercalated into the interlayer
spacing of MXene.

Besides to the carbide MXenes, nitrite MXenes, TisN3Tx, was synthesized via
molten-salt etching technique [102]. A ternary eutectic molten fluoride salt
(LiF/NaF/KF = 29/12/59, weight ratio) mixture was used as an etchant. Salt mixture
and TisAIN3 MAX powders mixed and heated at 550°C for 30 minutes. After mixed
with tetrabutylammonium hydroxide (TBAOH) and centrifuged, TisNsTx layers
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(Tx=hydroxyl, fluoride) were obtained with poorer crystallinity than the TisC>Tx which
was synthesized with HF etching [102].

Two main challenges emerge during the MXene synthesis: (i) first to apply non-
toxic synthesis method, and (ii) second to fabricate more new MAX phase precursors.
Lietal. [103] created various MXenes such as Ti2C, TisCp, TisN3, TisCN, Nb2C, TaxC,
Zr3C», and Hf3C> using various MAX phases and salts via Lewis- acid etching method.
For example, TisSiC, MAX phase was soaked into the CuCl, Lewis molten salt, NaCl,
and KCl at 750°C. Ti3C2Cl, MXene powder and Cu** metals were produced and then
they were soaked into the ammonium persulfate ((NH4)2S20g) solution. TizCoTx
(Tx=0xygen, and chloride) was obtained as the final material. Not only chloride but
also other surface termination groups were achievable such as (oxygen, sulfur,
selenium, and bromine groups) for MXene which was synthesized by Lewis-acid
etching method [103]. This method allows the tailoring of surface chemistry of MXene
according to the application of interest.

Alternative to the acid usage, electrochemical etching method was developed by
Yang et al. [104]. The etching process was implemented in a two-electrode system,
where two bulk TizAIC, were used as anode and cathode, respectively. When a low
potential of 5V is applied, anode was progressively delaminated in a mix of 1M NH4Cl
and 0.2M tetramethylammonium hydroxide (TMA.OH) (pH > 9) at room temperature.
After etching was completed, the sediment and suspended TisC2Tx powders were
grinded and put into the 25% w/w TMA.OH for delamination. Using this method,
Yang et al. [104] obtained single and double MXene layers of more than 90% amount
with average lateral size above 2 pm that was higher than the obtained values by
traditional HF etching method. In addition, TizC.Tx layers did not contain fluorine

terminal groups.

4.1.2. Chemical Transformation

Chemical transformation processes are classified under three in-situ chemical
reaction topics: ammonization, carburization-involved chemical conversion, and de-
oxygenation-carburization. Etching method using HF is effective way to obtain
carbide-based MXenes whereas nitride-based MXenes are suffered from instability in
aqueous HF solution. Urbankowski et al. [105] examined Mo2CTx and V2CTx powders

24



and delaminated films at 600°C for 1 hour with heating rate of 10°C/h in the presence
of ammonia flow. Carbon atoms were replaced with nitrogen atoms which is named
as nitridation during ammonization reaction. Nitride-based MXenes, Mo2N and V2N,
with different crystal structure due to the ammonization process were obtained from
carbide precursors [105].

Molybdenum carbides were synthesized by several methods, however
controllable synthesis method for low-dimensional structures has not been reported
yet. Jeon et al. [106] fabricated Mo.C sheets which are derived from Mo2S via
chemical conversion in the presence of Hz and CH4 at 820°C. Combination of thermal
annealing with consecutive steps named as hydro-desulfurization, carburization, and
chemical conversion, Mo.C nanosheets with controllable thickness (3-100 nm) and
lateral size (100 um) were obtained [106]. Differently, Lin et al. [107] attained two
different phases of molybdenum carbides (MoC as fcc and Mo.C as hcp) using
different carbon sources such as sucrose and carbon films by the combination of de-
oxygenation and carburization processes. Molybdenum peroxide hydrate precursor
and its dissolved form in sucrose were dropped onto the carbon film and then heated
up to 1200°C with the rate of 20°C/min. M02C (hcp) was produced from carbon film
while the origin of MoC (fcc) was carbon of sucrose. Depending on the carbon sources
and process temperature, phase and facet of molybdenum carbides can be altered
[107].

4.1.3. Bottom-Up Construction

Although top-down approaches are commonly used for MXene synthesis, few
types of MXene such as TisCs, W2N have been fabricated by bottom-up construction
methods. Mostly used bottom-up construction methods are Chemical Vapor
Deposition (CVD) and salt-templated growth. Ultrathin a-Mo2C nanocrystals were
fabricated via CVD by Xu et al. [108] for the first time. They benefitted from bilayer
substrate composed of Cu foil reside top of the Mo foil and CH4 as a carbon source.
During CVD, heat was increased above 1085°C and Mo-Cu alloy was created at the
liquid Cu/Mo interface. Mo2C crystals with large lateral size approximately 100 nm
and thickness of 3-20 nm were formed [108]. After study of Xu et al. [108], CVD
process started to be used widely for MXene family.
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Another method for the bottom-up construction of MXene is growing 2D
MXene on the surface of inorganic salts such as NaCl, KCI. Xiao et al. [109] used KClI
salt as a template to synthesize Mn3N: layers via salt-templated growth. First,
MnCl.@KCI powder was obtained using manganese chloride solution in ethanol,
which was coated onto the surface of KCI template and dried in the oven. Second, this
powder was treated with high temperature under ammonia flow. After ammonization,
2D Mn3N2@KCI was formed. Third, KCI salt template was washed with deionized
water, and MnzN layers were observed. Thanks to the closely matched lattice
parameters between MnsN2 and KCI resulted in magnetic metal nitride at room
temperature. Considering the MnsNz is the first magnetic metal nitride produced by
this method, more studies should be done to produce other magnetic metal nitrides

using room temperature ferromagnetism.

4.2. MXenes as Adsorbents

Due to their unique properties such as high specific surface area, high surface
energy, book-like structure and adjustable interlayer spacing, MXenes have started to
gain importance for adsorption studies. However, there are few experimental studies
showing the gas adsorption performance of MXenes up to date. Liu et al. [110]
investigated CH4 adsorption capacity of Ti>C, both theoretically and experimentally.
TioC etched with HCI and LiF was exfoliated by intercalation using NH3.H.O in order
to obtain MXene with larger interlayer spacing. For the intercalated Ti>C with
NHs.H-0, adsorption amount of CH4 was reported as 16.81 cm? (STP)/g at 25°C and
50 bar which was greater than as-synthesized MXene due to large interlayer spacing.
With the increase in temperature to 50°C, adsorption amount of CH4 reached to 52.76
cm®(STP)/g for the intercalated Ti.C. Most importantly, theoretical (22.9 wt.%) and
experimental (28.8 wt.%) CH4 adsorption capacities agreed well with each other. They
revealed that the physical adsorption was dominated by the oxygen functional groups
on the surface of Ti>C. Moreover, although Ti2C is less stable than TizCz, Ti2C was
offered as a promising MXene type for the CH4 adsorption by Liu and colleagues
[110]. In another study, Liu et al. [111] fabricated two different MXene types, TizC2Tx
and Ti.CTyx, by etching with different salts such as LiF, sodium fluoride (NaF),

potassium fluoride (KF) and ammonium fluoride (NH4F) to determine CH4 adsorption
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capacity. Highest CH4 adsorption capacities were reported as 8.5 cm®/g for TisC:
etched with LiF and 11.6 cm?®/g for Ti>C etched with KF at 60 bar. Since Li* ion was
smaller than the other ions used for etching, it was easily adsorbed and kept on the
surface of the MXene layers. On the other hand, MXenes exfoliated by NaF and KF
released greater amount of adsorbed CHjs in desorption process compared to MXenes
exfoliated by LiF. Because few Na* and K* ions were located on the surface of the
MXene layers, leading to easily release of CH4 molecules due to the weak interaction
with surface structure of MXene (Ti2C(F/OH/O)y).

In addition to CH4 adsorption measurements, Wang et al. [112] investigated the
CO; adsorption performance of two kinds of MXenes, TizC2Tx and V2CTx. MXenes
were delaminated by the intercalation of dimethyl sulfoxide (DMSO). Interlayer
spacing of as-synthesized TizC2Tx and V2CTx increased from 23.4A to 27.6A and
21.9A to 23.7A after intercalation of DMSO, respectively. Similarly, after
intercalation, Specific Surface Area (SSA) of TisC,Tx increased from 21 m?/g to 66
m?/g and SSA of V.CTy reached to 19 m?/g from 9 m?/g which is crucial for the gas
adsorption performances. Amount of adsorbed CO: increased from 1.33 to 5.79
mmol/g for TizC,Txand from 0.52 to 0.77 mmol/g for V2CTx under 40 bar at room
temperature (25°C). However, theoretical SSA of V.CTx was higher than TizCoTx
meaning that the challenge in the exfoliation of V2CTy should be handled properly. In
order to enhance adsorption capacity, they suggested that preparation of V.CTy as a
multi-layer rather than single layer form. Moreover, they highlighted the importance
of synthesizing MXene as 100% exfoliated to obtain enhanced CO: adsorption
performance. Because the theoretical CO. adsorption capacity was calculated as 44.2
mmol/g for fully exfoliated TisC2Tx with a surface area of 496 m?/g. Besides to the
experimental studies, Garcia et al. [113] theoretically examined MXenes formulated
as MoC (M =Ti, Zr, HF, V, Nb, Ta, Cr, Mo, and W) to determine CO> adsorption
performance. CO> capture increased along the series of MXenes following the order
of W2C, Ta.C, Hf2C, Mo2C, Nb2C, Zr,C, V2C, and Ti>C. Carbide MXenes exhibited
high CO> adsorption capacity ranging from 2.34-8.25 mol/kg at 25°C and 1 bar in
according to adsorption bonding energies between CO2 and M2C calculated using
quantum mechanics simulations. Compared to the common adsorbents as zeolites (Ca-
X, 13X), graphene oxides, and metal oxides, 2D M>C MXenes were proposed as

potential adsorbents for CO> capture by Garcia et al. [113].
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H> storage capacity was identified by Liu et al. [114] for Ti.CTx which had a
bell-mouth shape like interlayer spacing of 6.8 A with remaining Al atoms. Compared
to the other room-temperature H, storage materials, Ti.CTx exhibited higher H>
adsorption amounts of 4.2, 5.7, and 8.8 wt.% at 20, 40, and 60 bar and room
temperature, respectively. Additionally, hydrogenated MXene, which was stored
under 50 bar Hy, lost only its Hz content of 0.5, 4.1, 10.1, and 9.3% after a period of 1,
7, 10, and 14 days prior to the release, respectively. These results also met recent and
2020 US DOE target of 10% [114]. By adjusting pressure, desorption speed was
tailored and by adjusting temperature, desorbed H> amount can be increased which
proved that the release of H. can be controlled easily. Since H> adsorption of single
TioCTx layer was very low as 0.02 wt.%, the increase in interlayer spacing from 6.8 to
13.5 A lead to the dramatic decrease in Hz uptake from 8.43 to 0.44 wt.%. This
evidently proves the importance of narrow interlayer spacing for nanopump effect of
multi-layered MXenes. Furthermore, they proved using NMR and FTIR analysis as
well as DFT calculations that -F functional groups were responsible for the reversible
H> due to the weak chemisorption, and -O functional groups were responsible for
irreversible H> capacity due to the strong physical adsorption. Although these
pioneering studies help researchers to the develop MXenes with enhanced gas
adsorption performances, more studies should be done experimentally also

theoretically concurrently.
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5. MOLECULAR SIMULATION TECHNIQUES

Adsorption based separation and purification technologies mostly focus on
modelling approaches to identify the adsorption mechanism. Although several models
for adsorption isotherm exist, they don’t use the information of solid structure.
However, molecular simulation techniques can be applied for adsorption predictions
by using this information effectively. We can screen various materials to determine
the best performing one for adsorption-based separation. Considering the big
development of computer science and hardware technology, adsorption as well as
transport properties of nanoporous materials are easily determined on a nanoscale by
molecular simulation techniques. Two major simulation methods are mostly used:
Molecular Dynamics (MD) and Monte Carlo (MC). In this section, molecular
simulation methods will be explained firstly. Then, force field and ensembles used in
molecular simulations will be mentioned. Finally, history of computational screening

of porous materials is going to be provided.
5.1. Molecular Dynamics Simulation

Molecular dynamics (MD) simulation uses Newton’s equation of motion with
respect to time. Each particle in the system interacts with others and environment, and

force acting on the system is evaluated by this equation [115, 116]:

Fi©=ma@=m Mo Si-vue) =123, N (5.1)

Force, velocity, mass, acceleration, and position of the i particle are represented

by Fi, vi, mj, ai, and ri, respectively. U and t represent the potential energy of the system
and time. To integrate equation of motion easily, several numerical integration
algorithms were developed in the literature such as Verlet, Leapfrog, and Velocity
Verlet. Before setting up molecular dynamics simulation, ensemble is chosen that will
represent macroscopic conditions of our system. The common ensembles are micro-
canonical, canonical, isothermal-isobaric, and grand canonical ensembles. For micro-

canonical ensemble, energy, volume, and number of particles are constant, while in
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canonical ensemble, temperature, volume, and number of particles are constant. In
isothermal-isobaric ensemble, temperature, pressure, and number of particles are
constant and last ensemble for grand canonical ensemble, temperature, volume, and
chemical potential are constant. Depending on the last system that we want to obtain
and our problem that we want to solve, selection of ensemble type may change. First
step in molecular dynamics simulation is defining initial velocities and configurations
of the system. The information about positions is usually taken from the crystal
structure data or optimized geometries whereas velocities are determined randomly.
Second step is describing interatomic interactions of all particles using force fields
besides to the other simulation parameters such as time step, pressure, and temperature.
Molecular dynamics simulation acts as engine that produce time-dependent
trajectories including primary and secondary properties such as mean-squared

displacement (MSA), thermal and transport properties.

5.2. Monte Carlo Simulation

Monte Carlo (MC) simulation is based on the creation of the configuration sum
using statistical methods with the distribution in the desired probability without
solving Newton’s equation of motion [117]. This method computes thermodynamic
properties using averaging of ensemble. It has no time-dependency therefore dynamic
properties are not be able to be measured [118]. Since new conformations are formed
at the random walk-in phase space by defining random displacements to the internal
degrees of freedom, bonds, angles and torsions, all conformations have not same
probability resulting in sampling bias [119]. Several sampling approaches were
proposed in Monte Carlo approaches such as simple sampling, importance sampling,
Metropolis sampling, etc. The Metropolis algorithm provides the determination of the
configurations that will make the most contribution. It counts each configuration
equally by making random choices based on exp[-BE(rN)] probability [120].
According to Metropolis algorithm, whether the randomly generated configuration is

accepted or not, is determined using equation 5.2.

P(old—new)=min(1,exp(-B(Upew-Uoia))) (5.2)
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The steps summarized below are followed by Metropolis algorithm [121]:

At the initial state, potential energy (Uod) is calculated.

e Random molecule is selected within a regular random distribution.
e Potential energy of the new state (Unew) is calculated.

e If Ugiq is greater than Unew, move is accepted.

o If Unew is greater than Uqg, random value (q) is picked altering between 0-1. If

exp(-B(Upew-Uoia)) > G, move is accepted. If not, the steps between 2-5 is
repeated.

Microstate represents the system including a certain number molecules with their
positions. These microstates are formed with respect to the Boltzmann probability
distribution. During the formation of microstates, state of the system is perturbed via
movement of the molecules resulting in position changing. Changing of the system
state is named as Monte Carlo moves. These moves are translation, rotation, insertion,

and deletion. Common moves are illustrated in Figure 5.1 [122].

‘classical’ Monte Carlo Moves

Particle translation Volume change Particle deletion Particle insertion

‘molecular’ Monte Carlo Moves

(e) (f) (9) (h)

S50 (o] RIS BN

2359 |22 ?ﬂ%

Particle rotation Bond stretching or Partial regrowth Pivot move
angle bending

Figure 5.1: Classical and Molecular Monte Carlo Moves.
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5.3. Force Field

Force field is a mathematical formulation of the system energy depending on the
coordinates of particles [123]. It includes inter-atomic and intra-atomic potential
energies. The parameters in force field are provided either from quantum mechanical
calculations or via fitting to experimental data such as X-ray diffraction, NMR and
Raman spectroscopy, etc. To evaluate the system behavior easily, force field should
be simple but at the same time complicated enough to reproduce the properties for
system that we interest. General representation for force field is provided in equation
5.3. At this equation, first four terms indicate intra-molecular interactions including
bond stretching, angle bending, dihedral, and improper torsions, while last two terms
represent inter-molecular interactions including van der Waals (by means of a 12-6

Lennard-Jones potential) and Coulombic interactions.

1 1 2 V,
Uzzbonds Ekb (r'rO)z +Zangles Eka(Q'GO) + z:torsions 5 [1+ COS(H¢-6)] + Zimpropervimp+

12 6
Gjj Gij q; qJ'
z:LJ4'€ij (rUT 3 _) + ZC]CC — (53)

rij® T

Bond stretching is usually demonstrated with a simple harmonic function which
controls the length of covalent bonds. Although trigonometric potential is preferred
for some cases, angle bending is also indicated by a harmonic potential. When the
molecule contain more than four atoms, dihedral or torsional terms should be included.
Torsional motions are less strict than bond stretching motions and must provide the
accurate degree of molecule rigidity. In addition, they should reproduce the major
conformational alterations owing to the bond’s rotations. Torsional energy is
demonstrated via cosine function at the equation 5.3. To provide planarity of some
groups such as sp? hybridized carbons in carbonyl groups or aromatic rings, improper
torsion terms are required to describe the positive contribution of out-of-plane motions
to the system energy. Improper torsion is expressed as the following equations, where

improper angle (deviation from planarity) is shown by w.

Kim
Uimp :Zimpropers Tp [ 1+ cos (2(’)'7.[)] (54)
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Kim
Uimp =2impropers Tp ((D'(DO)2 (5 5)

Van der Waals (vdW) interactions are derived from the balance between
repulsive and attractive forces. The Lennard Jones (LJ) 12-6 potential is the mostly
used to show these interactions. This potential was first offered to calculate interaction
between two particles by Lennard-Jones in 1931. In LJ potential, particles are sphere
and rotation of particle has no effect on this potential. If we clarify the rotational
motions, other potentials should be considered. Potential energy is computed via
equation 5.6 [15].

12 76\6
Uy jj=4gj I(TJ) (T;)] (56)

Distance parameter is represented as o, and ¢ is the parameter defining the
strength of the interaction [124]. Lennard-Jones potential is altered depending on the

distance between two particles as illustrated in Figure 5.2 [118].
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Figure 5.2: Lennard-Jones potential relation to the distance between two particles.

The polar interactions are mostly caught via locating partial charges on the center
of specified atoms of the molecule. Using Coulomb equation, the interaction between
partial charges is calculated.

q;9;
Ucouii= 17— (5.7)

47'[80 Ijj
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Partial charges of atoms are labelled as g; and q; .Vacuum electrical permittivity

is represented by &, . The total dispersion and electrostatic interaction energy of system
Is calculated via the summation of all binary terms in according to the equation 5.6 and
5.7. Most importantly, these equations are evaluated within a specified cut-off distance
for each particle with another in the system [125]. For LJ potential (short-range
interactions), small errors can be observed related to the cut-off distance, however, this
is not the issue for the long-range Coulombic interactions. Improved techniques such
as the Ewald summations were used to overcome this issue in coulomb potential.

Although many force fields were developed and applied to various bio and
nanomaterials, Universal Force Field (UFF) is commonly used for calculating
intermolecular energies of porous inorganic nanomaterials at gas adsorption
simulations [126]. Partial charges for atoms were not provided in UFF, therefore
several different charge assignment approaches were proposed in the literature such as
either empirical methods as QEqg or quantum-mechanical calculations as Mulliken
Population Analyses [127], Density Derived Electrostatic and Chemical charges
(DDEC) [128], ChelpG [129], etc.

5.4. Ensembles

An ensemble consists of collection of all probable systems with various
microscopic states but definitely identical thermodynamic state. All ensembles
demonstrate a state which is probably exist in a time. In other words, ensemble exhibits
probability distribution. Common ensembles are micro-canonical, canonical,
isothermal-isobaric, and grand canonical, and their probability distributions are listed
in Table 5.1 [118].
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Table 5.1: Common ensembles.

All States of Probability Distribution
: . 1
Microcanonical (NEV) =5
. 1
Canonical (NVT) n(E;)= 3 e BEi
. . 1
Isothermal-isobaric (NPT) T (EiaVi)=K o BEPV;)
. 1
Grand Canonical (uVT) 7, (B, N,)= = e PENy

Normalization constant of probability distribution functions or in other terms
partition functions are labelled as Q, Q, A, and E for micro canonical, canonical,
isothermal-isobaric, and grand canonical ensembles, respectively. Partition functions
gives us statistical properties of our system in thermodynamic equilibrium. For micro
canonical ensemble, thermodynamic state described by fixed number of atoms (N),
volume (V) and energy (E). Partition function is equal to 1 because of the one energy
level. For canonical ensemble, it is characterized by fixed number of atoms, volume,
and temperature (T). This ensemble is located into the heat bath, so heat transfer is
allowed with constant number of particles. Isobaric-isothermal ensemble is highly
used ensemble for the equilibration of systems. In this ensemble, atom numbers,
temperature, and pressure (P) are fixed and various states with different energy levels
and volumes are obtained. In grand canonical ensemble, chemical potential (u),
volume, and temperature are fixed, however atom numbers are not constant. Partition
function of this ensemble is related to its chemical potential and system energy. All

these ensemble characteristics are depicted in Figure 5.3 in detail [118].

Statistical ensembles

o~ insulabon ——insulation

Micrecanonical Cananical Grand Canonical Gibbs or Enthalpy or
{const. NVE) (const. NVT) [const, gVT) Isobaric-isothermal Isoanthalpic-tscbaric
(const. NPT) [eonst. NPH) H=E+PV

Figure 5.3: Illustration of the Ensembles.
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Grand canonical ensemble is convenient and preferable in MC simulation for
simulating phase-equilibrium systems such as adsorption due to the fugacity
coefficient, Gibbs free energy. Rigid porous materials are examined using this
approach since no significant changes in the volume are not observed during
adsorption and desorption of quest molecules. However, for flexible materials, a part
of the MOF family, more complicated simulation methods should be applied such as
Osmotic Ensemble or Gibbs Ensemble [130]. Generally, four types of molecular
movements were included in the use of grand canonical ensemble for adsorption
simulations. These movements are rotation, translation, deletion, and insertion as
illustrated in Figure 5.4 [118].

Q‘ Deletion : : Rotation :
6 fé /V:H:'wé i& M 0(5

. B e Fosrmemoe—noen )
~ Insertion : ' Translation |

Figure 5.4: Summary of molecular movements used in grand canonical ensemble in
CO; adsorption simulation.

During simulation, number and position of molecules change and a set of
microstates are generated over the average properties of system. These microstates
are named as trajectory which is the main output of the Monte Carlo and Molecular
Dynamics. Using these trajectories, primary and secondary properties of the system
can be easily calculated. For adsorption studies, average number of molecules that
exist in the system is the most important property. GCMC simulation generates an
averaged adsorbed gas density for the specific fugacity or chemical potential value.
With increasing chemical potentials or fugacity, a serial of simulations creates an
adsorption isotherm. Important point is the difference between absolute and excess
amount adsorbed gases [131]. The absolute amount of adsorbed gas reveals the real
number of molecules existing in the micropores of adsorbent at the certain fugacity.

Excess amount is the quantity determined in a gravimetric or volumetric adsorption
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experiment. It is the difference between the amount of gases in the system and the
amount that would be present in the absence of adsorption at the same temperature
and pressure [131]. Experimental studies mostly display excess amount adsorbed
whereas Monte Carlo simulations show absolute amount adsorbed which is correct
for the adsorption studies of microporous materials [131]. Besides to the written
data, GCMC simulations produce visual information about the adsorption process on
a molecular level such as images, movies, and density maps. With the help of the
visual outputs, crucial information about adsorption such as specific binding sites
and molecule distribution within the structure of interest can be determined

effectively.

5.5. Computational Screening of Porous Materials

Conventionally, to design a new process or device, researchers focused on a
small number of materials that can be experimentally explored. However, over 20-30
years, many new and novel material families have been revealed including lots of
members. To experimentally test all these materials is required so many efforts and
cost [15]. Screening of large number of materials via computational approaches before
carrying out experimental study has emerged as a promising strategy. Therefore, High-
Throughput Computational Screening (HTCS) approaches and theoretical
performance evaluation metrics were explored to identify the best performing
materials for the target application or process. To perform HTCS approaches, firstly,
material database is generated by collecting several materials either synthesized or
hypothetical ones. Secondly, each member in the material family is tested for their
performance of interest via computational approaches. Finally, the most promising
candidates considering their performance were determined. The materials that have
performance meet with targets examined experimentally [15]. According to the output
of the experimental studies, the specific functionality in material database resulting in
more advance process performance can be investigated in detail by computational
approaches, specifically creating several hypothetical functionalities and screening
them. The HTCS workflow specific for gas adsorption predictions is depicted in Figure
5.5 [15]. Initially, database for MOFs is created. Then, GCMC simulations are applied

to obtain gas adsorption isotherms. To mimic real adsorption processes such as PSA,
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VSA, or TSA, simulations are performed under different conditions (temperature,
pressure). Finally, output of the simulations is evaluated using several adsorption

metrics.

GCMC VSA/PSA

Figure 5.5: Multiscale workflow.

Heart of an adsorption process is the use of an efficient adsorbent with proper
characteristics. Pore sizes and distribution, shapes of porous materials make them
crucial for the adsorption process [132]. For example, zeolite with uniform micropores
can easily separate molecules in according to their sizes. Thereby, requirement to
fabricate porous materials with uniform pore size, shape, and volume has been
increased in the recent years. Moreover, adsorption process efficiency not only
depends on the adsorbent property but also interactions between structure of
adsorbents as well as process configuration [15]. Many different porous materials have
been synthesized that include diverse range of chemistry, network, and physical
properties such as MOFs, Zeolitic Imidazolate Frameworks (ZIFs), COFs, Porous
Organic Cages (POCs), Porous Aromatic Frameworks (PAFs), etc. [133]. At the initial
single simulation studies, researchers mainly focused on the structural and functional
properties of few porous materials for some special application [134]. However, with
growing number of new materials, single simulation studies have been evolved to the
HTCS for the identification of property of interest [134].

HTCS has emerged as a star research method to determine the relationship
between structure and performance of materials for various applications such as carbon
capture and sequestration, energy storage, batteries, etc. [134]. By using HTCS, dozens
of materials can be examined easily at the same time [134]. For example, synthesizing,
characterizing, and testing a new MOF can continue months even under optimal
condition [133]. Comparing with the experimental studies, HTCS is faster, cheaper,
and more effective method. Considering the gas adsorption or separation, to analyze

thousands or dozens of materials provide us advantages in terms of identifying
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adsorption behavior of such extensive material pool and their structure-performance
relationship. Outputs of HTCS gives crucial information at the atomic scale to support
the effective design of next-generation materials for adsorption.

Up to date, many HTCS studies have been performed for various porous
materials to identify the best performing adsorbents. Especially MOFs, COFs and
zeolites have been emerged among other materials because of their structural
properties for adsorption and separation of gas mixtures. During HTCS studies, large
number of materials were screened. These materials are either derived from
experimental studies or created by hypothetically. The first pioneering material
screening study has been reported 11 years ago by Krishna and Van Baten et al. [135]
who examined adsorption, diffusion, and permeation selectivities of a few
experimentally synthesized Zeolite, MOF, ZIF and CNT structures for CO./Hz,
CO2/CH4, CO2/N2, CH4/N2, and CHa4/H2 separation. Snurr and colleagues [136]
studied with nearly 5000 MOFs taken from Computation-Ready Experimental MOF
(CoRE MOF) database to investigate CH4 storage capacity. Qiao et al. [137] also used
CoRE-MOFs database and investigated CO> separation performance from flue and
natural gas for 4764 MOFs. Differently, Avci and coworkers [138] identified binary
COg2/H: separation of 3857 experimentally synthesized MOFs taken directly from
Cambridge Structural Database (CSD) for PSA and VSA processes. Burns et al. [139]
investigated post-combustion CO capture performance of 5000 MOFs with
experimentally characterized. Unlike MOFs, Tong and colleagues [140] studied with
COFs. Almost 46 different COF were collected from experimental studies and their
separation performance of gas mixtures, CH4/H2, CO2/H>, and CO./CHs were
examined. In their second study, 187 COFs provided from CoRE COF database
(computation-ready experimental COF database) were screened for adsorption-based
noble gas (Kr, Ar, Xe, Rn) separation [141].

Computational screening took another forward step by the studies of Snurr and
co-workers. Snurr and co-workers [142] examined 137953 hypothetical MOFs for CHa4
storage. At the second study [143], they simulated adsorption of CO2, CHa, and N2
using same database. These studies were the first examples for computational
screening which was applied to a large group of hypothetical MOFs. Hypothetical
Zeolites (119661), and ZIFs (1031) were also investigated for post-combustion CO-
capture by Balashankar and Rajendran [144]. Yang et al. [145] built 169898 ZIF

structures from 84949 hypothetical zeolite networks and determined their CO> capture
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from flue gas. Li et al. [146] created nearly 10000 multivariate MOFs, with mixed
linkers and functional groups hypothetically, for defining CO> capture performance
and CO2/N2 selectivity. Anderson et al. [147] created a set of MOFs containing 31
main MOF structures and their derivatives using Topologically Based Crystal
Constructor (ToBaCCo) and computed their adsorption performances of pure CO- and
COg2/H2 and CO2/N2 mixture. Pardakhti et al. [148] tested 130938 MOFs for CHs
adsorption performance. They took MOFs from the database of hypothetical MOFs
provided by the Snurr group. To predict high CO2 working capacity and CO2/H:
selectivity for pre-combustion carbon capture process, Dureckova et al. [149] used
358,400 hypothetical MOFs. Likewise, large number of COFs were also
hypothetically created for the screening study. For example, Mercado et al. [150]
designed huge number of novel COFs nearly 69000 to screen CH, storage capacity.
Differently, Martin et al. [151] created 4147 three dimensional COFs to investigate the
CHa adsorption capacity. Considering HTCS studies with examining large data sets, a
huge amount of data is accumulated. Most importantly, the accurate and effective
evaluation of these large datasets is located at the center of the high-throughput
screening studies. Therefore, the crucial point is to select proper performance
indicator, in other terms, metrics for porous materials.

Effective performance indicator for adsorption should quantify properly the
separation performance. Metrics were classified at several groups according to their
evaluation parameters such as Intrinsic Structural (ISMM), Intrinsic Functional
(IFMM), or Hybrid (HMM) Material Metrics. ISMM includes specific structural
characteristics of materials which are observed from experimental or computational
characterization results. IFMM includes functional properties of materials such as
adsorption selectivity, working capacity and regenerability [152]. Third metric group
combines different metrics in order to distinguish adsorbents correctly which have
various performances. For example, Adsorbent Figure of Merit (AFM) [153], Sorbent
Selection Parameter (SSP) [154], and Adsorbent Performance Score (APS) [155]
combine working capacity and adsorption selectivity. Evaluation metrics are generally
compared with each other using Spearman Correlation Coefficient (SCC) by means of
the range of best performing materials. Adsorption metrics that is going to be used in
the thesis for H2/CO. separation are summarized at Table 5.2 [152-155].
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Table 5.2: Performance evaluation metrics for adsorption-base separation.

“é?;g'sc Screening Metric Definition
Ideal gas adsorption deal _Nco,
IFMM selectivity %ads., CO>/H; N,
IFMM Working capacity ANA=Nags. A “Nges. A
. ANco,
IFMM Regenerability %R=———x100%
ads., CO,
2
Adsorbent figure of (Otads., COz/Hz)
HMM merit AFM=ANco, * ——————=—
des., CO,/H;
Sorbent selection _ ANco,
HMM parameter SSP=0aas, coymy ANy,
Adsorbent
HMM APS=0,4s., co,m, *ANco,

performance SCore
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6. SIMULATION METHODOLOGY

In this section, molecular simulation methodology followed in the thesis will be
provided. Specifically, initially the compiled MXene database will be explained. Then,
structure optimization and charge assignment method for MXene structures will be
given. Finally, simulation method used for the identification of single CO, and H;

adsorption capacities is going to be discussed.
6.1 Compiling MXene Database

All MXene studies that have been identified for different applications are
searched in the literature with the help of the Gebze Technical University library. A
total of discrete 730 MXene structures identified from different areas are included in
the database. Initially, 123 MXene structures of 730 are taken from the database

created by the “Materials Theory and Simulations Group” (http://anant.mrc.iisc.ac.in/)

belonging to the Professor Abhishek in the Institute of Science of India. Secondly, 222
MXene structures of 730 are taken from the database built by the group of Professor
Thygesen named as “Computational 2D Materials Database (C2DB)”
(https://cmrdb.fsyik.dtu.dk/c2db/). C2DB database includes several different 2D
materials, not only MXene structure. Thirdly, the crystallographic files of 88 MXene

structures of 730 are downloaded from supporting information files of four different
articles (see Appendix A for the list of these studies) [156-160]. Finally, the rest of 297
MXene structures are compiled from different articles which did not provide their
crystallographic files. For these 297 MXene structures obtained from literature, the
relevant atom types are changed by using the crystallographic files of MXene

structures provided in the literature.

6.2. Optimization and Charge Assignment

All prepared MXene structures are optimized using “Forcite module” of Material
Studio 2017 version. Geometry optimization task of Forcite module is used to observe

the structure with the minimized total energy. Hence, optimized structure represents
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the minimum state in the potential energy surface. Various algorithms are proposed in
Material studio software for geometry optimization such as steepest descent, conjugate
gradient, Quasi-Newton, adjusted basis set Newton-Raphson (ABNR) and smart.
Smart is used which combines algorithms of steepest-descent, ABNR, and quasi-
Newton methods. Therefore, first, primitive structure of all MXene structures is
examined for geometry optimization as non-periodic system and their cartesian atomic
coordinates were optimized accordingly. The observed lattice parameters of MXene
structures after optimization are compared with those taken from literature. The
percent difference is shown in Figure 6.1 as a histogram. Accordingly, difference in
Bravais lattice parameters was mainly < 5%. The population of the structures having
the difference greater than 6% was too less, proving that optimized structures can be

safely used for gas adsorption analyses.
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Figure 6.1: Population analyses of percentage difference in Bravais lattice
parameters of MXene structures optimized within the thesis and reported in the
literature.

As atomic partial charges are crucial for the identification of interactions
between MXene structures and gases, quantum mechanics approach is applied to
assign partial charges for all optimized MXene structures instead of QEg. Density
Functional Theory (DFT) is used as a quantum mechanics approach which provides
modelling electronic structures and energies of solids and surfaces accurately. DMol3

module of Materials Studio (version 2017) is used for DFT simulations to assign
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partial charges for atoms of MXene structures. Various systems such as organic,
inorganic molecules, molecular crystals, covalent solids, metallic solids, and surfaces
of a materials were studied in the literature using DMol3 module. DMol3 produces
accurate results and keep the computational cost low as an ab initio method. B3LYP
(Becke 3-parameter Lee Yang Parr) [161, 162] is chosen as a nonlocal hybrid function
(gradient-corrected functionals) for DMol3 to increase the accuracy of the predicted
energies and structures. That kind of hybrid functions is utilized for improving the
exchange-correlation energy function. Double Numerical plus-d function (DND) is
selected as a basis set. DND includes a polarization d-function on all non-H, atoms.
This basis set ensures reasonable accuracy for DFT simulations. Electrostatic potential
(ESP) charges which are the atomic-centered charges that best reproduce the DFT

Coulomb potential [163] were calculated with DND basis set.

6.3. Structure Arrangement

After charge assignment process, MXene structures were formed as periodic
structures and their symmetry systems are imposed. Last step before carrying out
simulations is to determine the interlayer distance of optimized MXene structures. In
order to adjust interlayer distance of MXene structures, experimental studies in the
literature are complied. D-spacing and interlayer distance of MXene structures taken
from experimental studies [110, 112, 114, 164-171] are summarized in Table 6.1.

Table 6.1: Interlayer distance of MXenes used in experimental gas separation studies
(* represents d-spacing).

Mn+1XnTx | Distance (A) | Mn+1XnTx | Distance (A)
TisCoTx 11.4* TiCTx 2.3-2.8
V2CTx 11.9* TisCoTx 3.4
Ti3CoTx 12.9* Ti3CoTx 3.4
TisCoTx 13.5* TisCoTx 4.0
TisCoTx 13.8* Ti2CTx 6.8-8.7
Ti3CoTx 15.0* Ti3CoTx 9.3
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Considering the data tabulated in Table 6.1, interlayer distance was adjusted to
be 3.5 A for all MXene structures. Since kinetic diameters of CO, and H; are 2.89 and
3.3 A, respectively, gases are expected to enter between MXene layers easily. Since
high-throughput screening is aimed to be applied for the 730 MXene structures, one
specific interlayer distance is chosen for all MXene structures rather than setting
different d-spacing values one by one for all structures considering the bulkiness of
functional groups. Interlayer distance is adjusted by fixing the z-axis length of the
crystal lattice without including the volume of the functional group. Considering the
chemical formula of MXene as Mn+1XnTx, the lengths of z-axis are determined as 14,
15, 18, 20, 21, 23, 25, 28, and 30 A when n+1 was 2, 3, 4, 5, 6, 7, 8, 9, and 10,
respectively. Exceptionally, interlayer distance is set to 17 A for MXene structures
with n+1=2 and having bulky functional groups such as -NCS, -OCN, -SCN, -NCO,
and -CN. Additionally, to determine the effect of interlayer distance on ideal gas
separation, pre-defined interlayer distances are enlarged 3 A more for all MXene
structures and MXene structures with large interlayer distance are observed. Unit cells
having x, y, and z lengths lower than 26 A are redesigned to be close to each other by
creating super cells. Lengths of z-axis of unit cell, cut-off distance, and enhancement
factor from each length of unit cell are listed in Table 6.2.
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Table 6.2: Set up parameters of MXene structures

Layers | C length (A) Cut-off (A) | Enhancement
MXene structures with short interlayer distance
2 14 13.5 9%x9x2
2* 17 16.5 10x10%2
3 15 14 10x10%2
4 18 17 12x12x2
5 20 19 13x13x2
6 21 20 14x14x2
7 23 22 15%15x%2
8 25 24 17x17x2
9 28 13.5 9x9x1
10 30 14.9 10x10x1
MXene structures with large interlayer distance

2 17 16.5 11x11%2
2* 20 19 13x13x2
3 18 17 12x12x2
4 21 20 14x14x2
5 23 22 15x15%2
6 24 23 16x16x2
7 26 13 8x8x1
8 28 13.5 9x9x1
9 31 15 10x10x1
10 33 16 11x11x1

*MXene structures including bulky functional groups

6.4. Molecular Simulation Details for Gas Adsorption

Single gas adsorption capacities of CO, and H. are measured using GCMC
simulation. Total 730 MXene structures with both short and large interlayer distances
are used for adsorption analysis. To describe the pair interactions, partial charges are
calculated using DFT method as explained in the section of 6.2, and vdW interactions

of LJ 12-6 potential are taken from the UFF. All MXene structures are kept fixed
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during GCMC simulations and applied periodic boundary conditions. For CO2 and H:
molecules, the rigid body model of Transferable Potentials for Phase Equilibria
(TraPPE) is used, since TraPPE describes well the vapor-liquid and liquid-solid
equilibria of CO2 [172]. CO2 is modelled as a rigid molecule including three atomic
centers whereas H is modeled as single atom of LJ site. The bond length of C-O is
fixed at 1.16 A and O-C-O bond angle is fixed at 180° for CO2 [172]. The LJ
interactions between pairs are calculated from Lorentz-Berthlot mixing rules [173].
Cut-off is determined as the half of the ¢ length (z) of the unit cell for each MXene
structure, which are listed in Table 6.2.

GCMC simulations are performed using RASPA simulation software (version
2.0.41) [174] to define single CO2 and H» adsorption capacities of MXene structures.
Equilibration and production cycles are 50,000 and 250,000 for CO; while those are
5,000 and 20,000 for Hz. The cycle numbers are defined based on the least deviation
by testing different cycles for each gas and for three different MXene structures. All
simulations are carried out at 35°C and 0.1, 1, and 10 bar. The input file including all

parameters and RASPA commands for Ti2CO- is shown in Figure 6.2.

EimulationType MonteCarleo

NumberOfCycles 25668688

HumberOfInitializationCycles 58888

PrintEvery leeaa

CutOff 13.5

UseChargesFromCifFile yes

Framework a8

FrameworkName Ti2C02

UnitCells 94912

ExternalTemperature 308.8

ExternalPressure leeee 1eeeee lessses

Component 8 MoleculeName coz2
TranslationProbability 8.5
WidomProbability 1.8
RotationProbability 8.5
ReinsertionProbability 8.5
SwapProbability 1.8
Createlumber0fMolecules %

Figure 6.2: Input file of Ti.CO> for RASPA

PSA and VSA emerge as mostly used adsorption processes at the industry.
Adsorption is generally occurred at 10 bar, and pressure should be decreased to 1 bar

in PSA process for desorption. However, in VSA process, system is reduced to low
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pressures using vacuum for desorption of the adsorbed gases under ambient conditions.
To simulate these conditions, adsorption and desorption pressures used for PSA are 10
and 1 bar, and for VSA are 1 and 0.1 bar, respectively. Accordingly, after the
corresponding single CO2 and H. adsorption capacities are computed, adsorbent
metrics provided in Table 5.2 are calculated. Since recently, regenerability become an
important metric in the selection of suitable adsorbent for industrial applications, rather
than using selectivity metric, APS and R% are used together for the selection of top
performing MXene structures. Therefore, simply ignoring the predefined R% criteria
for MOF adsorbents [138, 175, 176], MXenes having R% > 90% are focused on this
thesis. Following this criterion, the remaining MXene structures are ranked based on
their APSs. Top 10 MXenes with the highest APSs for CO2/H, separation are

determined both for MXene structures having short and large interlayer distances.
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7. RESULTS AND DISCUSSION

In this section, firstly single gas (CO2 and Hz) adsorption measurements of
MXenes having short and large interlayer distances will be evaluated in according to
the APS and working capacity. Then, correlation between adsorption metrics for
MXenes will be explained, again considering MXenes both having short and large
interlayer distances. Finally, based on regenerability (R%) criteria (>90%) and ranking
using APS, AFM and SSP as separate metrics, top 10 MXene lists will be observed
for PSA and VSA processes.

7.1. Relationship between APS and Working Capacity

GCMC simulations of 730 MXene structures for single CO2 and Hz adsorption
were carried out at 35°C and 0.1, 1, and 10 bar. Adsorption capacities of MXenes at
three different pressures were listed in Appendix B for MXenes with short interlayer
spacing, and Appendix C for MXenes with large interlayer spacing along with all
adsorption metrics (Table 5.2) that we aimed to identify. These adsorption metrics
were identified in Section 5, but to summarize them briefly again, adsorption
selectivity is expressed by the ratio of highly adsorbing gas (COz) to the least adsorbing
gas (H2). Working capacity is defined by the difference between gas adsorption
uptakes at adsorption and desorption pressures which are 10 and 1 bar for PSA and 1
and 0.1 bar for VSA, respectively. High selectivity indicates highly purified gas stream
while high working capacity remarks great efficiency for the adsorbents. However,
adsorbents with high selectivity generally exhibit low working capacity and vice versa.
To determine the effect of adsorption selectivity and working capacity, adsorption
performance score (APS) is used to include the effects of these two parameters by
multiplying them. In this thesis, calculated APS, adsorption selectivity and working
capacity for each MXene structure with short interlayer spacing are depicted in Figure
7.1 for PSA and VSA processes and used to reveal the adsorption performance of

MXene family.
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Figure 7.1: Relation between adsorption selectivity, working capacity, and APS of
MXenes having short interlayer distance for CO2/H> separation at (a) PSA and (b)
VSA conditions. Black empty circles, orange triangles, and blue stars represent
MXenes with APS < 10, 10 < APS < 50, APS > 50 mol/kg, respectively.

Up to date, the upper and lower limits of APS and adsorption selectivities of
CO2/H2 were revealed for MOFs, COFs, and Zeolites in different research. For
example, Avci and colleagues [138] reported the upper limits of APS as 6,339 and
2,365 mol/kg for VSA and PSA, respectively for 3,857 MOF structures. Adsorption
selectivity of CO2/H> was in range of 2 to 25,000 for PSA and 2 to 85,000 for VSA.
However, the highest regenerability was determined as 86.76 and 88.05% for PSA and
VSA, respectively. After two years, the same group [177] increased the number of
MOF structures from 3,857 to 10,221 and investigated their CO2/H, separation
performances. Although APS and CO2/H> adsorption selectivity reached to 9,834
mol/kg and 119,000 under VSA condition, respectively, regenerability values were not
improved and almost same as their previous study. Unlike MOFs, COFs which were
taken from CoRE COF database and screened by Aksu et al. [178] displayed lower
APS ranging between 0.1 and 802 mol/kg for VSA. The highest adsorption selectivity
of CO2/H2 was observed as 1,000 for VSA condition. Regenerability for 288 COF
structures varied between 86-90%. On the other hand, 3,184 hypothetical COF
structures were examined for CO2/H. separation by Aksu et al. [179]. They reported
maximum APS as 3,736 mol/kg and adsorption selectivity as 954 for VSA conditions.
Finally, Shi et al. [180] studied 2,625 hypothetical aluminosilicate Zeolites for CO2/N>
separation. The highest APS was calculated as 671 mol/kg for VSA with adsorption
selectivity of 5,473 and 1,313 for PSA and VSA, respectively. However, the highest
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regenerability ratio was recorded as 66.37% which was lower than those of MOFs and
COFs.

For PSA and VSA conditions, the upper limit of APS was calculated as 50
mol/kg for MXene structures having short interlayer distance. MXene displayed lower
APS and adsorption selectivity compared to the other 2D nano materials such as MOFs
and COFs previously reported in the literature [138, 177-179]. MXene with APS
values above 50 mol/kg are shown with blue circles in Figure 7.1 (a) and (b),
respectively. Accordingly, MXene structures with high APS values display either high
ideal adsorption selectivity (>100 for both PSA and VSA) or high working capacity
(>2 mol/kg for PSA and >0.5 mol/kg for VSA). Examining MXene structures in
according to the highest APS value (>50 mol/kg), 11 and 13 types of MXene structures
are available for PSA and VSA, respectively. For PSA process, APS performance of
these 11 MXene structures, which consist of two different metals and are un-
functionalized, is governed by mainly high adsorption selectivity. However,
considering VSA process, APS performance of 13 MXene structures are governed by
great working capacity and comparable adsorption selectivity. These MXene
structures are the ones with functionalized with bulky groups such as Tx = -(NCS)..
Thanks to these bulky groups, desorption of CO: is facilitated and high CO2 working
capacity is observed. In addition, sulphur element in the bulky groups provides higher
affinity towards to the CO> than H> resulting in enhanced adsorption selectivity for
these MXene structures. Anderson and colleagues [147] have examined several MOFs
for the effect of different functional groups on CO> adsorption. The binding energies
of examined functional groups for CO2 were calculated as follows: -(NH2)2 > -(CN)4
> -(SH)2> -(NO)2 > -(OH)2 > -(CN)2> -(F)4 > -(Br)2 > -(CF)3 > -(F)2> -(CH)3 > -(H)4
> -(Br)s. They emphasized that this arrangement was also same when they were
compared according to their binding dipole moments. MOFs’ functional groups
including S and N elements showed higher CO, adsorption capacity whereas MOFs
with -Brz and -F2 functional groups exhibited low CO, uptake. Additionally, a different
analysis, but a similar result was suggested by Daglar et al. [181]. They investigated
CO2, Hz, and CH4 adsorption performance of MOF structures having different
functional groups and aimed to reveal the alteration in gas adsorption with the removal
of these functional groups. With the removal of bulky functional groups, great
increments in gas adsorption capacities were computed from molecular simulations.

However, no change in gas adsorption capacities was recorded with the removal of
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small groups like -Clz, -F2, and -Br,. These studies support our findings and exhibit
that the arguments observed for metal containing structures like MOFs may also be
valid for MXenes. According to the second criteria of APS values of MXene structures
ranked between 10 and 50 mol/kg, there are 93 and 7 MXenes in PSA and VSA
conditions, respectively. These structures show both mediocre adsorption selectivities
and CO2 working capacities for PSA process. However, high adsorption selectivities
(>50) are observed at these APS range for MXene structures in VSA conditions.

To further examine the effect of interlayer spacing between the layers of 2D
MXene structures, their interlayer distances are increased further following the
methodology provided in Section 6. There are two important things worth to be noted
in relation to the interlayer distance. (i) it was suggested in the literature that due to the
smooth surface of 2D nanomaterials, fluid transport through the inner sides of channels
is facilitated, and in addition, due to the uniform distribution of adsorption sites on
their smooth surface, layered-wise accommodation on their surfaces can take place.
All these enhances the gas adsorption on 2D materials. (ii) However, it was observed
that large interlayer spacing in these 2D materials hinders the effective adsorption of
fluids on their surface due to the loss of interaction with the adsorbents. Therefore, the
large increase in interlayer distance does not work in 2D materials, which suggest the
need for optimum interlayer distance for better adsorption performance. Since it is
aimed in this thesis to screen the performance of all MXene structures, their interlayer
distances are fixed as it was detailed in Section 6. However, due to the bulky functional
groups on the surface of some MXene structures, gas adsorption is not monitored. By
increasing the interlayer distance for all structures, it is aimed to observe the
enhancement in adsorption performance of MXenes having bulky functional groups,
and to provide the alteration in adsorption performance of MXenes having small
functional groups. Similarly, APS, adsorption selectivity and working capacity for
each MXene structure with large interlayer spacing are depicted in Figure 7.2 for PSA

and VSA processes.

52



(a) . (b) 75
\ *
\ 150
\
\ 125 *
“ \ * &
T N < |
3 ° x * * 3 w0 \
(&) 20 * L). \
b S APS>40 * < 754 \
3 < =B \
3 N 5
S~ 50 \ *
~ N
N,
254 S . x  APS>10
0- T T T T T T T T 1 0 T T T T T E _I
00 05 10 15 20 25 30 35 40 0.0 03 06 0.9 1.2 15
ANcq,(mol/kg) ANc, (mol/kg)

Figure 7.2: Relation between adsorption selectivity, working capacity, and APS of
MXenes having large interlayer distance for CO2/H> separation at (a) PSA and (b)
VSA conditions. Black empty circles, orange triangles, and blue stars represent
MXenes with APS<10 and APS < 1, 10<APS<40 mol/kg and 1<APS<10, APS>40
and APS>10 mol/kg for PSA and VSA, respectively.

According to Figure 7.2 (a) and (b), MXene structures with high APS values
display improved adsorption selectivity (>20 for PSA and VSA) and the comparable
working capacity (>1.5 mol/kg for PSA and >0.3 mol/kg for VSA). Considering the
MXene having APS>40 mol/kg, 6 and 4 different structures are noticed for PSA and
VSA, respectively. For PSA process, similarly, MXene structures functionalized with
bulky groups of Tx = -(NCS)2 dominate this portion. However, for VSA process,
contrarily to the observation gained from MXene structure with short interlayer
spacing, in-plane ordered vacancy MXenes such as W1.33C and Nb1.33C are revealed
the greatest APS values after interlayer distance enhancement. This is not surprising
due to the fact that MXenes with vacancies have an open metal site which can be easily
accessible by gas molecules, and the enhancement in interlayer spacing does not lead
to the loss in interaction with MXene surface and bring them to the first place in APS
by improving both selectivity and working capacity. Finally, compared to the MXene
structures with short interlayer distance, CO> working capacity increased whereas
adsorption selectivity decreased for PSA and VSA conditions with the enhancement
in interlayer spacing. This can be attributed to the fact that both gases can find a place
to be adsorbed by leading the decrease in adsorption selectivity. To specifically
elaborate this observation, the adsorbed coordination of CO. and H> molecules on the
surface of V>Ti.C3z MXene, which is chosen as an example, is identified in Figure 7.3.

It can be seen that CO, molecules are arranged especially on the Ti element and occupy
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it. However, H2 molecules differ from CO: by coordinating mostly in the bridge
position between C and V elements. The fact that they prefer different adsorption sites
on the MXene surface displays that there will not be any competition between them
for the same adsorption site. However, it should be noted that since the metals are very
close to each other in MXene structure, due to the bulkiness of CO, after the
enhancement in interlayer spacing, CO2 adsorption capacity of MXenes at the specific
pressure will not much further improve as H: uptake, leading to the decrease in ideal

adsorption selectivity.

Figure 7.3: Coordination of (a) CO2 and (b) H2 on the surface of V2Ti.C3 MXene
after adsorption. (V, Ti, C, H and O elements are represented with pink, light blue,
grey, yellow, and red colors.)

7.2. Correlation of Performance Metrics

In addition to the APS metric, AFM and SSP metrics are also used to compare
the adsorbent performance of adsorbents in the literature. MXene structures having
short interlayer distance are ranked based on APS. The first 10 MXenes with greatest
APS are defined. Their APS, AFM, and SSP metrics are compared in Figure 7.4 to

provide the relation between these metrics.
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Figure 7.4: For CO2/H; separation, top 10 MXene structures and relationship with
APS-AFM-SSP (a) at PSA and (b) VSA conditions.

Considering Figure 7.4, up to fifth and sixth MXene structures, similar ranking
in each metric is observed for PSA and VSA. However, there are some discrepancies
in the further MXenes. For example, Nb2W-C3 is the seventh best MXene structure in
PSA process in according to the APS ranking whereas it is fourth MXene for SSP
ranking. For VSA condition, NoboMoN(SCN): is the second MXene ranked according
to the SSP while it is ranked as the lowest in both APS and AFM metrics. To apply
this ranking analysis for all data set including MXene structures with short and large
interlayer distances, Spearman correlation is used in this thesis. Spearman correlation
gives us information about how similar the rankings of two different data sets (rs) are.
The rsvalue calculated from this correlation varies between -1.0 and +1.0. It becomes
unity if the correlation perfectly matches in two independent rankings. The rs value of
0 represents the lack of correlation. Binary Spearman correlation coefficients for APS,
AFM, and SSP parameters are summarized in Table 7.1 for MXene structures with

short and large interlayer distances.
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Table 7.1: Binary Spearman correlation coefficients (SRCC) of all MXene structures
for APS, AFM, and SSP parameters.

APS-AFM APS-SSP AFM-SSP
MXenes with short interlayer distance
PSA 0.977 0.723 0.683
VSA 0.999 0.765 0.766
MXenes with large interlayer distance
PSA 0.999 0.594 0.609
VSA 0.999 0.562 0.565

Table 7.1 presents that SRCC values especially between APS and AFM rankings
are higher than 0.8, more importantly almost 1, indicating that there is a high
correlation between this metrics for MXenes at both PSA and VVSA conditions. Similar
ranking in APS and AFM metrics suggests us the similarity in the parameters of
adsorption and desorption selectivities. However, SRCC is very weak between APS-
SSP and AFM-SSP, providing that SSP metric gives us a different the ranking in
MXenes both having short and large interlayer distance. In other words, the including
H> working capacity in SSP metric differs the ranking considerably for MXenes. On
the other hand, almost all correlations are hindered with the enhancement of interlayer
spacing, except the one between APS and AFM.

7.3. Regenerability and Promising 10 MXene

Percent regenerability (R%) is the ratio between CO2 working capacity and
adsorption capacity [178]. Relation between R% and APS for PSA and VSA processes
are given in Figure 7.5 for MXene structures with short interlayer distance.
Considering MOFs and COFs [138, 177-179], percent regenerability reached to the
88% while the lowest regenerability was reported as 66% for Zeolites. Therefore R%
criterion was preferred as 85% in literature [138, 175]. In this thesis, R% criterion is

accepted as 90% for MXene structures.
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Figure 7.5: Relation between R% and APS, AFM and SSP of MXenes having short
interlayer distance for CO2/H> separation at (a, b, c) PSA and (d, e, f) VSA
conditions, respectively. Red dotted lines show the minimum desired R% = 90%.

The highest R% values are obtained as 94.1% and 92.3% for PSA and VSA
conditions, respectively. Almost 64% of total MXene structures revealed R%>90% for
PSA process while it is much greater as 84% for VSA. On the other hand, MXene
structures with R%<85% are very few such as 42 for PSA and 10 for VSA. These
results demonstrate that MXenes can be easily reused several times in the consecutive
adsorption-desorption cycles. With considering the criteria of R%>90%, ranges of
APS, AFM, and SSP metrics for the best 10 MXenes are between 10-1006, 12-1320,
and 240-966 mol/kg, respectively for PSA. However, those values sharply decrease
for VSA process. Similar relation is also drawn in Figure 7.6 for MXene structures

with large interlayer distances in PSA and VSA conditions.
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Figure 7.6: Relation between R% and APS, AFM, and SSP of MXenes having large
interlayer distance for CO2/H. separation at (a, b, c) PSA and (d, e, f) VSA
conditions, respectively. Red dotted lines show the minimum desired R% = 90%.

The highest R% are obtained as 94.5% and 92.1% for PSA and VSA conditions,
respectively, which are almost same with the performance of MXenes with short
interlayer distance. This evidently displays that interlayer enhancement does not
influence the regenerability performance of MXenes. The number of MXene structures
with R%>90% is reached to 98% and 95% of total MXenes for PSA and VSA,
respectively. For PSA and VSA processes, the number of MXenes with R%<85% is
only 4 and 2, respectively. However, the upper values of APS and AFM, are below
100 mol/kg for PSA compared to the promising MXenes with short interlayer distance.
The highest and lowest values of SSP are 530 and 155. For VSA process, the upper
limits of APS and AFM decreased below 50 mol/kg as same as MXenes with short
interlayer distance. Importantly, the highest SSP value surpasses 1000 and reaches to
2818 mol/kg. This is explained by the effect of enhanced interlayer distance on H>
working capacity. Finally, promising 10 MXene lists are prepared, initially
considering R%>90%, and then ranking APS, AFM, and SSP metrics for MXene
structures having short and large interlayer distances, separately. For MXene
structures having short interlayer distance, promising 10 MXene structures are given
in Table 7.2.
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Table 7.2: Promising 10 MXene structures derived from each adsorbent metric
(APS, AFM, and SSP) for PSA and VSA processes. Please note that this list is
obtained considering the short interlayer distance of MXene structures.

PSA VSA

APS AFM SSP APS AFM SSP
TipaNb16C | TioaNb16C Tio.aNb16C TioaNb16C TioaNb16C Tio.sNb16C
V2Ti2Cs V2Ti2Cs V2Ti2Cs Cr.CS; Cr,CS; V,Ti,Cs
ScTiNO; ScTiNO; ScTiNO; V,TiCs V,TioCs Ti;VC,
Ti,VC; NbyW-Cs Nb,W,Cs NbCrN(NCO), | NbCrN(NCO), | NbaW,Cs
Nb,W-Cs Ti,VC, Ti,VC, Ti,VC, Ti,VC, TaCrN(OCN),
Ti12NbosC | TisCN TisCN VCrNBr; VCrNBr; NbCrN(NCO);
TisCN Ti12NbgsC Ti,C Ti12NbgsC Ti12NbgsC Cr,CS;
TiogNb12C | TiosNb12C Ti12NbosC CraN2(OH), CraN2(OH), TisCN
NbCrNCl; Cr,TiCN TiCrCO, VMOoNBr; NbCrNBr, TaMoNBr,
Cr,TiCN Cr,VCN NbCrNCl, NbCrNBr; VMoNBr; TaCrNBr;

Considering Table 7.2, Tio.sNb16C is emerged at the first order in according to
all performance metrics both at PSA, and VSA conditions. The CO2/H> adsorption
selectivities of TigsNb16C are 678, 739, and 970 at 0.1, 1, and 10 bar, respectively.
R% values of Tio.4sNb16C are 92.1 and 90.2% for PSA and VSA, respectively. For PSA
conditions, first, second and third MXene structures are same in each adsorption metric
and the rest of promising MXene structures are almost same with only alteration in
their rankings in the list of adsorption metrics. For VSA conditions, promising MXene
structures ranked according to the APS and AFM are the same however according to
SSP  metric,
TaCrN(OCN)2, NbCrN(NCO)2, TaMoNBr2, and TaCrNBr2. This evidently reveals that
introduction of the H> working capacity as a parameter in the adsorption metric

different promising MXene structures are observed such as

considerably changes the promising adsorbent material in MXene structures,
especially at VSA conditions.

Promising MXene structures for PSA mostly include two types of metal and no
functional groups. These types of MXenes are also seen within the promising
structures for VSA. However, for all adsorption metrics, functionalized MXene
structures generally become prominent at VSA process such as the one having bulky
functional groups, —-(OCN)2, —(NCO)2 or small functional groups such as -Br», -S> and
-OHz. Considering APS, AFM, and SSP, four MXene structures are observed as
common for both conditions. These MXenes are Tio4Nb16C, V2Ti2Cs, Ti2VC», and

Ti12Nbo.gC. Their common features are comprising of two types of metal, being un-
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functionalized, and including Ti element accompanying the other metal type.
Therefore, since metal atoms are unsaturated on the MXene surfaces, they can easily
interact with gas molecules. There are other studies that supports this observation. For
example, Qiao and co-workers [137] studied 4764 MOFs for CO; separation from flue
gas and natural gas. Best performing MOF structures for CO adsorption were mostly
contained unsaturated metals. Moreover, they proposed that MOFs which contain
second metal besides to the transition metal had high separation performance for COx.
Sun et al. [182] synthesized bimetallic MOF structures and investigated their
adsorption performances of 1-hexene and n-hexane. Bimetallic MOF structures
exhibited high adsorption selectivities of 1-hexene/n-hexane than the others containing
only one metal. Collectively, it is not surprising to observe TigsNb16C, V.TiCs,
Ti2VCa, and Ti12NbogC structures as promising MXene types for CO2/H; separation.

Similarly, for MXene structures having large interlayer distance, promising 10
MXene structures are provided in Table 7.3. Accordingly, Cr.CS; takes the first place
in rankings based on all adsorbent metrics for PSA, while first place belongs to
NbCrN(NCS), for VSA. The CO./Hz adsorption selectivities of Cr.CSzare 13, 15, and
23 for 0.1, 1, and 10 bar, respectively. R% value of Cr.CS> is 93.3 for PSA. The
CO2/H> adsorption selectivities of NbCrN(NCS)2 are 42, 52, and 21 for 0.1, 1, and 10
bar, respectively. Regenerability ratio of NoCrN(NCS). was 92.1% for VSA. For PSA
conditions, based on ranking of APS and AFM, promising MXene structures are
almost same with minor changes in their ordering. Tantalum metal including MXene
structures, TaMoN(NCS). and TaCrNBr, are emerged in the promising 10 MXene
structures ranked according to the SSP. Commonly, MXene structures with bromine
and sulfur containing functional groups become prominent for PSA. Surprisingly, only
MXene structures in the form of M2XTy (two metal layer) are caught from each metric.
Adsorption capacity of CO- increased more than H2 owing to the strong interaction
CO2 and metals. Thus, CO2/H2 adsorption selectivity improved especially at 10 bar for
MXenes containing double metals. For VSA conditions, again similar type of MXene
structures is observed based on each metric but there is considerable alteration in their
ordering after the sixth MXene structure. Nearly all promising MXene structures
ranked based on each metric in VSA have double metals and bulky functional group
of —(NCS)2. Since adsorption of H increases as much as CO» adsorption, CO2/H>
adsorption selectivity also decreases. Moreover, the presence of sulphur element also

made them efficient for VSA process. The only MXene in the promising 10 lists
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ranked according to all three-performance metrics for PSA and VSA processes is

YCrC(NCS)..

Table 7.3: Promising 10 MXene structures derived from each adsorbent metric
(APS, AFM, and SSP) for PSA and VSA processes. Please note that this list is
obtained considering the large interlayer distance of MXene structures.

PSA VSA

APS AFM SSP APS AFM SSP
CrCS: Cr2CS2 CrCS2 NbCrN(NCS)2 NbCrN(NCS)2 NbCrN(NCS)2
Mo2CS> Mo02CS2 Mo02CS> Sc2C(NCS)2 Sc2C(NCS)2 Sc2C(NCS)2
YCIC(NCS)2 | VCINBr. TaMON(NCS)2 | VCIN(NCS). | VCIN(NCS)2 | VCIN(NCS):
SCYC(NCS): | YCIC(NCS): | YCIC(NCS): | VMON(NCS)2 | VMON(NCS)2 | VMOoN(NCS):
VCrNBr2 NbCrNBr2 VCrNBr2 Mo2C(NCS)2 Mo2C(NCS)2 Mo2C(NCS)2
NbCrNBr2 ScYC(NCS)2 | ScYC(NCS)2 NbMoN(NCS)2 | NbMoN(NCS)2 | NbWN(NCS):2
VMoNBr2 VMoNBr2 NbCrNBr Ti1.2NbosC Ti1.2NbosC NbMoN(NCS)2
VCIN(SCN)2 | Cr2CBra VMoNBr, Y2C(NCS)2 NBWN(NCS): | Y2C(NCS)2
Cr:CBr2 Sc,C(OCl)2 | VWNBr2 NBWN(NCS)2 | Y2C(NCS): TaMoN(NCS)2
Sc2C(OCl)2 VCrN(SCN)2 | TaCrNBr2 YCrC(NCS)2 YCrC(NCS)2 YCrC(NCS):2
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8. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, it is aimed to investigate CO. adsorption-based separation
performances of different MXene structures whose crystal structure information are
collected from various databases and literature. Some of structure are created and their
geometries are optimized and hence, | am ended up with totally 730 MXene structures.
To compute gas adsorption capacities of MXenes, grand canonical Monte Carlo
simulation method has been applied and the computed adsorption capacities are
evaluated according to several adsorbent performance metrics. To identify the effect
of interlayer distance on gas adsorption performance of MXenes, their interlayer
spacing is enhanced and the same simulation methodology is followed for them.

Relationship between CO working capacity and CO2/H> adsorption selectivity
of all MXene structures having both short and large interlayer distances is investigated
for PSA and VSA. Considering MXene structures having short interlayer distances,
ones having the highest APSs exhibited high adsorption selectivity or high working
capacity for PSA and VSA. However, slight decrement is observed in adsorption
selectivities at VSA conditions compared to PSA.

Considering the structures having each interlayer distance, MXenes containing
double metals with unfunctionalized form displayed high APS performance in PSA
process. It is suggested that the absence of functional groups in the MXenes made them
more susceptible towards CO> leading to the strong interaction between metals and
CO.. However, especially MXenes functionalized with bulky groups such as —(NCS):
are emerged for VSA process according to only APS ranking. With these results, it is
revealed that bulky groups including Sulphur element improve CO2 working capacity
and also facilitate desorption.

In general, enhancement of interlayer distance caused to the improved CO>
working capacity and decrease in adsorption selectivity for PSA. However, both
parameters are hindered for VSA with the interlayer alteration, revealing the
considerably decreased CO> adsorption capacities (589 out of 730 structures) and
slightly increased H. adsorption capacities. Since the adsorption sites on MXene
structures are different for each gas, it is expected to observe enhanced gas uptakes.

However, the more interact gas molecule as CO: is highly coordinated in the hindered
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interlayer distance due to the smooth surface of MXene and hence this leads to great
CO. uptake for MXene having short interlayer distances.

The relationship between mostly used performance metrics such as APS, AFM,
and SSP are revealed by calculating SRCC. High correlation between APS-AFM
brought us similar MXene ranking while low correlation of AFM-SSP caused changes
in rankings of MXenes for PSA and VSA due to the contribution of Hz2 working
capacity as a parameter in SSP.

The lower limit of R% is determined as 90% for all MXenes at each condition.
The highest R% values are observed as 94% and 92% for PSA and VSA, respectively.
These results indicate that MXenes can be used repeatedly as an adsorbent for gas
separation.

Promising structures are revealed using the criteria firstly R%>90% and then
APS ranking for PSA and VSA for MXenes with short and large interlayer distances.
For both processes and all performance metrics, MXenes containing double different
metals are emerged in the performing lists. However, the best performing MXenes
with short interlayer distance had no functional group for PSA conditions whereas
some MXenes contained small and large functional groups such as -(OH), -(NCO) for
VSA. Contrarily, evaluating MXenes with large interlayer distance, bulky functional
groups dominated adsorption performances especially in VSA conditions. Small
functional group such as -(Br2) is noteworthy for PSA. Accordingly, for further

studies, some recommendations are proposed as follows:

e To carry out more systematic research, the number of MXenes should be increased

by constructing all possible MXene structure combinations.

e Since charge calculation is important for MXene-gas interactions, different partial
charge assignment methods can be applied for point charges of atoms on MXene

structure.

¢ To highlight the performance limit of promising MXenes for gas adsorption, their
gas uptakes should be investigated at severe conditions: high temperature or pressure,

binary or ternary gas compositions, humid gas stream, etc.
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o To identify the possible processes, the performance of MXene structures can be
identified for TSA, PTSA, or VTSA processes.

e In addition to CO2/H. separation, investigations for different gas pair separations

should be carried out considering the MXene database.

Since this is the first study identifying the performance of MXene adsorbents for
CO2/H> separation, it starts from examining the ideal case as single gas adsorption for
specifically concentrating on only PSA and VSA processes. However, with the
proposed further studies, the advantages of MXene family in adsorption-based gas
separation will be revealed completely and hope, this will be ended up with the
contribution of new and novel adsorbents to the separation technology.
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APPENDIX B : Adsorption Capacities and Calculated Performance Metrics of MXenes with Short Interlayer

Distance at 35°C and 0.1, 1, and 10 bar

MXene Type CO; Adsorption Capacity (mol/kg) CO2/H: Selectivit CO2 Working Capacity Regenerability (%) APS AFM SSP

0.1 bar 1 bar 10 bar 0.1 bar 1 bar 10 bar PSA VSA PSA VSA PSA VSA PSA VSA PSA VSA
(CrV)sCz 0.006 0.058 0.734 5.72 5.99 7.81 0.675 0.053 92.03 90.28 5.27 0.32 6.87 0.33 62.57 36.09
(Mo00.66Y033)2CO2 0.003 0.030 0.329 4.20 4.19 4.69 0.299 0.027 91.01 90.10 1.41 0.11 1.58 0.11 22.30 17.54
(TiV)sCa 0.006 0.064 0.755 6.28 6.46 7.48 0.691 0.058 91.49 90.15 5.17 0.37 5.98 0.39 56.79 41.90
(TiV)C(OH)2 0.006 0.064 0.698 6.60 6.73 7.42 0.633 0.058 90.79 90.04 4.70 0.39 5.18 0.40 55.59 45.46
(TiV)CF2 0.004 0.041 0.467 3.47 3.53 4.15 0.427 0.037 91.31 90.16 1.77 0.13 2.08 0.13 17.50 12.51
(TiV)CO2 0.004 0.044 0.494 4.02 4.09 4.66 0.450 0.039 91.17 90.14 2.10 0.16 2.39 0.16 22.00 16.73
(Wo.66Y0.33)2CO2 0.007 0.072 0.477 24.92 2541 16.93 0.406 0.065 84.97 89.91 6.87 1.64 4.58 1.67 270.67 647.08
CrC 0.005 0.046 0.515 2.86 2.82 3.21 0.468 0.042 91.00 90.04 1.50 0.12 1.71 0.12 10.45 7.93
CraC(OH)2 0.006 0.056 0.580 6.46 6.53 6.76 0.524 0.050 90.35 90.05 3.54 0.33 3.67 0.33 45.86 42.65
Cr2CBr2 0.019 0.201 1.335 24.10 24.50 16.71 1.134 0.182 84.94 90.57 18.95 4.46 12.93 453 264.46 601.13
Cr2CCl, 0.017 0.178 1.685 15.39 15.94 15.48 1.507 0.161 89.42 90.44 23.33 2.57 22.67 2.66 238.91 254.92
Cr.CF2 0.003 0.032 0.346 2.84 3.20 3.52 0.315 0.028 90.89 90.08 1.11 0.09 1.22 0.10 12.52 10.35
Cr.CFCI 0.005 0.049 0.597 4.82 5.01 6.26 0.548 0.044 91.75 90.29 3.43 0.22 4.28 0.23 40.03 25.24
Cr,CH2 0.003 0.025 0.257 2.27 241 2.52 0.232 0.023 90.20 90.02 0.59 0.05 0.61 0.06 6.40 5.86
Cr2CO2 0.005 0.050 0.594 5.80 5.54 6.78 0.544 0.045 91.59 90.18 3.69 0.25 452 0.24 46.99 30.58
CrCSz 0.069 0.727 2.119 56.14 55.60 16.82 1.392 0.658 65.67 90.49 23.42 36.60 7.09 36.24 207.45 3088.02
Cr,HfCN 0.004 0.044 0.640 6.17 6.80 9.90 0.596 0.040 93.11 90.32 5.90 0.27 8.60 0.30 101.53 46.68
CrHfCNO2 0.006 0.062 0.600 13.32 13.31 13.63 0.538 0.056 89.64 90.27 7.33 0.75 7.51 0.75 186.18 177.05
Cr2MoCN 0.007 0.070 1.128 7.65 7.75 12.82 1.058 0.064 93.78 90.53 13.56 0.49 22.43 0.50 171.67 60.12
Cr2MoCNO; 0.008 0.086 0.831 13.01 14.54 14.30 0.745 0.077 89.71 90.30 10.66 1.12 10.48 1.26 204.10 214.24
CrN 0.003 0.028 0.298 2.23 2.14 2.37 0.270 0.025 90.66 90.17 0.64 0.05 0.71 0.05 5.66 4.56
CraN(OH)2 0.005 0.049 0.513 5.66 5.97 6.22 0.464 0.044 90.37 90.06 2.88 0.27 3.00 0.28 38.80 35.84
CraNb2Cs 0.004 0.038 0.540 5.63 5.64 8.02 0.502 0.035 92.89 90.28 4.02 0.20 5.72 0.20 66.48 31.83
Cra2NbCN 0.007 0.071 1.158 7.74 7.96 12.94 1.087 0.065 93.84 90.47 14.06 0.51 22.84 0.53 174.51 63.62
Cra2NbCNO> 0.009 0.090 0.857 14.13 14.99 14.61 0.767 0.081 89.52 90.39 11.21 1.22 10.92 1.29 212.75 226.04
Cr2NF2 0.002 0.025 0.266 2.80 2.86 3.06 0.241 0.022 90.62 90.00 0.74 0.06 0.79 0.07 9.45 8.17
Crz2NH, 0.003 0.025 0.256 2.86 2.76 2.81 0.231 0.023 90.22 89.97 0.65 0.06 0.66 0.06 7.92 7.59
Cr2NO2 0.003 0.035 0.393 3.62 3.60 4.09 0.358 0.032 91.01 90.21 1.46 0.11 1.66 0.11 16.94 12.95
CraTa:Cs 0.000 0.000 0.004 4.70 4.92 6.46 0.004 0.000 92.27 90.19 0.02 0.00 0.03 0.00 42.91 24.36
CrpTaC, 0.000 0.000 0.003 2.76 2.77 3.15 0.003 0.000 90.90 90.03 0.01 0.00 0.01 0.00 10.05 7.70
CraTaCN 0.000 0.001 0.013 6.79 7.49 11.76 0.012 0.001 93.58 90.37 0.14 0.01 0.22 0.01 144.02 56.71
Cr,TaCNO2 0.000 0.001 0.012 13.50 14.19 14.23 0.010 0.001 89.71 90.34 0.15 0.02 0.15 0.02 202.44 202.38
Cr2Ti2Cs 0.006 0.060 0.897 6.46 6.28 9.64 0.838 0.054 93.36 90.31 8.07 0.34 12.40 0.33 96.59 39.28
CrTiC2 0.003 0.032 0.362 3.30 3.32 3.83 0.330 0.029 91.19 90.11 1.27 0.10 1.46 0.10 14.89 10.99
CraTiC2(OH)2 0.011 0.114 0.789 21.43 20.06 14.39 0.675 0.102 85.57 90.00 9.71 2.05 6.97 1.92 197.62 399.53
Cr2TiCoF2 0.010 0.100 1.191 11.00 12.57 15.46 1.091 0.090 91.63 90.44 16.88 1.13 20.75 1.30 244.19 160.55
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Cr2TiC202 0.009 0.092 0.919 12.69 13.06 13.29 0.827 0.083 90.03 90.37 10.99 1.08 11.19 111 177.08 171.07
Cr,TiCN 0.009 0.099 1.696 8.07 8.62 15.26 1.597 0.090 94.15 90.53 24.36 0.77 43.14 0.83 244.53 74.79
Cr2TiCNO2 0.011 0.114 1.078 14.87 15.62 15.13 0.964 0.103 89.40 90.47 14.58 1.62 14.12 1.70 221.97 245.36
CraV2Cs 0.006 0.060 0.914 6.15 6.54 10.23 0.855 0.054 93.49 90.37 8.75 0.35 13.68 0.37 109.00 43.13
CraVCe 0.003 0.031 0.354 3.35 3.34 3.81 0.323 0.028 91.16 89.99 1.23 0.09 1.40 0.09 14.69 11.17
Cr2VCN 0.009 0.098 1.676 8.69 8.63 15.13 1.577 0.089 94.13 90.50 23.87 0.77 41.83 0.76 240.23 74.49
Cr2VCNO» 0.011 0.111 1.062 15.25 15.24 15.01 0.951 0.101 89.51 90.40 14.27 1.53 14.05 1.53 224.87 232.35
Cr2ZrCN 0.006 0.065 0.972 6.90 7.03 10.88 0.908 0.058 93.36 90.41 9.87 0.41 15.28 0.42 123.17 49.53
Cr2ZrCNO2 0.008 0.087 0.834 13.37 14.63 14.07 0.747 0.079 89.52 90.29 10.50 1.15 10.10 1.26 196.96 216.18
CrsC 0.004 0.044 0.528 4.00 4.02 4.87 0.484 0.040 91.68 90.18 2.36 0.16 2.85 0.16 24.14 16.20
CrsCa(OH). 0.006 0.060 0.517 11.22 11.78 10.11 0.456 0.054 88.37 89.99 4.62 0.64 3.96 0.67 100.41 139.59
CrsCaF2 0.003 0.029 0.304 5.62 5.51 5.80 0.275 0.026 90.40 90.02 1.59 0.14 1.67 0.14 33.78 30.31
CrsCzaHz 0.004 0.038 0.405 5.63 5.99 6.51 0.367 0.034 90.57 90.16 2.39 0.21 2.59 0.22 42.71 36.19
CrsC20; 0.004 0.045 0.467 6.87 7.35 8.01 0.422 0.040 90.46 90.18 3.38 0.30 3.69 0.32 64.82 54.48
CrsCN 0.009 0.092 1.530 7.86 8.30 14.02 1.438 0.083 93.98 90.40 20.16 0.69 34.03 0.73 205.48 69.33
CrsCNO: 0.012 0.122 1.170 15.99 16.52 16.34 1.048 0.111 89.55 90.51 17.11 1.83 16.92 1.89 266.48 274.02
CrsN2 0.002 0.021 0.237 3.02 2.91 3.23 0.215 0.019 91.01 89.95 0.70 0.06 0.77 0.05 10.53 8.44
CrsN2(OH)2 0.022 0.224 1.042 35.17 34.63 16.86 0.818 0.202 78.52 90.12 13.79 6.99 6.71 6.88 249.11 1197.52
Cr3NzH2 0.004 0.044 0.494 5.66 6.41 7.52 0.450 0.039 91.17 90.31 3.39 0.25 3.97 0.29 57.52 41.66
CrsN202 0.004 0.044 0.440 9.55 9.25 9.36 0.395 0.040 89.92 90.12 3.70 0.37 3.74 0.36 87.70 85.24
CrsCs 0.004 0.039 0.467 4.60 4.36 5.26 0.428 0.035 91.70 90.23 2.25 0.15 2.71 0.14 28.15 18.89
CrsCs(OH). 0.004 0.043 0.421 9.03 9.33 9.15 0.378 0.039 89.71 90.16 3.46 0.36 3.39 0.38 83.46 87.43
CrsCsF2 0.002 0.023 0.243 4.37 4.52 4.94 0.221 0.020 90.73 90.05 1.09 0.09 1.19 0.09 24.59 20.48
CrsCsHz 0.003 0.028 0.301 4.71 5.16 5.74 0.274 0.025 90.86 90.10 1.57 0.13 1.75 0.14 33.31 26.92
CrsC30; 0.003 0.034 0.373 6.46 6.76 7.37 0.339 0.031 90.92 90.23 2.50 0.21 2.72 0.22 54.77 45.86
CraNs 0.002 0.023 0.247 2.67 2.76 3.04 0.224 0.020 90.84 90.11 0.68 0.06 0.75 0.06 9.33 7.64
CraN3(OH)2 0.003 0.035 0.341 7.54 7.86 7.87 0.306 0.031 89.77 90.08 2.40 0.25 2.41 0.26 61.89 61.98
CraNsF2 0.002 0.018 0.189 3.78 3.83 4.12 0.171 0.016 90.57 90.11 0.71 0.06 0.76 0.06 17.15 14.69
CrsN3H2 0.002 0.021 0.233 4.28 4.22 4.88 0.212 0.019 91.06 90.16 1.04 0.08 1.20 0.08 24.21 17.83
CrsN3O2 0.002 0.024 0.263 5.26 5.08 5.57 0.239 0.022 90.72 90.03 1.33 0.11 1.46 0.11 31.29 25.70
CrMoCF, 0.003 0.031 0.353 3.32 3.58 4.17 0.322 0.028 91.27 90.09 1.34 0.10 1.56 0.11 17.66 12.96
CrWCF; 0.002 0.024 0.280 4.19 4.12 4.77 0.256 0.021 91.49 90.09 1.22 0.09 141 0.09 23.05 16.90
Hf:C 0.002 0.017 0.191 2.88 2.78 3.12 0.174 0.015 91.01 90.13 0.54 0.04 0.61 0.04 9.88 7.72
Hf2C(OH). 0.002 0.020 0.197 5.52 6.01 6.06 0.177 0.018 89.86 89.99 1.07 011 1.08 0.12 36.74 36.55
Hf.CF, 0.001 0.013 0.143 3.39 3.39 3.72 0.129 0.012 90.62 90.05 0.48 0.04 0.53 0.04 13.95 11.46
Hf.CF, -(model2) 0.002 0.015 0.167 3.67 3.46 3.97 0.152 0.014 90.97 89.96 0.60 0.05 0.69 0.04 15.96 11.88
Hf2CF; -(model3) 0.002 0.019 0.215 3.13 3.02 3.42 0.196 0.017 91.10 90.05 0.67 0.05 0.76 0.05 11.82 9.07
Hf.CF, -(model4) 0.002 0.017 0.188 3.03 2.95 3.33 0.171 0.015 91.01 90.08 0.57 0.04 0.64 0.04 11.25 8.67
Hf2CO; 0.002 0.020 0.234 4.41 4.48 5.36 0.214 0.018 91.32 90.08 1.15 0.08 1.38 0.08 29.33 20.09
Hf2CO; -(model2) 0.001 0.013 0.139 3.85 3.84 4.11 0.126 0.012 90.46 90.07 0.52 0.05 0.55 0.05 17.02 14.73
Hf2CO; -(model3) 0.002 0.018 0.202 3.07 3.26 3.64 0.184 0.016 91.00 90.16 0.67 0.05 0.75 0.06 13.40 10.71
Hf2CO; -(model4) 0.002 0.020 0.234 3.46 3.47 4.00 0.214 0.018 91.28 90.13 0.86 0.06 0.99 0.06 16.26 12.05
Hf2CrCN 0.002 0.023 0.294 4.78 4.88 6.34 0.271 0.021 92.07 90.21 1.72 0.10 2.23 0.10 41.25 23.85
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Hf.CrCNO, 0.003 0.027 0.263 10.69 9.94 9.74 0.235 0.024 89.66 90.12 2.29 0.24 2.25 0.23 94.74 98.05
Hf2MoCN 0.002 0.020 0.237 4.53 4.64 5.70 0.218 0.018 91.74 90.16 1.24 0.08 1.53 0.08 33.21 21.59
Hf2MoCNO, 0.002 0.025 0.234 10.44 10.08 9.88 0.210 0.022 89.42 90.03 2.07 0.23 2.03 0.22 97.34 101.26
Hf2N 0.001 0.013 0.146 2.50 2.35 2.60 0.133 0.012 90.79 90.02 0.34 0.03 0.38 0.03 6.81 5.48
Hf2N(OH). 0.002 0.021 0.201 7.59 7.36 7.19 0.180 0.019 89.58 89.97 1.29 0.14 1.26 0.13 51.57 54.04
Hf:NbCN 0.002 0.020 0.236 4.63 4.58 5.56 0.216 0.018 91.73 90.17 120 0.08 1.46 0.08 31.57 20.94
Hf2NbCNO> 0.002 0.025 0.236 9.06 10.05 9.80 0.212 0.022 89.53 90.17 2.07 0.22 2.02 0.25 95.81 102.13
Hf:NF2 0.001 0.011 0.119 3.59 3.57 3.84 0.107 0.010 90.44 90.03 041 0.04 0.44 0.04 14.90 12.72
Hf2NF2 -(model2) 0.001 0.015 0.165 4.42 4.42 4.97 0.150 0.013 90.95 89.98 0.74 0.06 0.84 0.06 25.01 19.57
HfNF, -(model4) 0.003 0.026 0.309 4.09 4.17 5.07 0.283 0.023 91.66 90.14 143 0.10 174 0.10 26.19 17.40
Hf:2NO> 0.002 0.017 0.193 4.09 4.12 4.65 0.176 0.016 91.09 90.21 0.82 0.06 0.92 0.06 21.87 16.96
Hf;TaCN 0.000 0.001 0.006 4.59 4.50 5.46 0.006 0.000 91.69 90.17 0.03 0.00 0.04 0.00 30.38 20.17
Hf>,TaCNO. 0.000 0.001 0.006 10.80 10.28 9.80 0.006 0.001 89.29 90.04 0.06 0.01 0.05 0.01 95.50 105.19
Hf2TiCN 0.002 0.023 0.277 4.74 4.74 5.78 0.254 0.020 91.82 90.21 1.47 0.10 1.79 0.10 34.06 22.48
Hf2TICNO, 0.003 0.027 0.259 9.53 9.64 9.40 0.232 0.024 89.67 90.08 2.18 0.23 2.13 0.23 88.13 93.06
Hf2VCN 0.002 0.022 0.271 4.71 4.64 5.75 0.248 0.020 91.80 90.29 1.43 0.09 177 0.09 33.75 21.50
Hf2VCNO» 0.003 0.027 0.260 9.88 9.78 9.68 0.233 0.024 89.72 90.13 2.26 0.24 2.23 0.23 93.57 95.45
HfZrCN 0.002 0.019 0.218 4.08 4.20 5.07 0.199 0.017 91.48 90.12 101 0.07 1.22 0.07 26.25 17.69
Hf2ZrCNO» 0.002 0.024 0.230 9.81 9.71 9.56 0.206 0.022 89.45 90.01 1.97 0.21 1.94 0.21 91.32 94.23
Hf;Co 0.002 0.016 0.181 4.35 3.99 4.69 0.165 0.014 91.36 90.04 0.77 0.06 0.91 0.05 22.33 15.79
Hf;C2(OH). 0.001 0.012 0.108 7.41 7.77 7.29 0.096 0.011 89.04 89.93 0.70 0.08 0.66 0.09 52.67 60.78
Hf3CoF2 0.001 0.012 0.123 6.10 5.86 5.91 0.110 0.011 90.01 90.07 0.65 0.06 0.66 0.06 35.01 34.16
Hf3CoH2 0.000 0.004 0.038 2.97 3.10 3.06 0.034 0.004 89.62 90.01 0.10 0.01 0.10 0.01 9.34 9.68
Hf;C20, 0.002 0.021 0.210 8.36 8.67 8.85 0.189 0.019 90.05 90.15 1.67 0.16 171 0.17 78.46 75.48
Hf:CN 0.002 0.015 0.177 4.01 4.03 4.78 0.162 0.014 91.39 90.04 0.77 0.06 0.91 0.06 23.21 16.26
Hf;CNO; 0.002 0.023 0.234 8.96 9.06 9.54 0.212 0.021 90.28 90.12 2.02 0.19 2.13 0.19 91.56 82.18
HfsN2 0.001 0.010 0.112 3.14 3.25 3.67 0.102 0.009 90.95 90.12 0.37 0.03 0.42 0.03 13.65 10.59
HfsN2(OH). 0.001 0.007 0.062 6.42 6.09 5.71 0.055 0.006 89.29 90.03 0.32 0.04 0.30 0.03 32.36 36.85
HfsNoF2 0.001 0.010 0.093 5.43 5.82 5.60 0.084 0.009 89.73 90.05 0.47 0.05 0.45 0.05 31.27 34.19
Hf3sN2H2 0.001 0.006 0.057 4.63 4.50 4.45 0.051 0.005 89.56 89.92 0.23 0.02 0.22 0.02 19.81 20.19
Hf3N20, 0.002 0.017 0.173 7.44 7.57 7.64 0.156 0.015 90.16 90.10 1.19 0.12 1.20 0.12 58.45 57.40
Hf,Cs 0.001 0.009 0.093 3.26 3.36 3.65 0.084 0.008 90.64 90.03 031 0.03 0.33 0.03 13.46 11.36
Hf4C3(OH). 0.001 0.014 0.129 7.36 7.09 6.84 0.115 0.012 89.49 90.06 0.79 0.09 0.76 0.08 46.55 50.03
Hf4CsF2 0.001 0.010 0.105 6.28 5.93 6.04 0.095 0.009 90.13 90.11 0.57 0.06 0.58 0.05 36.55 35.00
HfsC3H2 0.000 0.005 0.045 4.57 4.30 4.11 0.040 0.004 89.60 90.00 0.17 0.02 0.16 0.02 16.83 18.35
Hf4Cs0. 0.002 0.017 0.183 8.50 8.59 9.37 0.166 0.016 90.62 90.15 1.56 0.13 1.70 0.13 88.55 73.91
HfaNs 0.001 0.008 0.090 3.09 3.19 3.55 0.082 0.007 90.96 90.09 0.29 0.02 0.33 0.02 12.75 10.20
HfsN3(OH)> 0.001 0.012 0.105 8.25 8.96 7.99 0.093 0.011 88.70 89.90 0.74 0.10 0.66 0.10 63.01 81.09
HfsNsF. 0.001 0.008 0.083 5.18 5.11 5.23 0.075 0.007 90.18 90.04 0.39 0.04 0.40 0.04 27.44 26.04
HfsN3H2 0.000 0.005 0.044 4.44 3.98 3.84 0.040 0.004 89.68 89.92 0.15 0.02 0.15 0.01 14.71 15.70
HfsN302 0.001 0.013 0.140 6.58 7.02 7.55 0.127 0.012 90.51 90.15 0.96 0.08 1.03 0.09 57.46 49.64
HfCrNO; 0.002 0.021 0.230 4.19 4.11 4.62 0.209 0.019 90.93 90.11 0.96 0.08 1.08 0.08 21.58 16.85
Mn,C 0.005 0.046 0.506 2.88 2.88 3.15 0.461 0.041 90.97 90.04 1.45 0.12 1.59 0.12 10.01 8.26
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Mn,C(OH). 0.005 0.052 0.542 6.01 6.08 6.58 0.490 0.047 90.47 90.04 3.23 0.28 3.49 0.29 43.70 37.00
Mn.CF> 0.003 0.028 0.297 3.24 3.17 3.49 0.269 0.025 90.62 90.10 0.94 0.08 1.03 0.08 12.33 10.05
Mn2CO2 0.004 0.039 0.441 4.49 4.02 4.65 0.402 0.035 91.18 90.03 187 0.14 2.16 0.13 21.91 15.98
Mn2N 0.002 0.025 0.266 1.95 2.16 2.31 0.241 0.022 90.63 90.13 0.56 0.05 0.59 0.05 5.35 4.70
Mn;N(OH). 0.004 0.040 0.413 4.37 4.59 4.96 0.373 0.036 90.39 90.05 1.85 0.16 2.00 0.17 24.78 21.23
MnzNF2 0.002 0.024 0.249 2.76 2.70 2.93 0.225 0.021 90.55 89.96 0.66 0.06 0.72 0.06 8.67 7.27
MnzNO- 0.003 0.033 0.367 3.44 3.80 4.17 0.334 0.030 90.97 90.13 1.39 0.11 1.53 0.13 17.60 14.59
MnsCs 0.004 0.043 0.514 4.03 4.07 5.06 0.471 0.039 91.67 90.29 2.38 0.16 2.96 0.16 26.20 16.62
MnsC2(OH)2 0.006 0.062 0.523 11.98 12.22 10.91 0.460 0.056 88.09 89.93 5.02 0.68 4.48 0.70 117.38 149.77
MnsCaoF2 0.003 0.028 0.289 5.15 5.40 5.67 0.262 0.025 90.41 90.05 1.48 0.13 155 0.14 32.26 29.36
Mn3C202 0.004 0.042 0.442 6.88 7.17 7.87 0.400 0.038 90.56 90.08 3.15 0.27 3.45 0.28 62.54 51.61
MnsN; 0.003 0.030 0.334 2.76 2.90 3.23 0.304 0.027 90.99 90.15 0.98 0.08 1.09 0.08 10.53 8.47
MnsN2(OH). 0.005 0.051 0.435 11.59 12.29 10.16 0.384 0.046 88.35 89.99 3.90 0.56 3.23 0.59 100.93 152.16
MnsNzF, 0.002 0.022 0.232 4.52 4.28 4.68 0.210 0.020 90.37 90.14 0.98 0.09 1.08 0.08 22.17 18.23
Mn4Cs 0.004 0.037 0.449 4.29 4.23 5.35 0.412 0.034 91.72 90.20 2.20 0.14 2.79 0.14 29.33 17.86
Mn4C3(OH)2 0.005 0.048 0.433 11.66 11.05 10.55 0.386 0.043 89.03 89.99 4.07 0.47 3.88 0.45 110.63 121.31
MnsCsF. 0.002 0.022 0.234 5.08 5.04 5.45 0.212 0.020 90.57 90.08 1.15 0.10 1.25 0.10 29.95 25.35
Mn4Cs02 0.003 0.030 0.334 5.98 6.10 6.78 0.304 0.027 90.98 90.20 2.06 0.17 2.29 0.17 46.54 37.30
MnsNs 0.002 0.020 0.223 3.74 3.66 4.13 0.203 0.018 91.05 90.05 0.84 0.07 0.94 0.06 17.23 13.37
MnsN3(OH). 0.004 0.040 0.373 9.94 10.12 9.75 0.333 0.036 89.17 90.05 3.24 0.37 3.12 0.37 94.55 102.60
MnsN3O. 0.002 0.023 0.247 5.22 5.01 5.43 0.224 0.021 90.73 90.09 1.22 0.10 1.32 0.10 29.71 25.02
Mo1.33C 0.007 0.069 0.762 4.44 4.36 4.86 0.693 0.062 90.94 90.17 3.37 0.27 3.76 0.27 23.92 18.97
Mo,C 0.003 0.034 0.392 3.53 3.23 3.78 0.358 0.031 91.23 90.18 1.35 0.10 158 0.09 14.50 10.35
Mo2C(NCS). 0.179 0.849 1.250 228.17 106.69 16.20 0.401 0.671 32.06 78.98 6.49 71.57 0.99 33.46 93.76 9968.73
Mo,C(OCN). 0.011 0.112 0.925 17.77 18.24 15.88 0.813 0.101 87.89 90.37 12.90 1.85 11.23 1.89 247.70 333.61
Mo2C(OH). 0.003 0.032 0.326 4.69 4.98 5.32 0.294 0.028 90.32 90.19 1.57 0.14 1.67 0.15 28.56 25.02
Mo0,C(SCN)2 0.021 0.206 0.976 39.39 39.35 19.27 0.770 0.185 78.92 89.84 14.83 7.27 7.26 7.27 326.65 1548.55
Mo2CBr, 0.014 0.141 0.968 22.76 23.29 16.24 0.827 0.127 85.45 90.34 13.43 2.96 9.36 3.03 250.67 543.83
Mo2CCl> 0.010 0.107 1.028 13.98 14.00 13.85 0.921 0.096 89.63 90.28 12.76 1.35 12.62 1.35 191.58 196.08
Mo2CF, 0.002 0.022 0.237 2.98 3.11 3.41 0.215 0.020 90.78 90.18 0.73 0.06 0.80 0.06 11.73 9.71
Mo2CF2 -(model4) 0.004 0.038 0.460 3.79 4.13 4.92 0.422 0.035 91.67 90.28 2.08 0.14 2.48 0.16 24.66 17.22
Mo2C0O> 0.003 0.031 0.344 5.56 5.65 6.20 0.313 0.028 90.96 90.06 1.94 0.16 2.13 0.16 38.86 31.97
Mo2CO> -(model4) 0.003 0.026 0.291 3.53 3.72 4.29 0.265 0.024 91.01 90.18 114 0.09 131 0.09 18.65 13.94
Mo,CrCN 0.005 0.052 0.784 6.68 6.89 10.65 0.733 0.047 93.39 90.30 7.80 0.32 12.06 0.33 117.92 47.61
Mo,CrCNO, 0.006 0.059 0.603 10.42 1158 12.28 0.544 0.053 90.24 90.35 6.68 0.62 7.09 0.68 151.91 135.64
Mo.CS; 0.047 0.464 1.410 56.65 54.16 17.22 0.947 0.417 67.12 89.93 16.30 22.58 5.18 21.59 222.18 2918.84
MoHf>C302 0.002 0.019 0.189 9.38 9.10 9.05 0.170 0.017 89.89 90.11 1.54 0.16 1.53 0.15 81.91 82.57
MozHfC 0.001 0.011 0.123 2.50 2.59 2.77 0.112 0.010 90.69 90.08 0.31 0.03 0.33 0.03 7.71 6.75
Mo;HfC20, 0.003 0.030 0.277 9.72 10.42 9.89 0.247 0.027 89.31 90.11 2.45 0.28 2.32 0.30 97.31 109.45
Mo;HfCN 0.003 0.028 0.354 5.39 5.38 7.16 0.327 0.025 92.19 90.30 2.34 0.13 3.11 0.13 52.75 28.98
Mo;HfCNO, 0.004 0.039 0.392 9.77 11.35 11.56 0.353 0.035 90.00 90.21 4.07 0.40 4.15 0.47 133.80 131.06
Mo2N 0.002 0.022 0.246 2.75 2.75 3.12 0.224 0.020 90.98 90.17 0.70 0.05 0.79 0.05 9.87 7.55
MozN(OH). 0.006 0.058 0.486 13.86 13.46 11.56 0.428 0.052 88.10 90.04 4.95 0.70 4.26 0.68 131.22 180.64
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Mo2Nb2Cs 0.003 0.026 0.340 4.78 4.95 6.55 0.314 0.024 92.32 90.23 2.06 0.12 2.73 0.12 44.13 24.56
MozNbC. 0.001 0.015 0.165 2.54 2.72 3.00 0.150 0.014 90.78 90.21 0.45 0.04 0.50 0.04 9.09 7.43
Mo.NbCN 0.004 0.038 0.515 5.63 6.42 8.49 0.477 0.034 92.59 90.27 4.05 0.22 5.35 0.25 74.04 41.86
Mo,NbCNO> 0.005 0.051 0.506 11.69 11.54 12.02 0.455 0.046 90.00 90.21 5.47 0.53 5.70 0.52 145.19 133.03
MozNF2 0.002 0.021 0.217 4.82 5.03 5.16 0.196 0.019 90.40 90.03 1.01 0.09 1.04 0.10 26.74 25.42
Mo2NO; 0.003 0.028 0.300 5.21 5.10 5.84 0.273 0.025 90.83 90.12 159 0.13 1.83 0.12 34.65 25.93
Mo2ScC; 0.002 0.019 0.203 2.70 2.73 3.09 0.185 0.017 90.81 90.07 0.57 0.05 0.64 0.05 9.65 7.47
Mo,ScC202 0.004 0.040 0.381 9.24 9.94 9.62 0.341 0.036 89.42 90.10 3.28 0.36 3.18 0.39 92.28 99.60
Mo,Ta,Cs 0.000 0.000 0.004 4.69 4.65 5.97 0.003 0.000 92.02 90.18 0.02 0.00 0.02 0.00 36.55 21.65
Mo,TaC 0.000 0.000 0.003 2.59 2.69 2.86 0.002 0.000 90.68 90.14 0.01 0.00 0.01 0.00 8.24 7.25
Mo,TaCN 0.000 0.001 0.009 5.68 5.79 7.94 0.008 0.001 92.58 90.29 0.06 0.00 0.09 0.00 64.97 33.64
Mo,TaCNO> 0.000 0.001 0.009 11.14 11.12 1141 0.008 0.001 90.08 90.25 0.09 0.01 0.10 0.01 130.55 123.62
Mo,Ti-Cs 0.004 0.038 0.533 5.29 5.64 7.96 0.495 0.034 92.87 90.30 3.94 0.19 5.56 0.21 65.50 32.08
Mo2Ti2C3(OH)1.5Fos 0.005 0.052 0.479 13.43 13.34 12.77 0.427 0.047 89.14 90.19 5.45 0.63 5.21 0.62 162.13 177.80
Mo,Ti2C3015Fos 0.003 0.032 0.356 7.22 7.63 8.75 0.324 0.029 91.07 90.19 2.84 0.22 3.25 0.23 77.60 58.52
Mo2Ti2C302 0.003 0.032 0.327 8.30 8.66 9.05 0.295 0.029 90.24 90.14 2.67 0.25 2.79 0.26 82.35 75.35
Mo,TiC, 0.002 0.019 0.208 3.06 2.94 3.22 0.189 0.017 90.91 90.10 0.61 0.05 0.67 0.05 10.48 8.59
Mo2TiC2(015Fos) 0.007 0.068 0.470 16.13 15.11 10.70 0.402 0.061 85.57 89.95 4.30 0.92 3.05 0.86 109.18 226.72
Mo,TiC2(OH). 0.007 0.073 0.541 17.55 18.38 13.54 0.468 0.066 86.45 89.99 6.33 121 4.66 1.27 176.02 339.44
Mo,TiCzF2 0.005 0.056 0.717 8.53 9.10 11.71 0.661 0.050 92.22 90.38 7.74 0.46 9.96 0.49 140.49 83.39
Mo:TiC20 0.004 0.042 0.415 9.27 9.59 9.60 0.374 0.038 89.94 90.10 3.59 0.36 3.59 0.37 92.24 92.34
Mo,TiCN 0.005 0.049 0.712 6.09 6.38 9.45 0.663 0.045 93.08 90.35 6.27 0.28 9.28 0.30 92.64 40.97
Mo,TiCNO> 0.006 0.058 0.592 11.63 11.86 11.99 0.534 0.053 90.13 90.26 6.40 0.63 6.46 0.64 143.90 141.03
MoV2Cs 0.004 0.037 0.520 5.73 5.64 8.04 0.483 0.034 92.84 90.23 3.88 0.19 5.54 0.19 66.88 31.72
Moz2VC2 0.002 0.019 0.206 3.07 2.89 3.25 0.187 0.017 90.92 90.21 0.61 0.05 0.69 0.05 10.70 8.30
Mo2VCN 0.005 0.049 0.705 5.95 6.44 9.59 0.657 0.044 93.09 90.34 6.30 0.28 9.37 0.31 95.37 41.85
Mo,VCNO; 0.006 0.057 0.583 11.34 11.40 12.03 0.527 0.051 90.28 90.18 6.33 0.58 6.68 0.59 145.45 130.12
Mo,Zr>C30, 0.003 0.027 0.260 9.01 9.03 9.03 0.233 0.024 89.76 90.15 2.11 0.22 2.11 0.22 81.59 81.48
Mo2ZrC, 0.001 0.015 0.162 2.63 2.58 2.89 0.147 0.014 90.74 90.14 0.43 0.03 0.48 0.03 8.45 6.63
Mo,ZrC,0. 0.004 0.039 0.397 9.83 9.52 9.94 0.358 0.035 90.14 90.18 3.56 0.34 371 0.33 99.18 90.32
Mo2ZrCN 0.004 0.037 0.482 5.43 5.63 7.58 0.445 0.033 92.38 90.25 3.37 0.19 4.55 0.19 59.19 31.78
Mo0,ZrCNO; 0.005 0.049 0.499 11.44 11.47 11.64 0.450 0.045 90.09 90.18 5.24 0.51 5.32 0.51 135.81 131.52
MosC> 0.003 0.029 0.359 4.99 5.06 6.47 0.331 0.026 91.98 90.23 2.14 0.13 2.74 0.13 42.91 25.60
MosC2(OH)2 0.000 0.004 0.036 3.79 3.45 3.24 0.032 0.003 89.46 89.88 0.10 0.01 0.10 0.01 10.44 11.75
MosCoF 0.002 0.021 0.195 7.79 8.38 8.15 0.174 0.019 89.23 89.96 1.42 0.16 1.38 0.17 66.25 70.75
MosC2H> 0.003 0.031 0.309 8.30 8.38 8.52 0.277 0.028 89.85 90.02 2.36 0.24 2.40 0.24 72.70 70.31
MosC.0> 0.004 0.045 0.397 12.92 13.20 11.88 0.352 0.041 88.63 90.13 4.18 0.54 3.76 0.55 139.35 174.73
MosCN 0.004 0.036 0.482 5.40 5.66 7.63 0.446 0.033 92.46 90.31 3.40 0.19 4.59 0.19 59.89 32.19
MosN: 0.002 0.017 0.199 3.94 3.75 4.40 0.182 0.016 91.22 90.18 0.80 0.06 0.94 0.06 19.68 13.99
MosN2(OH). 0.000 0.000 0.003 0.60 0.64 0.62 0.003 0.000 89.65 89.87 0.00 0.00 0.00 0.00 0.38 0.42
MosN2F2 0.002 0.017 0.157 7.88 8.19 7.79 0.140 0.015 89.20 89.96 1.09 0.12 1.04 0.13 60.39 67.42
MosN2H; 0.002 0.020 0.208 5.38 5.05 5.62 0.188 0.018 90.58 90.04 1.06 0.09 117 0.08 31.90 25.35
MosN20; 0.003 0.032 0.274 12.48 11.75 10.66 0.242 0.028 88.48 89.96 2.58 0.33 2.34 0.31 112.33 137.24
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Mo4Cs 0.003 0.028 0.366 4.83 5.02 6.83 0.339 0.025 92.42 90.26 231 0.13 3.15 0.13 48.07 25.32
Mo4C3(OH)2 0.003 0.028 0.242 10.61 10.42 9.29 0.214 0.025 88.62 90.01 1.99 0.26 177 0.25 85.04 108.39
Mo4CsF2 0.002 0.016 0.167 5.27 5.43 5.63 0.151 0.015 90.32 90.11 0.85 0.08 0.88 0.08 31.83 29.54
Mo4C302 0.002 0.025 0.266 7.69 7.60 8.40 0.241 0.023 90.60 90.19 2.02 0.17 2.23 0.17 71.36 57.74
MosNs 0.002 0.016 0.180 3.50 3.53 4.10 0.164 0.014 91.26 90.06 0.67 0.05 0.78 0.05 17.04 12.45
MosN3(OH). 0.002 0.021 0.199 6.57 6.89 6.77 0.179 0.019 89.68 90.05 121 0.13 119 0.13 45.69 47.74
MosNsF, 0.001 0.013 0.142 3.79 3.98 4.31 0.129 0.012 90.54 90.03 0.56 0.05 0.60 0.05 18.78 15.95
MosNsH: 0.001 0.010 0.103 4.32 4.40 4.58 0.093 0.009 90.15 90.15 0.42 0.04 0.44 0.04 21.07 19.45
Mo4N30; 0.002 0.018 0.195 4.66 4.73 5.36 0.178 0.016 90.97 90.11 0.95 0.08 1.08 0.08 29.09 22.39
MoCrC 0.003 0.028 0.304 2.09 2.21 2.39 0.276 0.026 90.69 90.15 0.66 0.06 071 0.06 5.75 4.92
MoCrCO: -(model4) 0.003 0.035 0.411 4.19 4.31 5.12 0.375 0.032 91.38 90.15 1.92 0.14 2.28 0.14 26.63 18.64
MowC 0.002 0.015 0.164 2.19 2.10 2.30 0.148 0.014 90.61 90.06 0.34 0.03 0.37 0.03 5.36 4.40
MoWC(NCO), 0.007 0.073 0.655 15.45 15.46 14.34 0.582 0.066 88.87 90.30 8.35 1.02 7.75 1.02 203.90 239.09
MoWC(OCN). 0.008 0.085 0.715 16.63 18.38 15.83 0.630 0.077 88.06 90.38 9.97 1.42 8.59 1.57 246.03 341.51
MoWC(SCN). 0.016 0.160 0.774 37.23 36.72 18.60 0.613 0.144 79.27 89.86 11.41 5.29 5.78 522 306.39 1346.02
MoWCCI, 0.009 0.093 0.937 14.32 14.97 15.54 0.844 0.084 90.04 90.46 13.12 1.26 13.62 1.32 242.50 225.08
MoWCF; 0.001 0.012 0.125 111 112 111 0.112 0.011 89.97 90.19 0.12 0.01 0.12 0.01 1.23 1.25
MoWCO,-(model2) 0.002 0.021 0.243 4.21 4.57 5.30 0.222 0.019 91.31 90.15 118 0.09 1.36 0.09 28.57 21.05
Nbo.4V16C 0.072 0.698 5.075 36.34 32.37 24.39 4.376 0.626 86.24 89.62 106.74 20.26 80.41 18.05 572.31 1035.00
NbogV12C 0.021 0.205 1.819 11.55 10.67 9.75 1.614 0.184 88.73 89.57 15.74 1.96 14.38 181 94.01 112.76
Nb12VosC 0.011 0.107 1.209 6.16 6.20 7.02 1.102 0.096 91.15 90.18 7.73 0.60 8.75 0.60 49.87 38.41
Nb1.3C 2.027 3.399 5.995 1214.01 205.51 36.33 2.596 1.372 43.31 40.37 94.33 282.02 | 16.68 47.74 635.30 18965.08
Nb16VosC 0.006 0.064 0.694 3.96 4.05 4.34 0.630 0.058 90.80 90.22 2.73 0.23 2.93 0.24 18.96 16.46
Nb,C 0.003 0.033 0.377 3.18 3.02 3.40 0.343 0.030 91.12 89.97 117 0.09 1.32 0.09 11.73 9.04
Nb2C(OH). 0.004 0.035 0.351 6.05 6.31 6.25 0.315 0.032 89.94 90.03 197 0.20 1.96 0.21 39.08 40.03
Nb,CF> 0.002 0.022 0.239 3.18 3.43 3.74 0.217 0.020 90.66 90.07 0.81 0.07 0.88 0.07 14.08 11.90
Nb2.CO2 0.003 0.032 0.363 4.45 4.44 5.13 0.331 0.029 91.20 90.14 170 0.13 1.96 0.13 26.70 19.72
Nb.CrCN 0.005 0.053 0.796 6.65 6.70 10.36 0.743 0.048 93.30 90.40 7.70 0.32 11.90 0.33 111.77 44.92
Nb2CrCNO; 0.006 0.058 0.558 11.94 12.80 12.43 0.500 0.052 89.66 90.19 6.22 0.67 6.04 0.71 154.08 165.25
NboHFCN 0.003 0.029 0.368 5.08 5.39 6.99 0.340 0.026 92.26 90.27 2.37 0.14 3.08 0.15 50.08 29.28
Nb,HfCNO> 0.004 0.036 0.343 11.96 11.15 11.01 0.307 0.032 89.55 90.08 3.38 0.36 3.34 0.34 120.98 123.33
Nb2MoCN 0.004 0.041 0.566 6.08 6.20 8.55 0.525 0.037 92.76 90.30 4.49 0.23 6.19 0.23 75.25 38.51
Nb2MoCNO» 0.005 0.048 0.458 12.24 1211 11.84 0.410 0.043 89.53 90.15 4.86 0.52 4.75 0.52 139.87 146.37
Nb2N 0.003 0.026 0.279 2.36 2.43 2.62 0.253 0.023 90.81 90.18 0.67 0.06 0.72 0.06 6.94 5.93
Nb2N(OH)2 0.005 0.047 0.425 9.51 10.09 9.36 0.378 0.042 88.95 90.04 3.53 0.43 3.28 0.45 86.82 102.45
Nb>NF, 0.002 0.021 0.217 3.40 3.15 3.44 0.196 0.019 90.40 89.94 0.68 0.06 0.74 0.05 11.94 9.85
Nb2NH. 0.002 0.015 0.156 3.16 3.30 3.36 0.140 0.014 90.12 90.06 0.47 0.05 0.48 0.05 11.32 10.94
NbNO2 0.003 0.028 0.320 3.36 3.90 4.46 0.292 0.026 91.12 90.32 1.30 0.10 1.49 0.12 20.22 15.43
Nb2Ta.Cs 0.000 0.000 0.004 0.04 0.04 0.05 0.003 0.000 91.96 90.22 0.00 0.00 0.00 0.00 0.00 0.00
Nb,TaCN 0.000 0.001 0.009 5.97 5.89 8.16 0.008 0.001 92.61 90.29 0.07 0.00 0.10 0.00 68.70 34.61
Nb,TaCNO2 0.000 0.001 0.009 11.79 11.62 11.72 0.008 0.001 89.74 90.15 0.09 0.01 0.09 0.01 137.48 134.85
Nb.TiCN 0.005 0.050 0.718 5.97 6.16 9.17 0.668 0.045 93.03 90.30 6.12 0.28 9.11 0.29 87.23 38.03
Nb2TiCNO; 0.006 0.058 0.547 12.36 13.08 12.56 0.489 0.053 89.33 90.19 6.14 0.69 5.90 0.73 156.92 172.11
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Nb2VCN 0.005 0.049 0.696 5.96 6.32 9.07 0.646 0.044 92.93 90.36 5.86 0.28 8.42 0.30 85.10 40.17
Nb2VCNO, 0.005 0.055 0.535 12.12 11.92 11.97 0.480 0.050 89.69 90.29 5.74 0.59 5.77 0.58 143.29 141.94
NboW2Cs 0.002 0.020 0.267 303.98 317.45 431.91 0.247 0.018 92.59 90.27 106.71 5.67 145.18 5.92 192095.67 101259.50
Nb2Zr.Cs 0.003 0.027 0.336 7.03 7.08 9.05 0.310 0.024 92.11 90.23 2.80 0.17 3.58 0.17 83.87 50.15
Nb2ZrCN 0.004 0.038 0.501 5.24 5.35 7.45 0.463 0.034 92.41 90.25 3.45 0.18 4.80 0.19 57.29 28.65
Nb2ZrCNO, 0.004 0.044 0.425 11.03 10.85 10.92 0.381 0.040 89.63 90.07 4.16 0.43 4.18 0.42 119.30 117.48
NbsCa 0.003 0.031 0.372 5.33 5.63 6.72 0.341 0.028 91.71 90.12 2.29 0.16 2.74 0.17 45.94 31.92
NbsC2(OH). 0.003 0.025 0.228 3.66 3.54 3.31 0.203 0.023 88.94 89.87 0.67 0.08 0.63 0.08 10.90 12.49
NbsC2F2 0.002 0.021 0.218 8.71 8.33 8.47 0.196 0.019 90.12 90.04 1.66 0.16 1.69 0.15 71.85 69.02
NbsCzH: 0.001 0.015 0.145 4.06 4.30 4.24 0.130 0.013 89.72 90.04 0.55 0.06 0.55 0.06 17.97 18.62
NbsC202 0.004 0.036 0.367 12.25 13.07 12.80 0.330 0.032 90.17 90.13 4.23 0.42 4.14 0.45 163.41 172.04
NbsCN 0.004 0.037 0.491 8.83 9.00 11.98 0.453 0.034 92.36 90.30 5.43 0.30 7.22 0.31 147.50 81.12
NbsCNO> 0.005 0.047 0.456 11.65 11.82 11.64 0.409 0.043 89.62 90.19 4.76 0.50 4.69 0.51 135.14 139.85
NbsN; 0.002 0.018 0.202 2.49 2.59 2.99 0.184 0.016 91.08 90.03 0.55 0.04 0.63 0.04 9.10 6.76
NbsN2(OH). 0.000 0.001 0.009 0.16 0.18 0.17 0.008 0.001 89.57 90.50 0.00 0.00 0.00 0.00 0.03 0.03
NbsNzF2 0.002 0.017 0.163 23.72 24.52 21.90 0.145 0.016 89.30 89.91 3.18 0.38 2.84 0.40 473.76 603.56
NbsNzH. 0.002 0.018 0.176 7.42 8.27 7.89 0.158 0.016 89.85 90.05 1.25 0.13 1.19 0.15 61.90 69.29
NbsN20, 0.003 0.030 0.300 9.55 10.21 10.05 0.270 0.027 89.98 90.11 2.71 0.28 2.67 0.30 100.76 105.11
Nb4Cs 0.002 0.024 0.297 6.42 6.65 8.41 0.273 0.022 91.89 90.27 2.30 0.14 2.91 0.15 72.50 44.42
Nb4C3(OH). 0.002 0.023 0.195 4.26 4.23 3.74 0.173 0.020 88.44 90.03 0.65 0.09 0.57 0.09 13.80 17.88
Nb4CsF2 0.002 0.017 0.170 8.07 8.89 8.64 0.153 0.016 89.78 89.95 1.32 0.14 1.28 0.15 74.39 79.96
Nb4CsH: 0.001 0.012 0.123 4.84 4.80 4.90 0.111 0.011 89.98 90.04 0.54 0.05 0.55 0.05 24.04 22.97
Nb4C302 0.003 0.028 0.287 10.73 11.22 11.71 0.260 0.025 90.38 90.19 3.04 0.28 3.17 0.29 137.81 126.63
Nb4N3 0.002 0.017 0.191 4.75 5.08 5.81 0.174 0.015 91.12 90.16 1.01 0.08 1.16 0.08 34.29 26.00
NbsNs(OH). 0.002 0.022 0.206 4.39 4.45 4.14 0.183 0.020 89.06 90.00 0.76 0.09 0.70 0.09 16.97 19.87
NbaN3F2 0.001 0.014 0.147 5.13 5.13 5.59 0.133 0.013 90.37 90.18 0.74 0.07 0.81 0.07 31.55 26.37
NbaN302 0.002 0.021 0.228 6.88 6.91 7.56 0.207 0.019 90.66 90.20 1.57 0.13 1.71 0.13 57.74 47.81
NbsC4(OH). 0.000 0.002 0.021 0.64 0.66 0.62 0.019 0.002 89.51 89.87 0.01 0.00 0.01 0.00 0.39 0.43
NbsCa4F2 0.001 0.014 0.131 16.88 17.21 16.37 0.117 0.012 89.61 90.02 1.92 0.21 1.83 0.21 266.54 296.90
NbsC402 0.002 0.022 0.225 10.70 11.18 11.26 0.202 0.020 90.04 90.13 2.28 0.23 2.29 0.24 126.82 125.69
NbCrN(NCO). 0.017 0.173 1.049 67.12 70.57 43.85 0.875 0.157 83.46 90.25 38.38 11.05 23.85 11.61 1788.73 5008.24
NbCrN(NCS), 0.447 1.062 1.310 674.34 165.27 20.97 0.248 0.615 18.91 57.93 5.20 101.70 | 0.66 24.92 92.73 17641.13
NbCrN(OCN). 0.013 0.133 1.096 13.66 14.34 12.28 0.963 0.120 87.90 90.42 11.82 1.72 10.12 1.81 147.83 206.84
NbCrN(SCN)2 0.028 0.273 1.123 38.25 38.74 15.99 0.849 0.245 75.64 89.68 13.57 9.50 5.60 9.62 214.91 1503.12
NbCrNBr2 0.019 0.203 1.182 29.19 32.32 19.73 0.978 0.184 82.80 90.71 19.30 5.96 11.78 6.60 360.11 1056.11
NbCrNCl, 0.014 0.148 1.498 19.67 20.67 21.71 1.350 0.134 90.14 90.56 29.31 2.76 30.79 2.90 474.01 429.51
NbCrNF; 0.003 0.032 0.372 3.54 3.43 4.00 0.340 0.029 91.36 89.94 1.36 0.10 1.58 0.10 16.22 11.70
NbMoN(NCO). 0.008 0.087 0.818 9.36 9.81 9.51 0.731 0.079 89.32 90.38 6.95 0.77 6.73 0.81 90.02 96.71
NbMoN(NCS), 0.182 0.858 1.252 299.65 140.89 21.05 0.394 0.676 31.46 78.81 8.29 95.24 1.24 44.78 155.32 17376.04
NbMoN(OCN). 0.000 0.000 0.001 0.01 0.01 0.01 0.001 0.000 89.71 89.28 0.00 0.00 0.00 0.00 0.00 0.00
NbMoN(SCN). 0.023 0.227 0.997 402.91 431.93 188.75 0.770 0.204 77.24 89.79 145.42 88.02 63.55 94.36 30557.64 188100.72
NbMoNBr2 0.014 0.151 1.046 26.26 28.20 20.07 0.894 0.137 85.51 90.56 17.95 3.87 12.78 4.15 384.25 801.49
NbMoNCI, 0.011 0.111 1.204 16.21 17.26 19.36 1.093 0.100 90.80 90.45 21.17 1.73 23.75 1.84 379.59 299.87

98




NbMoN(CN). 0.005 0.049 0.584 5.51 5.89 7.42 0.535 0.044 91.68 90.26 3.97 0.26 5.01 0.28 56.45 34.93
NbMoNF 0.003 0.029 0.337 4.18 4.19 4.95 0.308 0.026 91.41 90.11 1.52 0.11 1.80 0.11 24.97 17.59
NbWN(NCO). 0.007 0.069 0.640 9.82 8.76 8.46 0.571 0.062 89.25 90.30 4.83 0.54 4.67 0.49 71.33 75.87
NbWN(NCS). 0.147 0.679 0.981 327.36 146.95 21.82 0.302 0.532 30.80 78.38 6.59 78.17 0.98 35.09 163.45 18745.27
NbWN(OCN)2 0.007 0.077 0.694 11.43 11.47 11.01 0.617 0.070 88.90 90.37 6.79 0.80 6.52 0.80 120.54 131.49
NbWN(SCN). 0.017 0.170 0.790 38.70 35.86 17.05 0.621 0.153 78.52 89.95 10.58 5.48 5.03 5.07 254.14 1275.48
NbWNBr2 0.013 0.133 0.845 27.66 29.43 19.08 0.712 0.120 84.28 90.58 13.59 3.54 8.81 3.77 341.60 871.90
NbWNCI, 0.008 0.088 0.916 16.71 17.00 18.19 0.827 0.080 90.35 90.53 15.05 1.36 16.10 1.38 333.23 289.58
NbWN(CN), 0.003 0.028 0.335 4.34 4.73 5.59 0.306 0.026 91.53 90.23 171 0.12 2.02 0.13 31.78 22.56
NbWNF 0.002 0.022 0.253 3.54 3.80 4.45 0.231 0.020 91.37 90.27 1.03 0.07 121 0.08 20.17 1455
Sc.C 0.004 0.041 0.433 7.12 6.57 7.20 0.392 0.037 90.48 90.13 2.82 0.24 3.09 0.23 52.37 42.79
Sc2C(CN)2 0.006 0.061 0.687 2.60 2.84 3.26 0.626 0.055 91.11 90.22 2.04 0.16 2.34 0.17 10.76 8.12
Sc2C(NCO)2 0.014 0.147 1.181 17.31 18.02 14.81 1.033 0.133 87.51 90.20 15.30 2.40 12.57 2.49 213.76 326.23
Sc2C(NCS). 0.186 1.086 1.773 1056.13 550.02 89.51 0.686 0.900 38.72 82.88 61.42 495.16 | 10.00 257.87 | 3445.34 275270.11
Sc2C(OCI)2 0.018 0.197 1.749 20.33 2151 19.16 1.552 0.178 88.76 90.66 29.75 3.83 26.51 4.06 362.22 465.34
Sc2C(OCN). 0.019 0.195 1.243 24.40 24.77 16.02 1.048 0.175 84.34 90.06 16.79 4.34 10.86 4.41 240.79 614.64
Sc2C(OH). 0.005 0.049 0.491 22.16 21.05 20.44 0.441 0.044 89.95 90.03 9.02 0.93 8.76 0.89 416.31 440.61
Sc2C(SCN). 0.022 0.220 1.463 21.64 23.20 15.62 1.242 0.199 84.93 90.22 19.41 4.62 13.07 4.95 230.75 542.65
Sc2CBr2 0.013 0.139 1.253 15.19 16.53 15.21 1.114 0.126 88.87 90.32 16.94 2.08 15.59 2.27 229.10 275.99
Sc2CCl2 0.016 0.164 1.626 19.84 18.92 18.94 1.462 0.148 89.90 90.30 27.68 2.81 27.71 2.68 358.74 356.12
Sc.CF2 0.003 0.034 0.364 2.83 2.75 3.04 0.330 0.031 90.55 90.00 1.00 0.08 111 0.08 9.32 7.51
Sc2CF2 -(model2) 0.005 0.051 0.584 4.57 4.49 5.23 0.534 0.046 91.35 90.17 2.79 0.20 3.25 0.20 27.74 20.11
Sc2CF2 -(model3) 0.006 0.057 0.656 4.55 4.56 5.41 0.599 0.051 91.32 90.12 3.24 0.23 3.85 0.23 29.78 20.76
Sc2CF2 -(model4) 0.007 0.070 0.858 4.40 4.41 5.50 0.787 0.063 91.79 90.16 4.33 0.28 5.40 0.28 30.97 19.50
Sc2CO: -(model3) 0.006 0.058 0.660 3.45 3.54 4.06 0.602 0.052 91.28 90.01 2.44 0.18 2.80 0.19 16.70 12.60
Sc2CO2 -(model4) 0.005 0.046 0.517 2.94 3.03 3.30 0.471 0.042 91.03 90.18 1.55 0.13 1.69 0.13 10.96 9.22
SceN 0.003 0.031 0.319 2.54 2.40 2.63 0.288 0.028 90.39 90.11 0.76 0.07 0.83 0.06 7.00 5.75
Sc2N(OH). 0.005 0.047 0.477 2.61 2.61 2.64 0.430 0.042 90.18 89.98 1.13 0.11 114 0.11 6.95 6.81
ScaNF2 0.003 0.029 0.306 3.16 3.10 3.22 0.276 0.027 90.37 90.28 0.89 0.08 0.92 0.08 10.40 9.59
ScoNF2 -(model3) 0.006 0.059 0.692 5.59 5.70 6.80 0.634 0.053 91.51 90.03 4.31 0.30 5.14 0.31 47.12 32.61
ScoNF2 -(model4) 0.005 0.047 0.536 3.04 3.08 3.55 0.489 0.042 91.27 90.20 1.74 0.13 2.00 0.13 12.79 9.50
SceNO, 0.004 0.044 0.482 3.51 3.53 3.87 0.439 0.040 90.88 90.10 1.70 0.14 1.86 0.14 15.12 12.50
Sc2NO2 -(model2) 0.005 0.047 0.512 3.73 3.78 4.27 0.466 0.042 90.91 90.14 1.99 0.16 2.25 0.16 18.48 14.34
ScsCa 0.004 0.035 0.383 3.40 3.57 3.97 0.348 0.032 90.81 90.06 1.38 0.11 1.54 0.12 15.97 12.78
ScsC2(OH). 0.004 0.035 0.325 2.71 2.69 2.57 0.290 0.031 89.28 89.89 0.75 0.08 0.71 0.08 6.59 7.23
ScsCaBr2 0.002 0.023 0.228 4.74 4.45 4.51 0.205 0.021 89.85 89.91 0.92 0.09 0.94 0.09 20.36 19.66
ScsCoF2 0.003 0.031 0.308 8.39 8.72 8.71 0.278 0.028 90.06 89.94 2.42 0.24 2.42 0.25 75.94 76.45
ScsC20: 0.005 0.050 0.556 7.75 8.53 9.55 0.507 0.045 91.03 90.23 4.84 0.38 5.41 0.42 92.26 73.54
ScsN2 0.002 0.023 0.245 2.38 2.39 2.57 0.222 0.021 90.56 90.06 0.57 0.05 0.62 0.05 6.68 5.71
ScsN2(OH)2 0.003 0.034 0.310 3.31 3.18 2.98 0.277 0.030 89.18 90.00 0.83 0.10 0.77 0.09 8.84 10.06
ScsNoF2 0.002 0.025 0.255 5.81 5.67 5.85 0.229 0.023 90.07 90.12 1.34 0.13 1.39 0.13 34.40 32.06
ScsN202 0.004 0.039 0.408 6.75 6.90 7.33 0.369 0.035 90.43 90.06 2.70 0.24 2.87 0.25 54.04 47.68
ScaCs 0.003 0.034 0.374 4.92 4.82 5.31 0.340 0.031 90.87 90.19 1.80 0.15 1.99 0.15 28.46 23.14
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Sc4C3(OH). 0.003 0.030 0.275 2.89 2.84 2.63 0.245 0.027 88.97 89.96 0.64 0.08 0.60 0.08 6.85 8.03
ScaCsFe 0.003 0.027 0.272 6.51 6.98 7.14 0.245 0.024 90.15 90.03 1.75 0.17 1.79 0.18 51.03 49.12
Sc4C30: 0.004 0.041 0.435 7.97 8.21 8.89 0.393 0.037 90.46 90.08 3.50 031 3.78 0.32 79.71 67.66
ScaNs 0.002 0.019 0.198 3.22 3.29 3.42 0.179 0.017 90.59 90.06 0.61 0.06 0.64 0.06 11.73 10.83
ScaN3(OH)2 0.003 0.033 0.301 3.98 4.01 3.62 0.268 0.030 88.92 89.99 0.97 0.12 0.87 0.12 12.93 16.07
ScaNsF2 0.002 0.021 0.217 5.15 4.88 5.24 0.195 0.019 90.28 90.03 1.02 0.09 110 0.09 27.66 23.66
ScaN3O2 0.003 0.031 0.329 6.32 6.25 6.79 0.298 0.028 90.49 90.07 2.02 0.18 2.20 0.17 46.56 39.06
ScCrC(OCN). 0.015 0.159 1.351 26.80 27.21 24.07 1.193 0.144 88.25 90.39 28.71 3.91 25.39 3.97 570.64 741.68
ScCrC(OH). 0.007 0.068 0.718 7.04 7.56 8.22 0.651 0.061 90.60 90.19 5.35 0.46 5.82 0.49 68.27 57.56
ScCrCF 0.004 0.041 0.465 4.17 4.40 5.01 0.424 0.037 91.22 90.16 212 0.16 2.42 0.17 25.47 19.46
ScHFN(SCN). 0.015 0.152 0.881 13.45 13.62 7.76 0.729 0.137 82.70 89.92 5.65 187 3.22 1.89 55.20 185.66
ScHfNO, 0.002 0.024 0.268 5.05 4.95 5.68 0.244 0.021 91.09 90.12 1.38 0.11 1.58 0.10 32.68 24.49
ScNbCO> 0.004 0.036 0.400 5.53 5.72 6.37 0.364 0.032 91.01 90.12 2.32 0.19 2.58 0.19 41.06 32.81
ScTaCO: 0.000 0.000 0.005 0.05 0.04 0.05 0.004 0.000 91.24 90.07 0.00 0.00 0.00 0.00 0.00 0.00
ScTiNO: 0.004 0.041 0.455 387.20 396.56 449.80 0.414 0.037 91.06 89.90 186.39 14.50 21141 14.85 205022.11 157684.37
ScVCO2 0.004 0.043 0.468 3.70 3.97 4.46 0.426 0.038 90.90 90.19 1.90 0.15 2.14 0.16 20.18 15.88
SCcYC(CN). 0.005 0.049 0.528 4.65 4.40 4.70 0.479 0.044 90.73 90.17 2.25 0.19 2.41 0.18 22.23 19.22
ScYC(NCO). 0.009 0.091 0.927 9.36 9.65 9.98 0.836 0.082 90.17 90.30 8.34 0.79 8.63 0.82 99.93 93.49
SCYC(NCS). 0.085 0.687 1.582 99.09 86.34 19.94 0.895 0.602 56.56 87.63 17.84 52.01 4.12 45.32 249.86 7320.96
ScYC(OCI). 0.010 0.101 1.176 11.15 11.86 14.14 1.075 0.091 91.43 90.29 15.21 1.08 18.13 1.15 203.67 141.64
ScYC(OCN), 0.011 0.108 1.040 11.22 11.54 11.30 0.932 0.098 89.60 90.25 10.53 1.13 10.31 1.16 127.40 133.51
ScYC(OH). 0.005 0.046 0.465 5.73 5.97 6.16 0.419 0.041 90.16 90.09 2.59 0.25 2.67 0.26 38.14 35.81
ScYC(SCN). 0.019 0.192 1.245 22.99 24.06 15.62 1.053 0.173 84.57 89.98 16.45 4.16 10.68 4.35 229.41 581.82
ScYCBr, 0.013 0.131 1.080 18.68 20.00 16.25 0.949 0.118 87.89 90.24 15.42 2.36 12.53 2.53 257.27 403.23
ScYCClz 0.010 0.105 1.148 13.31 14.26 15.72 1.042 0.095 90.81 90.34 16.38 1.36 18.06 1.46 249.65 204.81
ScYCF. 0.004 0.038 0.425 3.50 3.62 4.09 0.387 0.034 91.10 90.05 1.58 0.12 1.79 0.13 16.98 13.16
SCZrN(SCN). 0.023 0.229 1.208 21.43 21.71 11.37 0.979 0.206 81.05 89.96 11.13 4.47 5.83 4.53 116.36 472.08
ScZrNO, 0.004 0.036 0.408 5.39 5.54 6.44 0.372 0.033 91.17 90.15 2.40 0.18 2.79 0.19 42.14 30.76
Ta,C 0.000 0.000 0.002 0.02 0.02 0.03 0.002 0.000 91.41 90.13 0.00 0.00 0.00 0.00 0.00 0.00
Ta,C(OH). 0.000 0.000 0.003 5.12 5.20 4.95 0.003 0.000 89.17 90.05 0.01 0.00 0.01 0.00 24.32 27.13
Ta:CF2 0.000 0.000 0.002 4.42 4.68 5.17 0.002 0.000 90.71 90.02 0.01 0.00 0.01 0.00 27.00 22.05
Ta,CO2 0.000 0.000 0.003 5.09 5.11 5.93 0.002 0.000 91.23 90.18 0.01 0.00 0.02 0.00 35.71 26.11
Ta,CrCN 0.000 0.000 0.005 6.11 5.97 8.39 0.004 0.000 92.82 90.30 0.04 0.00 0.05 0.00 72.71 35.56
Ta,CrCNO> 0.000 0.000 0.004 1141 10.74 11.00 0.003 0.000 89.76 90.14 0.04 0.00 0.04 0.00 121.36 114.63
Ta;HfCN 0.000 0.000 0.003 4.80 4.79 6.05 0.003 0.000 91.88 90.23 0.02 0.00 0.02 0.00 37.47 22.98
Ta;HfCNO> 0.000 0.000 0.003 9.56 10.04 9.79 0.003 0.000 89.52 90.16 0.03 0.00 0.03 0.00 95.65 101.46
Ta;MoCN 0.000 0.000 0.004 5.31 5.46 7.31 0.004 0.000 92.39 90.23 0.03 0.00 0.04 0.00 54.95 29.91
TazMoCNO, 0.000 0.000 0.004 10.55 10.67 10.54 0.003 0.000 89.65 90.16 0.03 0.00 0.03 0.00 110.92 113.98
Ta:N 0.000 0.000 0.002 3.49 3.59 4.05 0.002 0.000 91.05 90.13 0.01 0.00 0.01 0.00 16.60 12.90
TazN(OH). 0.000 0.000 0.003 5.56 5.77 5.20 0.003 0.000 88.57 90.06 0.01 0.00 0.01 0.00 26.68 33.48
Ta:NbCN 0.000 0.000 0.004 5.24 5.34 7.16 0.004 0.000 92.30 90.36 0.03 0.00 0.04 0.00 52.76 28.56
TazNbCNO: 0.000 0.000 0.004 10.64 10.24 10.27 0.003 0.000 89.72 90.18 0.03 0.00 0.03 0.00 105.44 104.51
TazNF, 0.000 0.000 0.002 4.97 5.04 5.54 0.001 0.000 90.35 90.09 0.01 0.00 0.01 0.00 30.99 25.39

100




TaNH: 0.000 0.000 0.001 2.95 2.94 3.02 0.001 0.000 90.13 90.03 0.00 0.00 0.00 0.00 9.13 8.62
Ta:NO; 0.000 0.000 0.002 4.74 4.61 5.24 0.002 0.000 91.17 90.22 0.01 0.00 0.01 0.00 27.86 21.18
Ta;TiCN 0.000 0.000 0.004 5.43 5.66 7.64 0.004 0.000 92.50 90.26 0.03 0.00 0.04 0.00 60.05 32.19
Ta;TiCNO; 0.000 0.000 0.004 12.24 11.45 10.73 0.003 0.000 89.33 90.12 0.03 0.00 0.03 0.00 114.27 130.25
Ta;VCN 0.000 0.000 0.004 5.20 5.64 7.45 0.004 0.000 92.47 90.31 0.03 0.00 0.04 0.00 56.94 32.11
TaVCNO, 0.000 0.000 0.004 10.87 10.09 10.28 0.003 0.000 89.88 90.10 0.03 0.00 0.03 0.00 106.02 100.95
Ta,ZrCN 0.000 0.000 0.004 5.59 5.08 6.47 0.003 0.000 92.01 90.23 0.02 0.00 0.03 0.00 42.89 25.53
Ta:ZrCNO, 0.000 0.000 0.003 10.14 10.06 10.02 0.003 0.000 89.68 90.18 0.03 0.00 0.03 0.00 100.31 101.22
TasCs 0.000 0.000 0.003 4.44 4.39 5.71 0.002 0.000 92.16 90.26 0.01 0.00 0.02 0.00 33.51 19.24
TasC2(OH)2 0.000 0.000 0.001 2.72 2.61 2.43 0.001 0.000 89.14 89.82 0.00 0.00 0.00 0.00 5.87 6.76
TazCoF2 0.000 0.000 0.001 12.32 12.21 11.63 0.001 0.000 89.50 89.97 0.01 0.00 0.01 0.00 134.55 148.83
TasCoH2 0.000 0.000 0.001 3.43 3.35 3.30 0.001 0.000 89.68 89.77 0.00 0.00 0.00 0.00 10.90 11.18
TazC202 0.000 0.000 0.002 16.65 16.74 16.99 0.002 0.000 90.14 90.19 0.04 0.00 0.04 0.00 289.24 280.29
TasCN 0.000 0.000 0.002 6.44 6.48 7.98 0.002 0.000 91.67 90.14 0.02 0.00 0.02 0.00 65.11 41.95
TasCNO> 0.000 0.000 0.002 10.26 10.18 10.11 0.002 0.000 89.65 90.02 0.02 0.00 0.02 0.00 102.03 103.62
TasN2 0.000 0.000 0.001 3.19 3.33 3.91 0.001 0.000 91.34 90.15 0.01 0.00 0.01 0.00 15.57 11.13
TasN2(OH). 0.000 0.000 0.000 0.03 0.03 0.03 0.000 0.000 89.62 90.76 0.00 0.00 0.00 0.00 0.00 0.00
TasNaF2 0.000 0.000 0.001 36.59 40.73 37.83 0.001 0.000 89.18 89.97 0.04 0.00 0.03 0.00 1418.48 1680.04
TasN2H2 0.000 0.000 0.001 5.67 5.34 5.24 0.001 0.000 89.67 89.88 0.00 0.00 0.00 0.00 27.35 28.28
TazN20. 0.000 0.000 0.002 13.29 13.46 13.66 0.002 0.000 89.72 90.09 0.03 0.00 0.03 0.00 186.92 181.49
TasCs 0.000 0.000 0.002 7.00 7.25 9.46 0.002 0.000 92.48 90.29 0.02 0.00 0.02 0.00 91.81 52.75
TasC3(OH)2 0.000 0.000 0.002 5.94 6.00 4.98 0.001 0.000 87.88 89.95 0.01 0.00 0.01 0.00 24.25 35.98
TasCsF2 0.000 0.000 0.001 8.36 8.95 8.96 0.001 0.000 89.72 90.07 0.01 0.00 0.01 0.00 80.35 80.72
TasCsH2 0.000 0.000 0.001 3.67 3.88 3.89 0.001 0.000 89.83 90.05 0.00 0.00 0.00 0.00 15.15 15.17
TasCs02 0.000 0.000 0.002 12.77 14.12 14.63 0.002 0.000 90.73 90.17 0.03 0.00 0.03 0.00 214.96 201.76
TasNs 0.000 0.000 0.001 5.07 5.13 6.16 0.001 0.000 91.46 90.11 0.01 0.00 0.01 0.00 38.68 26.36
TasNs3(OH). 0.000 0.000 0.001 5.41 5.12 4.71 0.001 0.000 89.02 89.97 0.01 0.00 0.01 0.00 21.98 26.10
TasNsF2 0.000 0.000 0.001 5.52 5.36 5.85 0.001 0.000 90.36 90.12 0.01 0.00 0.01 0.00 34.60 28.65
TasNsH2 0.000 0.000 0.001 2.93 2.85 2.94 0.001 0.000 90.01 89.94 0.00 0.00 0.00 0.00 8.66 8.12
TasN3O2 0.000 0.000 0.002 10.06 10.88 11.79 0.001 0.000 90.78 90.27 0.02 0.00 0.02 0.00 140.19 119.44
TaCrN(OCN), 0.000 0.002 0.014 71.05 73.26 65.21 0.012 0.001 88.70 90.36 0.81 0.10 0.72 0.11 4193.24 5384.41
TaCrN(SCN). 0.000 0.004 0.018 38.64 37.36 19.10 0.014 0.003 79.15 89.95 0.27 0.12 0.14 0.12 323.29 1390.37
TaCrNBr2 0.000 0.004 0.020 36.51 37.34 20.49 0.016 0.003 81.28 90.45 0.33 0.13 0.18 0.13 380.28 1397.85
TaCrNClz 0.000 0.002 0.017 15.60 16.27 14.95 0.015 0.002 88.61 90.48 0.23 0.03 0.21 0.03 221.33 265.75
TaCrNF, 0.000 0.000 0.004 3.18 3.03 3.53 0.004 0.000 91.18 90.10 0.01 0.00 0.01 0.00 12.64 9.12
TaMoN(NCO). 0.000 0.001 0.012 12.50 12.86 12.38 0.011 0.001 89.71 90.22 0.13 0.01 0.13 0.01 152.71 166.03
TaMoN(NCS). 0.002 0.014 0.022 260.51 141.88 23.68 0.008 0.011 37.39 82.53 0.20 1.62 0.03 0.88 234.10 18360.42
TaMoN(SCN). 0.000 0.002 0.014 15.96 15.64 10.08 0.011 0.002 83.91 89.91 0.12 0.03 0.07 0.03 95.20 244.12
TaMoNBr2 0.000 0.003 0.020 39.83 40.82 29.87 0.017 0.003 85.82 90.44 0.51 0.10 0.37 011 854.43 1670.55
TaMoNClI, 0.000 0.002 0.017 11.93 12.69 13.56 0.015 0.001 90.45 90.43 0.20 0.02 0.22 0.02 185.10 162.14
TaMoNF; 0.000 0.000 0.004 3.24 3.17 3.79 0.004 0.000 91.30 90.13 0.02 0.00 0.02 0.00 14.64 10.02
TaWN(CN). 0.000 0.001 0.006 4.96 4.93 5.76 0.006 0.000 91.13 90.25 0.03 0.00 0.04 0.00 33.68 24.32
TaWN(NCO). 0.000 0.001 0.012 12.15 11.93 11.66 0.011 0.001 89.76 90.24 0.13 0.01 0.12 0.01 135.66 142.13
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TaWNBr, 0.000 0.003 0.020 29.91 31.79 21.41 0.017 0.003 85.18 90.51 0.37 0.09 0.25 0.09 433.85 1017.24
TaWNCI2 0.000 0.002 0.017 14.86 15.00 14.36 0.015 0.002 89.08 90.48 0.22 0.03 0.21 0.03 205.04 225.27
Tio4Nb16C 0.009 0.088 1.126 678.36 738.93 969.86 1.037 0.080 92.16 90.23 1005.99 | 58.85 1320.39 | 64.11 966327.31 551337.84
TiosNb12C 0.013 0.136 2.292 9.92 10.65 18.11 2.156 0.123 94.07 90.43 39.04 1.31 66.37 141 343.06 114.37
Ti12NbosC 0.031 0.330 3.334 24.29 27.18 27.60 3.004 0.299 90.09 90.54 82.89 8.13 84.17 9.10 762.90 748.04
Ti1sNbosC 0.008 0.078 0.823 5.42 5.77 6.20 0.745 0.070 90.55 90.10 4.62 0.40 4.96 0.43 38.70 33.57
Ti1eNbo4C 0.016 0.161 1.387 8.68 8.72 7.44 1.226 0.144 88.42 89.80 9.13 1.26 7.79 1.26 54.35 76.03
Ti1CoF2 0.003 0.031 0.246 1.48 1.45 1.14 0.214 0.028 87.20 89.84 0.24 0.04 0.19 0.04 1.25 2.10
TioNoF2 0.002 0.017 0.157 8.52 8.86 8.73 0.140 0.015 89.29 90.08 1.23 0.13 121 0.14 76.08 78.89
Ti:C 0.004 0.042 0.445 23.52 25.30 28.08 0.404 0.038 90.63 90.22 11.33 0.95 12.57 1.02 797.32 645.28
Ti2C(OH). 0.006 0.059 0.600 3.39 3.31 3.26 0.540 0.053 90.11 90.04 176 0.18 173 0.17 10.61 10.93
TioCCl, 0.002 0.024 0.246 2.52 2.59 2.84 0.223 0.021 90.44 89.94 0.63 0.05 0.69 0.06 8.14 6.71
Ti.CF2 0.003 0.031 0.328 4.12 3.80 4.09 0.297 0.028 90.56 90.06 122 011 131 0.10 16.86 14.34
Ti2CF2-(model2) 0.006 0.061 0.765 6.48 6.34 8.02 0.704 0.055 91.98 90.25 5.65 0.35 7.15 0.34 65.90 40.06
Ti2CF2-(model3) 0.007 0.067 0.832 5.57 5.26 6.55 0.765 0.061 91.90 90.21 5.01 0.32 6.24 0.30 43.85 27.45
Ti2CF2-(model4) 0.010 0.101 1.408 7.07 6.98 9.86 1.306 0.092 92.80 90.31 12.88 0.64 18.21 0.63 100.53 48.64
Ti2COo.11F1.89 0.004 0.041 0.472 2.49 2.49 2.87 0.431 0.037 91.27 90.08 1.24 0.09 1.43 0.09 8.36 6.21
Ti2C00.44F1.56 0.005 0.046 0.529 4.30 4.28 5.06 0.484 0.041 91.38 90.11 2.45 0.18 2.89 0.18 26.08 18.34
Ti2COo67F 133 0.005 0.046 0.537 4.07 4.29 5.11 0.491 0.041 91.43 90.21 2.51 0.18 2.99 0.19 26.57 18.51
Ti2COo.89F1.11 0.005 0.050 0.587 4.74 4.80 5.58 0.538 0.045 91.57 90.07 3.00 0.21 3.48 0.22 31.55 23.03
Ti2CO15F0.67 0.005 0.049 0.576 4.42 4.63 5.50 0.527 0.044 91.45 90.14 2.90 0.21 3.45 0.22 30.82 21.53
Ti.CO2 0.004 0.043 0.489 4.13 4.06 4.58 0.445 0.039 91.12 90.00 2.04 0.16 2.30 0.16 21.27 16.44
Ti2CO.-(model2) 0.005 0.051 0.597 4.27 4.75 5.42 0.546 0.046 91.49 90.14 2.96 0.22 3.38 0.24 29.77 22.84
Ti2CO.-(model3) 0.006 0.057 0.677 4.99 5.12 6.18 0.620 0.052 91.53 90.17 3.83 0.26 4.62 0.27 38.93 26.26
Ti.CrCN 0.009 0.097 1.607 7.47 8.12 13.46 1511 0.088 93.98 90.45 20.33 0.71 33.71 0.77 189.14 66.53
Ti2CrCNO, 0.010 0.102 0.999 12.81 14.04 14.14 0.898 0.092 89.81 90.31 12.69 1.29 12.77 1.42 199.99 199.22
Ti,HfCN 0.004 0.043 0.589 6.00 5.94 8.28 0.546 0.039 92.71 90.39 4.52 0.23 6.30 0.23 70.77 35.26
Ti,HfCNO2 0.005 0.055 0.549 12.12 12.49 12.47 0.493 0.050 89.90 90.21 6.15 0.62 6.14 0.64 155.55 156.40
Ti2MoCN 0.006 0.067 1.008 6.44 6.93 10.60 0.941 0.060 93.36 90.32 9.98 0.42 15.27 0.45 116.79 48.36
Ti2MoCNO: 0.008 0.078 0.768 12.23 13.59 13.29 0.690 0.071 89.83 90.38 9.17 0.96 8.97 1.07 176.11 186.88
TioN 0.003 0.030 0.316 2.07 2.22 2.32 0.286 0.027 90.46 90.17 0.66 0.06 0.70 0.06 5.41 4.95
Ti2N(OH)2 0.005 0.052 0.535 3.25 3.18 3.34 0.482 0.047 90.20 90.08 161 0.15 1.69 0.15 11.23 10.11
Ti2Nb2Cs 0.004 0.038 0.516 4.26 4.49 6.03 0.478 0.035 92.58 90.26 2.88 0.16 3.86 0.16 37.36 20.30
Ti2NbC 0.002 0.025 0.271 3.29 3.42 3.84 0.246 0.022 90.94 90.02 0.95 0.08 1.06 0.08 14.93 11.74
Ti2NbCN 0.007 0.069 1.047 6.88 6.87 10.69 0.978 0.062 93.45 90.39 10.46 0.43 16.27 0.43 118.88 47.15
TizNbCNO; 0.008 0.080 0.778 12.72 13.05 13.07 0.698 0.072 89.76 90.40 9.12 0.94 9.13 0.96 170.73 170.82
TiNF2 0.003 0.027 0.285 3.07 3.18 3.41 0.258 0.024 90.51 90.03 0.88 0.08 0.94 0.08 1171 10.15
Ti2NF2-(model2) 0.006 0.060 0.763 5.92 6.42 8.18 0.703 0.054 92.12 90.18 5.75 0.35 7.34 0.38 68.58 41.54
Ti2NO, 0.004 0.038 0.414 2.97 3.17 3.45 0.375 0.034 90.78 90.23 1.30 0.11 141 0.12 12.02 10.12
Ti2NO2-(model4) 0.008 0.086 1.055 8.04 8.33 10.47 0.969 0.077 91.86 90.20 10.15 0.65 12.76 0.67 112.27 69.68
Ti2NS, 0.002 0.024 0.251 1.28 1.30 1.37 0.227 0.022 90.43 90.01 0.31 0.03 0.33 0.03 1.89 1.68
Ti2Ta:Cs 0.000 0.000 0.004 0.04 0.04 0.06 0.004 0.000 92.47 90.21 0.00 0.00 0.00 0.00 0.00 0.00
Ti;TaC> 0.000 0.000 0.003 4.50 4.69 5.28 0.003 0.000 90.86 90.10 0.01 0.00 0.02 0.00 28.20 22.06
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Ti,TaCN 0.000 0.001 0.012 6.57 6.68 10.00 0.011 0.001 93.24 90.37 0.11 0.00 0.16 0.00 103.85 44.65
Ti;TaCNO> 0.000 0.001 0.010 12.04 12.99 13.08 0.009 0.001 89.89 90.28 0.12 0.01 0.12 0.01 171.20 170.32
Ti2VC2 0.003 0.033 0.370 317.06 320.63 368.20 0.337 0.030 91.11 90.19 124.12 9.51 142.53 9.62 137561.99 102929.53
Ti2VCN 0.009 0.090 1.434 6.90 7.29 12.10 1.344 0.082 93.71 90.36 16.26 0.59 26.99 0.63 153.15 53.43
Ti2VCNO> 0.009 0.098 0.975 13.71 13.50 13.58 0.877 0.089 89.90 90.38 11.91 1.20 11.98 1.18 184.66 182.07
TiZICN 0.006 0.063 0.890 6.10 6.40 8.99 0.828 0.057 92.95 90.33 7.44 0.36 10.46 0.38 83.43 41.12
Ti2ZrICNO> 0.007 0.077 0.750 12.24 12.72 12.86 0.673 0.069 89.79 90.26 8.66 0.88 8.75 0.91 165.54 162.59
TisCz 0.004 0.037 0.419 3.68 3.61 4.14 0.382 0.033 91.21 90.08 1.58 0.12 1.81 0.12 17.36 13.03
Ti3C2(00.13F0.83(0H)1.04) 0.014 0.141 0.930 12.18 12.60 8.24 0.789 0.127 84.81 89.83 6.51 1.60 4.26 1.65 64.01 159.27
Ti3C2(00.1F11(OH)os) 0.018 0.174 1.070 30.95 29.50 18.55 0.896 0.157 83.72 89.94 16.62 4.62 10.45 441 320.83 865.81
TisC2(Oo.7F13) 0.006 0.056 0.601 9.04 9.39 10.29 0.545 0.050 90.69 90.05 5.61 0.47 6.14 0.49 106.84 88.63
TizC2(OH). 0.006 0.064 0.539 11.28 10.52 8.81 0.475 0.058 88.11 89.88 4.19 0.61 3.51 0.56 76.02 109.77
TisC2Br2 0.003 0.027 0.262 5.24 5.89 5.79 0.236 0.024 89.79 90.04 1.37 0.14 134 0.16 33.49 35.14
TizCoCl2 0.003 0.026 0.270 7.33 7.20 7.69 0.244 0.024 90.29 89.87 1.88 0.17 2.00 0.17 59.59 51.79
TisCoF2 0.003 0.030 0.311 5.83 6.09 6.70 0.281 0.027 90.29 90.10 1.88 0.17 2.07 0.17 45.34 37.30
Ti3C202 0.005 0.047 0.480 8.07 7.94 8.39 0.433 0.042 90.27 90.18 3.64 0.33 3.85 0.33 70.92 62.87
TizC2Sez 0.001 0.013 0.129 2.18 1.99 2.02 0.116 0.012 89.72 90.04 0.24 0.02 0.24 0.02 4.10 3.94
TisCoTe 0.001 0.008 0.077 2.71 2.72 2.68 0.069 0.007 89.57 89.95 0.18 0.02 0.18 0.02 7.16 7.43
TisCN 0.008 0.082 1.188 38.94 42.71 61.08 1.107 0.074 93.13 90.44 67.60 3.15 96.68 3.46 3852.65 1842.66
TisCNF2 0.012 0.124 1.370 9.45 9.89 11.13 1.246 0.112 90.95 90.54 13.86 111 15.59 116 125.36 98.31
TisCNO: 0.010 0.108 1.071 12.09 12.59 12.90 0.963 0.098 89.92 90.41 12.42 1.23 12.73 1.28 166.93 159.24
TizN2(OH)2 0.005 0.049 0.430 6.38 6.54 5.83 0.380 0.044 88.49 89.95 2.21 0.29 1.97 0.30 33.47 42.88
TizN2 0.002 0.024 0.254 5.51 5.43 6.11 0.231 0.021 90.70 90.06 1.41 0.12 1.59 0.11 37.87 29.39
TisN2F2 0.002 0.024 0.241 2.46 2.41 2.52 0.217 0.022 90.10 90.16 0.55 0.05 0.57 0.05 6.38 5.78
TisN2H2 0.004 0.039 0.399 7.70 8.17 8.07 0.359 0.036 90.10 90.04 2.90 0.29 2.86 0.31 65.04 67.17
TisN20, 0.004 0.037 0.382 6.14 6.33 6.50 0.345 0.033 90.40 89.95 2.25 0.21 2.31 0.22 42.42 40.22
TisCs 0.003 0.030 0.340 5.37 5.04 5.74 0.310 0.027 91.11 90.14 1.78 0.14 2.03 0.13 33.45 25.20
TisC3(OH). 0.005 0.046 0.410 4.89 5.10 4.57 0.364 0.042 88.70 90.02 1.66 0.21 1.49 0.22 20.66 26.09
TisCsF2 0.002 0.024 0.251 5.24 5.29 5.67 0.227 0.022 90.36 90.02 1.29 0.12 1.38 0.12 32.35 28.03
TisCsH. 0.004 0.036 0.351 7.15 7.18 7.06 0.315 0.033 89.67 90.03 2.22 0.23 2.19 0.24 49.81 51.56
TisCs02 0.003 0.035 0.379 6.67 6.77 7.37 0.343 0.032 90.64 90.13 2.53 0.22 2.75 0.22 54.80 45.96
TiaNs 0.002 0.018 0.195 3.15 3.22 3.67 0.177 0.016 90.83 90.08 0.65 0.05 0.74 0.05 13.66 10.40
TisN3(OH). 0.006 0.059 0.570 7.64 7.92 7.74 0.511 0.053 89.69 90.16 3.95 0.42 3.86 0.43 59.71 62.94
TisNsF2 0.002 0.019 0.199 4.05 4.01 4.31 0.180 0.017 90.39 90.01 0.78 0.07 0.83 0.07 18.69 16.03
TisNgH2 0.002 0.023 0.238 4.99 4.94 5.36 0.215 0.020 90.52 89.97 1.15 0.10 1.25 0.10 29.01 24.37
TisN3O2 0.003 0.027 0.286 5.73 5.60 6.14 0.259 0.024 90.59 90.03 1.59 0.14 1.74 0.13 38.03 31.25
TisCs (OH)2 0.004 0.041 0.345 8.28 7.97 6.83 0.303 0.037 88.02 89.99 2.07 0.30 1.78 0.29 45.80 63.20
TisCaF2 0.002 0.023 0.229 6.72 7.43 7.35 0.206 0.021 90.04 90.07 1.52 0.15 1.50 0.17 53.94 55.92
TisC402 0.003 0.035 0.363 8.84 9.24 9.58 0.328 0.032 90.33 90.06 3.14 0.29 3.25 0.31 92.06 85.84
TisN4F2 0.002 0.023 0.255 5.29 5.57 6.11 0.232 0.021 90.80 90.10 1.42 0.12 1.55 0.12 37.76 31.18
TisCsF2 0.005 0.050 0.381 12.07 12.35 9.67 0.332 0.045 86.99 90.19 3.21 0.55 2.51 0.57 90.58 152.94
TisNsF2 0.003 0.031 0.283 8.90 8.54 8.07 0.253 0.028 89.17 90.12 2.04 0.24 1.93 0.23 64.74 72.66
TizCeF2 0.005 0.050 0.390 17.66 18.17 14.24 0.340 0.045 87.15 90.06 4.85 0.82 3.80 0.84 196.49 331.28
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Ti7NeF2 0.003 0.030 0.259 10.69 10.76 9.49 0.229 0.027 88.47 89.98 2.18 0.29 1.92 0.29 88.67 115.87
TisC7F2 0.005 0.052 0.355 23.18 22.63 15.59 0.303 0.047 85.24 89.91 4.72 1.07 3.25 1.04 230.50 510.53
TigN7F2 0.003 0.027 0.230 11.97 11.76 10.55 0.203 0.024 88.27 90.05 2.14 0.29 1.92 0.28 109.74 137.99
TisCsF2 0.003 0.030 0.252 14.45 15.36 12.92 0.222 0.027 88.02 90.06 2.87 0.42 2.42 0.44 163.49 237.73
TigNsF2 0.002 0.016 0.156 6.71 8.09 7.83 0.141 0.014 89.94 90.13 1.10 0.11 1.07 0.14 61.14 66.89
TiCrCO, 0.004 0.040 0.452 20.73 20.99 24.28 0.412 0.036 91.20 90.13 10.00 0.75 1157 0.76 598.71 44121
TiHfCO2 0.003 0.026 0.281 2.62 2.73 2.89 0.254 0.024 90.58 90.12 0.73 0.07 0.78 0.07 8.38 7.49
TiHfN(NO). 0.002 0.021 0.231 4.24 3.97 4.51 0.210 0.019 90.98 90.16 0.95 0.07 1.08 0.07 20.66 15.61
TiMoCO. 0.003 0.028 0.307 4.49 4.61 5.12 0.279 0.025 90.95 90.01 1.43 0.12 1.59 0.12 26.52 21.28
TiNbC 0.003 0.034 0.361 4.14 4.31 4.69 0.327 0.031 90.57 89.98 1.53 0.13 167 0.14 22.16 18.65
TivC 0.005 0.049 0.512 2.65 2.74 2.89 0.464 0.044 90.51 90.04 1.34 0.12 141 0.12 8.38 7.56
TiIWCO: 0.002 0.019 0.216 0.77 0.79 0.90 0.197 0.017 91.07 89.94 0.18 0.01 0.20 0.01 0.83 0.63
TiZrCO2 0.004 0.040 0.462 7.31 7.67 8.58 0.421 0.036 91.25 90.13 3.62 0.28 4.04 0.29 74.50 59.22
VoC 0.004 0.043 0.476 4.42 4.83 5.27 0.432 0.039 90.96 90.03 2.28 0.19 2.49 0.20 28.07 23.62
V2C(OH). 0.006 0.061 0.632 3.68 3.73 3.83 0.571 0.055 90.29 90.11 2.18 0.21 2.24 0.21 14.68 13.91
V2CBr2 0.001 0.015 0.152 1.60 1.66 1.74 0.137 0.013 90.32 90.05 0.24 0.02 0.25 0.02 3.04 2.78
V>CF(OH) 0.004 0.042 0.470 7.26 7.45 8.27 0.429 0.038 91.13 90.01 3.55 0.28 3.94 0.29 69.18 55.62
V2CF 0.003 0.031 0.342 2.98 3.04 3.34 0.311 0.028 90.80 90.10 1.04 0.09 114 0.09 11.26 9.27
V2CO: 0.004 0.044 0.508 4.61 4.77 5.46 0.463 0.040 91.28 90.04 2.53 0.19 2.89 0.20 30.19 22.85
V2CrCN 0.009 0.095 1.598 7.90 8.05 13.91 1.502 0.086 94.03 90.48 20.90 0.69 36.10 0.71 202.87 64.97
V2CrCNO, 0.009 0.095 0.879 14.96 14.99 13.74 0.784 0.086 89.19 90.34 10.77 1.29 9.87 1.29 186.92 224.90
V2HfCN 0.004 0.043 0.592 5.86 5.98 8.59 0.550 0.038 92.81 90.21 4.72 0.23 6.79 0.23 76.42 35.78
V2HfCNO, 0.005 0.048 0.467 1177 1191 11.92 0.418 0.044 89.61 90.19 4.98 0.52 4.99 0.53 142.02 142.09
V2MoCN 0.006 0.066 1.021 6.53 6.93 10.76 0.954 0.060 93.50 90.24 10.26 0.41 15.93 0.44 120.30 48.31
V2MoCNO; 0.007 0.070 0.671 12.78 12.90 12.75 0.601 0.063 89.52 90.24 7.66 0.82 7.58 0.83 162.34 166.47
VoN 0.003 0.031 0.328 2.94 3.14 3.36 0.297 0.028 90.57 90.15 1.00 0.09 1.07 0.09 11.35 9.91
V2N(OH). 0.005 0.047 0.493 2.86 3.00 3.19 0.447 0.042 90.55 90.00 143 0.13 152 0.13 10.28 9.05
V2Nb2Cs 0.004 0.038 0.524 4.07 4.26 5.87 0.486 0.034 92.72 90.25 2.85 0.15 3.93 0.15 35.57 18.27
V2NbCN 0.007 0.068 1.052 6.51 7.00 10.98 0.984 0.062 93.51 90.42 10.81 0.43 16.96 0.46 125.60 49.36
V2NbCNO; 0.008 0.079 0.679 15.03 15.48 13.67 0.600 0.071 88.33 90.15 8.20 1.11 7.24 1.14 184.06 240.36
VaNF, 0.003 0.027 0.286 3.84 3.75 4.07 0.259 0.024 90.59 90.19 1.05 0.09 114 0.09 16.67 14.00
V2NO; 0.004 0.037 0.411 3.90 4.01 4.49 0.374 0.033 91.05 90.08 1.68 0.13 1.88 0.14 20.44 16.13
V2Ta:Cs 0.000 0.000 0.004 0.03 0.03 0.04 0.004 0.000 92.21 90.23 0.00 0.00 0.00 0.00 0.00 0.00
V.TaC; 0.000 0.001 0.007 8.59 8.75 11.00 0.006 0.001 91.86 90.24 0.07 0.00 0.09 0.00 123.92 76.73
V2TaCN 0.000 0.001 0.012 6.53 6.67 10.44 0.011 0.001 93.35 90.33 0.12 0.00 0.19 0.00 113.47 44.66
V2TaCNO> 0.000 0.001 0.009 12.49 12.95 12.70 0.008 0.001 89.64 90.21 0.10 0.01 0.10 0.01 161.06 168.41
V2Ti2Cs 0.006 0.059 0.877 523.18 513.75 756.95 0.818 0.054 93.23 90.31 619.05 27.57 912.09 27.07 593375.25 263430.20
V2TiC, 0.007 0.067 0.896 6.73 6.92 9.30 0.829 0.061 92.47 90.23 7.70 0.42 10.35 0.43 88.92 48.07
VTiCN 0.009 0.089 1421 6.86 7.25 12.04 1.332 0.080 93.74 90.38 16.03 0.58 26.61 0.62 151.58 52.91
V2TiCNO> 0.009 0.093 0.870 14.50 14.16 13.58 0.777 0.084 89.26 90.27 10.54 1.19 10.11 1.17 183.41 199.87
V2ZrCN 0.006 0.062 0.894 5.94 6.24 9.37 0.832 0.056 93.05 90.31 7.80 0.35 11.72 0.37 91.30 39.12
V2ZrCNO> 0.007 0.069 0.654 12.29 12.64 12.33 0.585 0.062 89.50 90.22 7.22 0.78 7.04 0.81 151.67 160.29
ViC2 0.004 0.041 0.481 3.55 3.42 4.00 0.440 0.037 91.48 90.16 1.76 0.13 2.06 0.12 16.28 11.63

104




V3C2(OH). 0.008 0.079 0.596 7.26 7.12 5.52 0.517 0.071 86.75 89.82 2.85 051 2.21 0.50 29.41 50.64
V3C2Br, 0.002 0.015 0.149 3.59 3.47 3.50 0.134 0.013 89.90 89.88 0.47 0.05 0.47 0.05 12.24 12.03
V3CaCl2 0.004 0.045 0.452 15.94 15.04 15.41 0.407 0.041 90.04 90.14 6.27 0.61 6.42 0.58 238.17 224.92
V3CaoF, 0.003 0.033 0.330 6.31 6.35 6.35 0.297 0.030 89.98 90.06 1.88 0.19 1.88 0.19 40.30 40.41
V3C202 0.005 0.049 0.509 10.72 10.24 10.90 0.460 0.044 90.35 90.14 5.01 0.45 5.33 0.43 119.52 104.40
V3CN 0.008 0.081 1.188 13.53 12.79 20.20 1.107 0.073 93.22 90.35 22.36 0.93 35.33 0.88 426.07 162.59
V3CNO2 0.010 0.107 1.062 8.64 8.91 8.92 0.956 0.096 89.97 90.43 8.53 0.86 8.54 0.89 79.66 79.62
VN2 0.002 0.021 0.228 3.13 2.79 3.15 0.207 0.019 90.82 90.16 0.65 0.05 0.73 0.05 10.04 771
V3N2(OH). 0.016 0.165 0.960 21.08 21.96 12.57 0.795 0.149 82.77 90.05 9.99 3.27 5.72 3.41 144.98 484.25
Vs3NzF2 0.003 0.027 0.259 5.84 6.56 6.42 0.233 0.024 89.77 90.10 1.49 0.16 1.46 0.18 41.05 43.59
V3N2H2 0.004 0.038 0.379 6.94 6.81 6.89 0.341 0.034 90.06 90.07 2.35 0.23 2.38 0.23 47.56 46.29
V3N202 0.004 0.038 0.391 7.28 6.95 7.37 0.353 0.034 90.28 90.12 2.60 0.24 2.75 0.23 54.61 48.12
ViCs 0.003 0.033 0.385 3.86 3.86 4.67 0.352 0.030 91.49 90.20 1.64 0.11 1.99 011 22.23 14.89
V4C3(OH). 0.007 0.066 0.519 15.75 16.39 13.34 0.452 0.060 87.23 89.99 6.04 0.98 4.91 1.02 173.29 269.90
V4CsF2 0.002 0.025 0.262 5.40 5.46 5.76 0.237 0.022 90.50 90.08 1.36 0.12 1.44 0.12 33.35 29.82
V4CsH2 0.002 0.019 0.196 4.43 4.54 4.60 0.177 0.017 90.16 90.03 0.81 0.08 0.83 0.08 21.18 20.64
V4Cs02 0.004 0.036 0.394 6.92 6.95 7.60 0.359 0.032 90.90 90.19 2.72 0.22 2.98 0.23 58.24 48.28
VaN3 0.002 0.021 0.228 2.60 2.76 3.10 0.207 0.019 90.93 90.12 0.64 0.05 0.72 0.05 9.73 7.65
VaN3(OH)2 0.004 0.038 0.364 8.50 8.71 8.34 0.327 0.034 89.65 90.14 2.72 0.30 2.61 0.30 69.19 76.15
VaNsF2 0.002 0.018 0.197 4.00 3.87 4.22 0.178 0.017 90.59 90.05 0.75 0.06 0.82 0.06 17.95 14.90
VaNsH2 0.001 0.015 0.151 3.80 3.63 3.77 0.137 0.013 90.17 90.00 0.52 0.05 0.54 0.05 1431 13.07
VaN3O2 0.003 0.026 0.283 5.30 5.46 5.92 0.257 0.023 90.81 90.05 1.52 0.13 1.65 0.13 35.31 29.92
VCIN(NCS), 0.366 1.253 1.651 314.31 103.21 14.22 0.398 0.886 24.11 70.75 5.66 91.49 0.78 30.04 54.49 8337.71
VCrN(SCN). 0.037 0.354 1.330 51.20 47.45 18.49 0.976 0.317 73.37 89.58 18.04 15.06 7.03 13.96 279.83 2232.92
VCINBr2 0.027 0.288 1.350 33.80 35.19 17.35 1.062 0.261 78.67 90.62 18.43 9.18 9.08 9.56 264.62 1243.98
VCINF; 0.003 0.032 0.356 3.08 3.24 3.70 0.324 0.029 90.99 90.06 1.20 0.09 1.37 0.10 13.87 10.59
VMoN(NCO). 0.011 0.109 0.986 14.90 15.57 14.39 0.876 0.099 88.90 90.30 12.61 154 11.66 161 205.28 24351
VMOoN(NCS). 0.242 1.018 1.423 247.17 102.16 15.05 0.405 0.776 28.47 76.23 6.10 79.28 0.90 32.77 72.14 8822.89
VMoN(OCN). 0.012 0.126 1.066 18.82 17.56 15.59 0.939 0.114 88.13 90.34 14.64 2.01 13.00 1.87 239.34 306.05
VMoN(SCN) 0.027 0.263 1.124 43.91 42.18 18.87 0.861 0.236 76.61 89.71 16.25 9.95 7.27 9.55 304.76 1771.21
VMoNBr; 0.021 0.218 1.158 30.10 31.41 17.14 0.940 0.198 81.16 90.56 16.11 6.21 8.80 6.47 265.87 990.90
VMoNCI; 0.015 0.159 1.377 16.94 17.88 15.57 1.218 0.143 88.49 90.48 18.97 2.56 16.52 2.71 238.47 321.67
VNbC 0.003 0.033 0.353 1.88 1.96 2.05 0.320 0.030 90.52 90.03 0.66 0.06 0.69 0.06 4.23 3.85
VNbCF2-(model4) 0.004 0.041 0.477 3.72 3.80 4.64 0.436 0.037 91.47 90.24 2.02 0.14 2.47 0.14 21.95 14.49
VWN(NCO)2 0.007 0.067 0.662 12.50 12.49 12.83 0.595 0.061 89.82 90.19 7.63 0.76 7.84 0.76 165.11 156.07
VWN(OCN)2 0.009 0.089 0.788 16.98 16.85 15.37 0.699 0.081 88.67 90.36 10.75 1.36 9.80 1.35 233.65 283.79
VWNBr; 0.014 0.145 0.913 23.09 26.26 16.85 0.769 0.131 84.17 90.54 12.95 3.44 8.31 3.91 265.93 699.73
VWNCI, 0.011 0.116 1.019 16.74 17.35 15.67 0.903 0.105 88.61 90.50 14.15 1.82 12.77 1.89 242.47 302.30
VWNF, 0.002 0.020 0.225 3.35 3.40 3.86 0.205 0.018 91.17 89.92 0.79 0.06 0.90 0.06 15.13 11.61
Wi3C 0.498 1.443 2.879 546.38 163.42 32.77 1.436 0.945 49.87 65.51 47.05 154.49 | 9.43 46.21 595.43 19506.94
W1.33C(OH). 0.004 0.036 0.394 6.59 7.39 8.32 0.357 0.033 90.76 90.16 2.97 0.24 3.34 0.27 70.04 55.42
W1.33CO2 0.003 0.029 0.342 5.14 5.28 6.40 0.313 0.026 91.50 90.33 2.00 0.14 2.43 0.14 41.83 27.99
W-C 0.002 0.019 0.222 3.57 3.72 4.41 0.203 0.017 91.54 90.16 0.89 0.06 1.06 0.07 19.75 13.89
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W2C(OH). 0.003 0.031 0.271 12.13 11.72 10.53 0.240 0.028 88.60 90.03 2.53 0.33 2.27 031 109.39 136.84
WCCl, 0.007 0.079 0.787 14.98 15.61 15.80 0.709 0.071 90.02 90.58 11.20 111 11.35 1.16 250.15 244.59
W2CF, 0.001 0.013 0.138 5.71 5.13 5.44 0.125 0.012 90.34 90.00 0.68 0.06 0.72 0.06 29.84 26.01
W2CO2 0.002 0.017 0.198 4.08 4.28 4.94 0.180 0.016 91.22 90.04 0.89 0.07 1.03 0.07 24.76 18.42
W2Hf.C30, 0.002 0.016 0.154 9.16 9.41 9.43 0.138 0.014 89.79 90.18 1.30 0.13 1.30 0.14 88.97 88.80
W2HfC, 0.001 0.009 0.093 2.87 2.76 3.06 0.085 0.008 90.79 90.02 0.26 0.02 0.29 0.02 9.49 7.61
WHfC20 0.003 0.025 0.226 13.09 12.27 11.30 0.201 0.023 88.79 90.04 2.27 0.28 2.09 0.26 126.47 149.44
W2N 0.001 0.013 0.145 3.08 3.01 3.46 0.132 0.011 91.19 89.81 0.46 0.03 0.53 0.03 12.18 9.01
W2N(OH). 0.004 0.037 0.293 15.33 14.71 12.36 0.256 0.033 87.46 89.96 3.16 0.49 2.66 0.47 149.34 215.33
W:2NF, 0.001 0.013 0.131 5.56 5.33 5.57 0.118 0.011 90.28 90.19 0.66 0.06 0.69 0.06 31.23 28.28
W2NO, 0.002 0.017 0.185 5.55 5.89 6.46 0.168 0.016 90.71 90.07 1.09 0.09 119 0.10 42.16 34.91
W,Ti2C502 0.002 0.023 0.228 9.58 9.23 9.40 0.205 0.020 90.12 90.19 1.93 0.19 1.96 0.18 88.51 84.80
W,TiC,02 0.003 0.031 0.299 11.21 11.42 11.10 0.267 0.028 89.56 90.18 2.97 0.32 2.89 0.33 122.86 130.59
W2Zr,C502 0.002 0.020 0.195 10.31 9.94 9.63 0.175 0.018 89.65 90.11 1.68 0.18 1.63 0.17 92.33 98.32
W2ZrCs 0.001 0.010 0.114 2.90 2.87 3.18 0.104 0.009 90.92 89.94 0.33 0.03 0.37 0.03 10.23 8.23
W2ZrC20, 0.003 0.031 0.278 12.25 12.98 11.79 0.246 0.028 88.74 90.11 2.90 0.37 2.64 0.39 137.32 169.47
WsCs 0.002 0.017 0.218 5.32 5.72 7.28 0.201 0.016 92.13 90.23 1.46 0.09 1.86 0.10 54.26 33.03
W3C2(OH). 0.000 0.000 0.003 0.98 0.81 0.84 0.003 0.000 89.63 89.52 0.00 0.00 0.00 0.00 0.70 0.64
WsCaF2 0.001 0.012 0.106 9.89 9.18 8.56 0.095 0.010 89.04 89.94 0.81 0.10 0.76 0.09 72.61 83.53
WSsC202 0.002 0.022 0.196 10.29 11.12 10.60 0.175 0.020 88.96 90.06 1.85 0.22 176 0.23 111.63 124.85
WsN2 0.001 0.010 0.120 4.21 4.34 5.09 0.110 0.009 91.26 90.11 0.56 0.04 0.66 0.04 26.38 18.85
W3N2(OH). 0.000 0.000 0.000 0.02 0.03 0.02 0.000 0.000 87.50 92.31 0.00 0.00 0.00 0.00 0.00 0.00
WsN2F2 0.001 0.008 0.076 8.34 7.94 7.84 0.068 0.007 89.26 90.06 0.53 0.06 0.52 0.06 61.36 62.70
W3N20, 0.002 0.019 0.156 14.16 13.94 11.58 0.137 0.017 87.98 90.07 1.59 0.24 1.32 0.23 131.12 193.94
W4Cs 0.002 0.016 0.219 5.22 5.40 7.35 0.203 0.014 92.66 90.22 1.49 0.08 2.02 0.08 55.54 29.32
W4Cs(OH)2 0.002 0.016 0.137 10.87 10.57 9.41 0.122 0.014 88.58 90.00 1.15 0.15 1.02 0.15 87.29 111.38
W4CsF2 0.001 0.009 0.094 5.09 5.44 5.60 0.085 0.008 90.28 90.12 0.48 0.04 0.49 0.05 31.51 29.83
W4CsH: 0.001 0.011 0.121 5.49 5.51 6.36 0.110 0.010 90.95 90.22 0.70 0.05 0.81 0.05 41.10 30.37
W4C302 0.001 0.013 0.147 6.56 6.72 7.43 0.133 0.012 90.87 90.23 0.99 0.08 1.09 0.08 55.73 45.30
WaN3 0.001 0.011 0.128 4.05 4.14 4.86 0.117 0.010 91.64 90.17 0.57 0.04 0.67 0.04 24.02 17.17
WiN3(OH). 0.002 0.020 0.195 11.37 11.74 11.72 0.175 0.018 89.61 90.16 2.05 0.21 2.05 0.22 137.43 138.27
WiNsF2 0.001 0.013 0.174 5.89 6.00 8.11 0.160 0.012 92.31 90.33 1.30 0.07 1.76 0.07 67.75 36.12
WiN3H2 0.001 0.009 0.098 4.77 4.82 5.52 0.089 0.008 91.06 90.10 0.49 0.04 0.57 0.04 30.95 23.29
WiN302 0.001 0.010 0.111 4.54 4.62 5.13 0.101 0.009 90.93 90.18 0.52 0.04 0.57 0.04 26.57 21.39
WCrC 0.002 0.019 0.206 2.31 2.27 2.49 0.186 0.017 90.65 90.04 0.46 0.04 0.51 0.04 6.26 5.15
WCrCO,-(model4) 0.002 0.025 0.292 4.40 4.35 5.08 0.267 0.022 91.50 89.99 1.35 0.10 1.58 0.10 26.21 18.90
Y2C 0.003 0.030 0.320 2.13 2.26 2.45 0.290 0.027 90.72 90.01 0.71 0.06 0.77 0.06 6.07 5.13
Y2C(CN). 0.006 0.057 0.612 7.46 7.39 8.08 0.555 0.051 90.69 90.16 4.49 0.38 491 0.38 65.98 54.57
Y2C(NCO), 0.008 0.082 0.818 11.50 11.86 11.88 0.736 0.074 89.99 90.16 8.75 0.88 8.76 0.90 14121 141.16
Y2C(NCS). 0.019 0.185 1.008 40.52 42.68 23.56 0.823 0.167 81.62 89.99 19.38 7.11 10.70 7.49 504.04 1832.43
Y2C(OCl). 0.011 0.110 1.027 14.25 14.52 14.35 0.917 0.100 89.25 90.38 13.16 1.45 13.00 1.48 205.58 211.36
Y2C(OCN), 0.008 0.084 0.874 12.20 12.06 12.87 0.790 0.076 90.35 90.17 10.16 0.92 10.84 0.91 166.78 145.35
Y2C(OH). 0.003 0.029 0.285 4.28 4.30 4.34 0.256 0.026 89.97 90.13 111 0.11 1.12 0.11 18.86 18.53
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Y2C(SCN). 0.016 0.165 1.151 27.06 29.07 20.42 0.986 0.149 85.66 90.08 20.13 4.32 14.14 4.64 397.15 852.09
Y2CBr; 0.009 0.089 0.860 12.38 13.04 13.02 0.771 0.081 89.61 90.24 10.04 1.05 10.02 111 169.39 17111
Y2CCl, 0.009 0.096 0.989 10.76 10.81 11.40 0.892 0.087 90.25 90.26 10.17 0.94 10.72 0.94 130.70 116.93
Y2CF, 0.003 0.029 0.319 3.56 3.59 3.97 0.290 0.027 90.77 89.97 1.15 0.10 1.27 0.10 15.95 12.88
Y2CO2 0.005 0.050 0.595 5.15 5.56 6.59 0.545 0.046 91.52 90.22 3.59 0.25 4.25 0.27 44.12 31.14
Y2N 0.002 0.025 0.260 2.09 2.06 2.21 0.236 0.022 90.57 89.96 0.52 0.05 0.56 0.05 4.90 4.25
Y2N(OH). 0.003 0.028 0.282 4.72 4.52 4.57 0.254 0.025 89.97 90.01 1.16 0.12 117 0.11 20.92 20.37
Y2NF, 0.002 0.024 0.257 3.29 3.37 3.61 0.233 0.022 90.52 90.10 0.84 0.07 0.90 0.08 13.14 11.40
Y2NO: 0.004 0.043 0.506 4.46 4.79 5.69 0.462 0.039 91.41 90.03 2.63 0.19 3.12 0.20 32.91 23.10
Y3Ca 0.002 0.024 0.253 4.18 3.93 4.38 0.229 0.021 90.62 90.03 1.00 0.08 112 0.08 19.40 15.36
Y3C2(OH)2 0.000 0.004 0.038 2.80 2.41 2.28 0.034 0.004 89.59 89.85 0.08 0.01 0.07 0.01 5.15 5.70
Y3CoF2 0.003 0.027 0.271 7.01 7.16 7.26 0.243 0.025 89.88 89.98 177 0.18 1.79 0.18 52.79 51.32
Y3C20, 0.003 0.031 0.281 10.79 11.17 10.14 0.250 0.028 89.03 89.86 2.54 0.31 2.30 0.32 101.62 125.21
Y3N: 0.002 0.019 0.202 3.25 3.44 3.74 0.183 0.017 90.52 90.02 0.68 0.06 0.74 0.06 1411 11.89
Y3N2(OH). 0.003 0.032 0.284 10.09 10.18 9.15 0.252 0.029 88.61 89.84 2.31 0.30 2.07 0.30 82.70 103.71
Y3NzF2 0.003 0.030 0.292 7.51 7.93 7.78 0.262 0.027 89.75 90.07 2.04 0.21 2.00 0.23 60.42 63.25
Y3N20 0.003 0.028 0.255 9.65 9.52 8.71 0.228 0.025 89.23 90.04 1.98 0.24 1.81 0.23 75.02 90.48
Y4Cs 0.002 0.023 0.252 3.81 3.68 4.17 0.229 0.021 90.90 90.13 0.95 0.08 1.08 0.07 17.61 13.49
Y4C3(OH). 0.000 0.003 0.029 1.99 2.14 2.00 0.026 0.003 89.43 90.11 0.05 0.01 0.05 0.01 3.99 4.64
Y4CsF2 0.003 0.026 0.256 8.54 8.03 8.16 0.231 0.023 89.91 90.06 1.88 0.19 191 0.18 66.75 64.02
Y4C302 0.005 0.050 0.519 12.33 12.78 13.24 0.468 0.045 90.29 90.28 6.20 0.58 6.43 0.60 176.04 163.92
YaNs 0.002 0.017 0.181 2.66 2.71 2.95 0.164 0.015 90.77 90.05 0.48 0.04 0.53 0.04 8.79 7.34
YsN3(OH). 0.002 0.022 0.200 7.01 7.04 6.74 0.178 0.019 89.16 90.04 1.20 0.14 1.15 0.14 45.20 49.57
YaNsF2 0.002 0.025 0.283 591 5.83 6.61 0.258 0.023 91.17 90.16 1.70 0.13 1.93 0.13 44.32 33.99
YaN3O2 0.002 0.024 0.252 6.49 6.46 6.93 0.228 0.022 90.47 90.06 1.58 0.14 170 0.14 48.43 41.75
YCrC(NCO). 0.009 0.096 0.915 12.59 12.93 12.90 0.820 0.086 89.56 90.16 10.58 111 10.56 114 166.49 167.69
YCrC(NCS)2 0.125 0.840 1.514 149.73 95.65 18.00 0.674 0.716 44.51 85.14 12.13 68.44 2.28 43.73 161.06 8606.99
YCrC(OCN)2 0.011 0.117 1.050 14.84 16.22 14.65 0.933 0.106 88.86 90.33 13.67 171 12.35 1.87 212.06 265.65
YCrC(OH). 0.005 0.051 0.522 7.65 7.35 7.54 0.471 0.046 90.18 90.03 3.55 0.34 3.64 0.33 57.04 53.81
YCrCBr2 0.014 0.145 1.144 17.19 19.51 15.94 0.999 0.131 87.30 90.46 15.92 2.56 13.01 2.91 247.54 386.22
YCrCCl, 0.012 0.123 1.304 12.41 12.41 13.44 1.181 0.111 90.54 90.40 15.87 1.38 17.19 1.38 182.32 154.14
YCrCF; 0.004 0.037 0.434 3.90 4.26 5.09 0.397 0.034 91.42 90.17 2.02 0.14 2.41 0.16 26.34 18.32
YHfN(SCN), 0.013 0.134 0.896 24.42 26.37 18.34 0.762 0.121 85.07 90.17 13.98 3.18 9.72 3.44 319.34 701.73
YHfNO2 0.002 0.021 0.226 4.18 4.22 4.79 0.205 0.019 90.83 90.10 0.98 0.08 111 0.08 23.21 17.80
YMoN(NO). 0.003 0.025 0.278 3.57 3.52 3.87 0.253 0.023 90.88 90.08 0.98 0.08 1.08 0.08 15.14 12.39
YNbCO; 0.003 0.033 0.369 4.28 4.10 4.75 0.336 0.030 90.98 90.17 1.59 0.12 1.85 0.12 22.89 16.70
YTaCO; 0.000 0.000 0.005 3.88 4.32 4.69 0.004 0.000 90.88 90.15 0.02 0.00 0.02 0.00 22.19 18.89
YTIN(NO)2 0.003 0.035 0.395 4.08 4.12 4.66 0.360 0.032 91.04 90.18 1.68 0.13 1.90 0.13 22.00 16.95
YTIiNO: 0.003 0.032 0.358 4.15 4.12 4.58 0.325 0.029 90.97 90.01 1.49 0.12 1.66 0.12 21.20 16.92
YVCO: 0.004 0.038 0.415 3.67 3.97 4.49 0.378 0.034 90.90 90.16 1.70 0.14 1.92 0.15 20.47 15.90
YVNF; 0.003 0.030 0.332 3.81 3.96 4.41 0.301 0.028 90.82 90.27 1.33 0.11 1.48 0.11 19.71 15.78
YZrNO; 0.003 0.029 0.322 4.57 4.47 4.98 0.292 0.026 90.87 90.09 1.45 0.12 1.62 0.12 25.08 19.95
Zr,C 0.003 0.032 0.349 2.75 2.57 291 0.318 0.028 90.95 90.07 0.92 0.07 1.04 0.07 8.56 6.55
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Zr,C(OH) 0.003 0.032 0.318 5.33 5.49 5.59 0.286 0.029 89.95 89.93 1.60 0.16 1.62 0.16 31.30 30.28
Zr,CF, 0.002 0.023 0.246 3.35 3.38 3.64 0.223 0.021 90.59 90.18 0.81 0.07 0.88 0.07 13.36 1141
Zr,CF2-(model2) 0.003 0.028 0.317 4.10 3.86 4.43 0.289 0.025 91.17 90.23 128 0.10 147 0.09 19.91 14.78
Zr,CF2-(model3) 0.004 0.036 0.412 3.45 3.36 3.91 0.376 0.033 91.23 90.15 1.47 0.11 171 0.11 15.53 11.27
Zr,CO, 0.003 0.035 0.403 4.88 4.35 5.27 0.367 0.032 91.20 90.14 1.94 0.14 2.35 0.12 28.39 18.70
Zr,CrCN 0.004 0.044 0.577 5.36 5.49 7.47 0.534 0.039 92.46 90.26 3.98 0.22 5.42 0.22 57.45 30.25
Zr,CrCNO. 0.005 0.049 0.477 10.65 10.87 10.85 0.428 0.044 89.76 90.14 4.64 0.48 4.63 0.49 117.62 118.46
Zr,HfCN 0.002 0.025 0.298 4.39 4.64 5.65 0.273 0.022 91.68 90.28 1.54 0.10 1.88 0.11 32.51 21.62
Zr,HfCNO, 0.003 0.032 0.309 10.76 10.38 10.42 0.276 0.029 89.52 90.04 2.88 0.30 2.89 0.29 108.60 107.43
Zr,MoCN 0.003 0.034 0.433 5.27 5.06 6.52 0.399 0.031 92.07 90.19 2.60 0.16 3.35 0.15 43.55 25.46
Zr,MoCNO, 0.004 0.040 0.394 10.22 10.30 10.35 0.353 0.036 89.74 89.98 3.66 0.37 3.68 0.38 107.28 106.16
ZrN 0.002 0.025 0.267 2.27 2.29 2.44 0.242 0.023 90.65 90.18 0.59 0.05 0.63 0.05 5.99 5.25
Zr2N(OH). 0.003 0.031 0.304 5.36 5.72 5.53 0.273 0.028 89.87 90.19 151 0.16 1.46 0.17 30.50 3291
Zra2NbCN 0.003 0.035 0.432 4.76 5.16 6.51 0.397 0.031 91.99 90.31 2.59 0.16 3.27 0.17 43.40 26.84
Zr,NbCNO> 0.004 0.042 0.402 10.96 10.61 10.44 0.360 0.038 89.62 90.14 3.76 0.40 3.70 0.39 108.86 112.28
Zr:NF; 0.002 0.020 0.217 3.12 3.09 3.24 0.196 0.018 90.58 90.00 0.64 0.06 0.67 0.06 10.56 9.56
ZraNF,-(model?2) 0.003 0.033 0.378 3.92 3.67 4.33 0.345 0.030 91.31 90.19 1.50 0.11 1.76 0.10 19.12 13.40
ZraNF-(model4) 0.003 0.026 0.287 4.17 3.96 4.30 0.261 0.023 90.94 90.17 112 0.09 122 0.09 18.67 15.62
Zr,NO2 0.003 0.029 0.317 4.23 3.92 4.31 0.288 0.026 90.94 90.05 1.24 0.10 1.37 0.09 18.80 15.27
Zr,TaCN 0.000 0.001 0.007 5.10 4.92 6.24 0.006 0.001 91.88 90.29 0.04 0.00 0.05 0.00 39.89 24.13
Zr,TaCNO, 0.000 0.001 0.007 10.08 10.42 10.15 0.007 0.001 89.78 90.10 0.07 0.01 0.06 0.01 102.69 108.98
Zr,TICN 0.004 0.042 0.536 5.04 5.18 6.78 0.494 0.038 92.18 90.17 3.35 0.20 4.38 0.20 47.22 26.95
Zr;TICNO> 0.005 0.048 0.471 10.88 10.70 10.45 0.422 0.044 89.75 90.18 4.41 0.47 4.31 0.46 108.91 114.32
Zr;VCN 0.004 0.041 0.523 4.99 5.22 6.69 0.482 0.037 92.16 90.28 3.22 0.19 4.13 0.20 45.84 27.43
Zr,VCNO» 0.005 0.047 0.459 9.66 10.31 10.40 0.413 0.042 89.83 90.16 4.29 0.43 4.33 0.46 108.23 107.14
Zr3C2 0.003 0.028 0.317 3.68 3.72 4.43 0.290 0.025 91.29 90.19 1.28 0.09 1.53 0.09 19.99 13.82
Zr3C2(OH)2 0.002 0.018 0.168 7.69 7.04 6.54 0.150 0.016 89.38 89.91 0.98 011 0.91 0.10 42.41 49.03
Zr3CaF2 0.002 0.022 0.218 5.78 5.82 5.84 0.196 0.020 90.03 90.09 1.15 0.11 1.15 0.11 34.09 33.85
Zr3CoH> 0.001 0.014 0.133 5.12 5.08 4.88 0.119 0.012 89.66 89.85 0.58 0.06 0.56 0.06 23.74 25.77
Zr3C20, 0.004 0.037 0.375 8.08 8.38 8.76 0.338 0.034 90.08 90.17 2.96 0.28 3.09 0.29 77.17 70.58
ZrsCN 0.003 0.032 0.380 4.88 4.45 5.58 0.348 0.029 91.65 90.23 1.94 0.13 2.44 0.12 31.90 19.62
ZrsCNO, 0.005 0.046 0.477 9.85 10.33 10.70 0.431 0.041 90.35 90.12 4.62 0.43 4.78 0.45 114.99 107.38
ZrsN2(OH). 0.001 0.010 0.096 5.78 5.43 5.19 0.086 0.009 89.42 90.02 0.45 0.05 0.43 0.05 26.75 29.25
Zr3N2 0.002 0.018 0.203 3.24 3.12 3.52 0.184 0.017 90.89 90.10 0.65 0.05 0.73 0.05 12.56 9.68
Zr3NoF2 0.002 0.017 0.166 5.72 5.65 5.52 0.149 0.015 89.84 90.07 0.82 0.09 0.80 0.08 30.37 31.83
Zr3N2H: 0.001 0.015 0.143 5.14 5.11 5.23 0.129 0.013 89.67 90.03 0.67 0.07 0.69 0.07 27.43 26.07
Zr3N20, 0.003 0.030 0.303 7.02 7.32 7.44 0.273 0.027 90.15 90.06 2.03 0.20 2.06 0.20 55.39 53.80
Zr,Cs 0.002 0.023 0.269 3.68 3.97 4.66 0.246 0.021 91.39 90.15 1.14 0.08 1.35 0.09 22.10 15.86
Zr4C3(OH)2 0.002 0.020 0.176 8.31 8.54 7.56 0.156 0.018 88.81 89.92 1.18 0.15 1.05 0.16 56.34 73.09
Zr4,CsF2 0.002 0.019 0.188 6.07 6.07 6.09 0.169 0.017 90.11 90.01 1.03 0.10 1.03 0.10 37.12 36.81
Zr,CsH2 0.002 0.024 0.236 7.53 8.05 7.85 0.212 0.022 89.68 90.13 1.66 0.18 1.62 0.19 61.44 65.31
Zr4C30, 0.003 0.030 0.319 8.42 8.27 8.94 0.289 0.027 90.53 90.12 2.58 0.23 2.79 0.22 80.55 68.22
ZrsNs 0.001 0.015 0.165 3.13 3.11 3.43 0.150 0.014 90.91 90.08 0.51 0.04 0.57 0.04 11.87 9.67

108




ZrsN3(OH). 0.002 0.019 0.171 8.45 8.24 7.73 0.152 0.017 88.85 90.02 1.18 0.14 1.10 0.14 59.29 67.69
ZraNsF2 0.001 0.015 0.147 5.05 5.13 5.27 0.133 0.013 90.14 89.95 0.70 0.07 0.72 0.07 27.90 26.40
ZrsN302 0.002 0.023 0.243 6.84 6.86 7.24 0.220 0.021 90.48 90.09 1.59 0.14 1.68 0.14 52.68 47.03
ZrCrNO; 0.003 0.032 0.356 4.29 4.17 4.85 0.324 0.029 91.10 90.10 1.57 0.12 1.82 0.12 23.86 17.37
ZrHfCO, 0.002 0.020 0.218 4.30 4.22 4.66 0.198 0.018 90.85 90.09 0.92 0.08 1.02 0.07 21.96 17.77
ZrMoCO> 0.002 0.022 0.242 3.23 3.16 3.57 0.219 0.020 90.81 90.10 0.78 0.06 0.88 0.06 12.92 9.99
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APPENDIX C: Adsorption Capacities and Calculated Performance Metrics of MXenes with Large Interlayer

Distance at 35°C and 0.1, 1, and 10 bar

MXene Type CO; Adsorption Capacity (mol/kg) CO2/H: Selectivity CO2 Working Capacity Regenerability (%) APS AFM SSP

0.1 bar 1 bar 10 bar 0.1 bar 1 bar 10 bar PSA VSA PSA VSA PSA VSA PSA VSA PSA VSA
(CrV)sCz 0.006 0.058 0.642 4.65 4.69 5.22 0.584 0.053 90.91 90.12 3.05 0.25 3.40 0.25 27.60 21.99
(M00.66Y0.33)2CO2 0.003 0.028 0.302 2.74 2.82 3.09 0.275 0.025 90.79 90.14 0.85 0.07 0.93 0.07 9.65 8.01
(TiV)sCa 0.006 0.064 0.677 4.72 4.67 5.02 0.613 0.057 90.61 90.05 3.08 0.27 3.31 0.26 25.40 21.76
(TiV)C(OH)2 0.005 0.047 0.534 3.38 3.47 4.03 0.487 0.042 91.24 90.13 1.96 0.15 2.28 0.15 16.52 12.06
(TiV)CF2 0.004 0.042 0.451 2.83 2.69 2.94 0.409 0.038 90.74 90.07 1.21 0.10 1.32 0.10 8.75 7.22
(TiV)CO2 0.004 0.042 0.459 2.71 2.82 3.12 0.417 0.038 90.84 90.19 1.30 0.11 1.44 0.11 9.85 8.00
(Wo.66Y0.33)2CO2 0.002 0.024 0.272 4.08 3.92 4.38 0.247 0.022 91.02 90.16 1.08 0.09 1.21 0.08 19.37 15.28
CrC 0.005 0.051 0.543 2.42 2.43 2.65 0.493 0.046 90.66 90.08 1.30 0.11 1.42 0.11 7.06 5.93
CraC(OH)2 0.004 0.040 0.450 3.05 3.23 3.65 0.410 0.036 91.12 90.12 1.50 0.12 1.69 0.12 13.48 10.53
Cr2CBr2 0.008 0.080 1.403 7.68 7.69 14.05 1.323 0.072 94.33 90.45 18.59 0.55 33.96 0.55 207.76 59.17
Cr2CCl, 0.009 0.093 1.446 6.19 6.60 10.43 1.353 0.084 93.56 90.36 14.11 0.56 2231 0.59 113.31 43.84
Cr.CF2 0.003 0.033 0.353 2.31 2.40 2.60 0.321 0.029 90.75 90.09 0.83 0.07 0.90 0.07 6.80 5.80
Cr.CFCI 0.005 0.046 0.517 3.58 3.54 4.00 0.470 0.042 91.03 90.09 1.88 0.15 2.12 0.15 16.17 1251
Cr,CH2 0.003 0.028 0.296 1.83 1.84 1.92 0.268 0.026 90.39 90.10 0.51 0.05 0.53 0.05 3.69 3.38
Cr2CO2 0.004 0.043 0.498 3.46 3.50 4.23 0.455 0.039 91.42 90.07 1.93 0.13 2.33 0.14 18.23 12.26
CrCSz 0.020 0.216 3.231 13.45 14.70 22.57 3.015 0.196 93.32 90.91 68.05 2.88 104.51 3.15 529.78 218.02
Cr,HfCN 0.004 0.040 0.473 4.57 4.79 5.78 0.433 0.036 91.60 90.21 2.50 0.17 3.02 0.18 34.04 23.09
Cr,HfCNO2 0.003 0.033 0.446 5.62 5.45 7.56 0.413 0.030 92.65 90.35 3.12 0.16 4.33 0.16 59.01 29.63
Cr2MoCN 0.006 0.063 0.779 5.64 5.64 7.03 0.716 0.056 91.96 90.18 5.03 0.32 6.27 0.32 50.50 31.86
Cr2MoCNO; 0.004 0.046 0.656 5.52 5.96 8.66 0.610 0.041 93.03 90.31 5.28 0.25 7.67 0.27 77.60 35.84
CrN 0.003 0.032 0.333 1.84 1.93 2.02 0.302 0.029 90.47 90.04 0.61 0.06 0.64 0.06 4.11 3.75
CraN(OH)2 0.004 0.036 0.406 2.97 3.00 3.41 0.370 0.033 91.09 90.05 1.26 0.10 1.44 0.10 11.80 8.98
CraNb2Cs 0.004 0.036 0.414 3.94 4.15 4.91 0.378 0.032 91.39 90.10 1.86 0.13 2.20 0.14 24.53 17.32
Cra2NbCN 0.006 0.064 0.794 5.26 5.65 7.13 0.731 0.057 91.99 90.20 5.21 0.32 6.57 0.35 52.03 32.20
Cra2NbCNO> 0.005 0.047 0.682 5.94 5.95 8.81 0.635 0.042 93.10 90.22 5.59 0.25 8.28 0.25 80.54 35.41
Cr2NF2 0.003 0.027 0.285 2.17 2.10 2.27 0.258 0.024 90.62 90.08 0.59 0.05 0.63 0.05 5.21 4.40
Crz2NH, 0.003 0.027 0.286 2.00 1.97 2.08 0.259 0.024 90.54 90.04 0.54 0.05 0.57 0.05 4.33 3.88
Cr2NO2 0.003 0.035 0.383 2.51 2.64 2.88 0.348 0.031 90.88 90.11 1.00 0.08 1.09 0.09 8.36 7.01
CraTa:Cs 0.000 0.000 0.003 3.48 3.71 4.14 0.003 0.000 91.15 90.10 0.01 0.00 0.01 0.00 17.36 13.83
CrpTaC, 0.000 0.000 0.003 2.35 2.30 2.43 0.003 0.000 90.61 90.06 0.01 0.00 0.01 0.00 5.94 5.26
CraTaCN 0.000 0.001 0.009 5.21 5.37 6.63 0.008 0.001 91.83 90.25 0.06 0.00 0.07 0.00 44.93 28.90
Cr,TaCNO2 0.000 0.001 0.009 5.56 5.78 8.25 0.008 0.001 92.93 90.28 0.07 0.00 0.10 0.00 70.37 33.54
Cr2Ti2Cs 0.005 0.055 0.647 4.49 4.63 5.58 0.592 0.049 91.53 90.18 3.30 0.23 3.98 0.24 31.76 2151
CrTiC2 0.003 0.033 0.356 2.44 2.59 2.79 0.323 0.030 90.69 90.17 0.90 0.08 0.97 0.08 7.86 6.75
CraTiC2(OH)2 0.004 0.044 0.566 5.74 5.88 7.43 0.521 0.040 92.15 90.28 3.87 0.24 4.90 0.24 56.52 34.63
Cr2TiCoF2 0.006 0.064 0.925 6.21 6.41 9.22 0.861 0.058 93.09 90.29 7.94 0.37 11.43 0.38 87.97 41.22
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Cr2TiC202 0.005 0.051 0.706 5.27 5.60 7.82 0.655 0.046 92.75 90.26 5.12 0.26 7.16 0.27 63.10 31.54
Cr,TiCN 0.009 0.088 1.126 6.21 6.14 8.12 1.038 0.080 92.15 90.20 8.43 0.49 11.16 0.48 67.85 37.64
Cr2TiCNO, 0.006 0.060 0.901 6.41 6.35 9.64 0.841 0.054 93.34 90.33 8.11 0.34 12.30 0.34 96.46 40.31
CraV2Cs 0.005 0.054 0.649 4.64 4.85 5.76 0.594 0.049 91.63 90.08 3.42 0.24 4.06 0.25 33.72 23.67
CraVCe 0.003 0.032 0.349 2.46 2.58 2.82 0.316 0.029 90.70 90.06 0.89 0.08 0.98 0.08 8.06 6.67
Cr2VCN 0.009 0.088 1123 5.89 6.28 8.15 1.035 0.079 92.17 90.22 8.44 0.50 10.96 0.53 68.22 39.69
Cr2VCNO: 0.006 0.059 0.880 5.75 6.26 9.45 0.821 0.053 93.31 90.28 7.76 0.33 11.72 0.36 92.75 39.58
Cr2ZrCN 0.006 0.058 0.698 4.99 5.02 6.17 0.639 0.052 91.67 90.19 3.94 0.26 4.85 0.26 38.83 25.19
Cr2ZrCNO; 0.004 0.046 0.638 5.74 5.77 8.20 0.593 0.041 92.84 90.28 4.86 0.24 6.91 0.24 69.53 33.32
CrsC 0.004 0.045 0.488 3.19 3.30 3.54 0.443 0.041 90.76 90.12 1.57 0.13 1.68 0.14 12.62 10.96
CrsCa(OH). 0.003 0.033 0.368 4.23 4.14 4.75 0.336 0.029 91.13 90.09 1.59 0.12 1.83 0.12 22.85 17.08
CrsCaF2 0.002 0.023 0.256 3.02 2.96 3.30 0.233 0.021 90.95 90.19 0.77 0.06 0.85 0.06 11.01 8.77
CrsCzaHz 0.003 0.033 0.377 3.45 3.66 4.14 0.344 0.030 91.24 90.16 1.42 0.11 1.61 0.12 17.35 13.46
CrsC20; 0.003 0.031 0.352 3.59 3.57 4.24 0.321 0.028 91.31 90.06 1.36 0.10 1.62 0.10 18.35 12.74
CrsCN 0.008 0.083 1.037 5.79 6.01 7.64 0.954 0.075 92.01 90.20 7.29 0.45 9.28 0.47 59.81 36.24
CrsCNO: 0.006 0.067 1.051 6.84 7.08 11.41 0.984 0.060 93.67 90.41 11.23 0.43 18.10 0.44 135.76 50.28
CrsN2 0.002 0.023 0.246 2.22 2.32 2.48 0.223 0.020 90.74 89.98 0.55 0.05 0.59 0.05 6.18 5.43
CrsN2(OH)2 0.007 0.069 1.133 8.08 8.54 14.42 1.064 0.062 93.92 90.49 15.34 0.53 2591 0.56 217.70 73.39
Cr3NzH2 0.003 0.034 0.395 3.51 3.78 4.32 0.361 0.031 91.29 90.16 1.56 0.12 1.78 0.13 18.88 14.39
CrsN202 0.003 0.026 0.309 3.91 3.91 4.57 0.282 0.024 91.41 90.19 1.29 0.09 1.51 0.09 21.22 15.30
CrsCs 0.004 0.039 0.430 3.55 3.49 3.93 0.391 0.035 90.90 90.08 1.54 0.12 1.73 0.12 15.65 12.19
CrsCs(OH). 0.002 0.025 0.289 3.90 3.84 4.37 0.264 0.023 91.27 90.17 1.16 0.09 1.32 0.09 19.39 1471
CrsCsF2 0.002 0.020 0.214 2.73 2.81 3.14 0.194 0.018 90.77 90.12 0.61 0.05 0.68 0.05 9.96 7.91
CrsCsHz 0.002 0.023 0.255 3.14 3.12 3.55 0.232 0.021 90.94 90.08 0.82 0.07 0.94 0.06 12.76 9.75
CrsC30; 0.002 0.025 0.286 3.54 3.59 4.22 0.261 0.023 91.27 90.15 1.10 0.08 1.29 0.08 18.08 12.93
CraNs 0.002 0.024 0.252 2.29 2.30 2.41 0.228 0.022 90.31 90.06 0.55 0.05 0.58 0.05 5.84 5.28
CraN3(OH)2 0.002 0.022 0.242 3.39 3.43 3.84 0.221 0.020 91.00 90.11 0.85 0.07 0.95 0.07 14.92 1177
CraNsF2 0.002 0.016 0.176 2.46 2.50 2.70 0.160 0.015 90.68 90.06 0.43 0.04 0.47 0.04 7.38 6.26
CrsN3H2 0.002 0.019 0.206 2.80 2.84 3.10 0.187 0.017 90.83 90.03 0.58 0.05 0.63 0.05 9.72 8.08
CrsN3O2 0.002 0.020 0.219 2.99 3.01 3.32 0.199 0.018 90.84 90.09 0.66 0.05 0.73 0.05 11.13 9.06
CrMoCF, 0.003 0.032 0.343 2.67 2.72 2.98 0.312 0.029 90.78 90.14 0.93 0.08 1.02 0.08 8.99 7.44
CrWCF; 0.002 0.024 0.261 2.78 2.96 3.34 0.237 0.021 90.97 90.08 0.79 0.06 0.89 0.07 11.32 8.83
Hf,.C 0.002 0.019 0.199 2.33 2.35 2.55 0.180 0.017 90.57 90.03 0.46 0.04 0.50 0.04 6.56 5.52
Hf2C(OH). 0.001 0.015 0.162 2.94 2.90 3.31 0.147 0.013 90.91 90.14 0.49 0.04 0.56 0.04 1114 8.42
Hf.CF, 0.001 0.013 0.146 2.48 2.45 2.65 0.132 0.012 90.81 90.03 0.35 0.03 0.38 0.03 7.07 5.99
Hf.CF, -(model2) 0.002 0.015 0.164 2.54 2.57 2.79 0.149 0.014 90.78 90.06 0.42 0.03 0.45 0.04 7.85 6.60
Hf2CF; -(model3) 0.002 0.021 0.217 251 2.44 2.58 0.196 0.019 90.48 90.10 0.51 0.05 0.54 0.04 6.72 5.93
Hf.CF, -(model4) 0.002 0.018 0.191 2.42 2.43 2.56 0.173 0.016 90.58 90.04 0.44 0.04 0.47 0.04 6.58 5.90
Hf2CO; 0.002 0.019 0.209 2.98 3.13 3.44 0.190 0.017 90.90 90.02 0.65 0.05 0.72 0.06 11.97 9.86
Hf2CO; -(model2) 0.001 0.012 0.134 2.33 2.47 2.65 0.122 0.011 90.80 90.22 0.32 0.03 0.35 0.03 7.08 6.13
Hf2CO; -(model3) 0.002 0.019 0.203 2.58 2.55 2.71 0.184 0.017 90.51 90.02 0.50 0.04 0.53 0.04 7.41 6.50
Hf2CO; -(model4) 0.002 0.022 0.228 2.87 2.76 2.95 0.207 0.019 90.56 90.01 0.61 0.05 0.65 0.05 8.76 7.61
Hf2CrCN 0.002 0.022 0.250 3.37 3.65 4.11 0.228 0.020 91.04 90.09 0.94 0.07 1.05 0.08 17.13 13.45
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Hf.CrCNO, 0.002 0.016 0.189 3.87 4.06 4.80 0.173 0.015 91.40 90.12 0.83 0.06 0.98 0.06 23.45 16.58
Hf2MoCN 0.002 0.019 0.208 3.17 3.33 3.75 0.190 0.017 90.99 90.04 071 0.06 0.80 0.06 14.25 11.15
Hf2MoCNO, 0.001 0.015 0.169 3.74 4.07 4.73 0.154 0.013 91.32 90.17 0.73 0.05 0.85 0.06 22.71 16.75
Hf2N 0.001 0.015 0.159 1.99 2.06 2.17 0.144 0.014 90.54 90.06 031 0.03 0.33 0.03 4.75 4.28
Hf2N(OH). 0.001 0.014 0.158 3.09 3.23 3.66 0.144 0.013 90.98 90.13 0.53 0.04 0.60 0.04 13.58 10.48
Hf:NbCN 0.002 0.019 0.207 3.16 3.35 3.74 0.188 0.017 90.91 90.15 0.70 0.06 0.78 0.06 14.16 11.32
Hf2NbCNO> 0.001 0.015 0.169 3.82 4.13 4.67 0.154 0.013 91.21 90.22 0.72 0.06 0.82 0.06 22.11 17.20
Hf:NF2 0.001 0.011 0.118 2.16 2.31 2.54 0.107 0.010 90.75 90.03 0.27 0.02 0.30 0.02 6.50 5.36
Hf2NF2 -(model2) 0.001 0.015 0.158 2.54 2.60 2.83 0.144 0.013 90.81 90.06 0.41 0.03 0.44 0.03 8.08 6.77
HfNF, -(model4) 0.003 0.027 0.289 3.21 3.34 3.69 0.262 0.024 90.80 90.07 0.97 0.08 1.07 0.08 13.77 11.22
Hf:2NO> 0.002 0.016 0.180 2.69 2.81 3.12 0.164 0.015 90.86 90.10 0.51 0.04 0.57 0.04 9.87 7.93
Hf;TaCN 0.000 0.000 0.005 3.28 3.30 3.74 0.005 0.000 90.94 90.15 0.02 0.00 0.02 0.00 14.19 10.90
Hf>,TaCNO. 0.000 0.000 0.005 4.09 4.13 4.78 0.004 0.000 91.25 90.14 0.02 0.00 0.02 0.00 23.19 17.09
Hf2TiCN 0.002 0.022 0.241 3.51 3.41 3.92 0.219 0.020 91.01 90.06 0.86 0.07 0.99 0.06 15.63 11.57
Hf2TICNO, 0.002 0.016 0.187 3.99 3.94 4.70 0.171 0.015 91.34 90.13 0.80 0.06 0.96 0.06 22.53 15.49
Hf2VCN 0.002 0.021 0.236 3.40 3.49 3.86 0.215 0.019 90.93 90.15 0.83 0.07 0.92 0.07 15.06 1221
Hf2VCNO» 0.002 0.016 0.187 4.02 3.98 4.67 0.170 0.015 91.33 90.16 0.80 0.06 0.93 0.06 22.22 15.86
HfZrCN 0.002 0.018 0.195 3.05 3.22 3.45 0.177 0.016 90.75 90.11 0.61 0.05 0.65 0.06 11.98 10.43
Hf2ZrCNO» 0.001 0.015 0.167 3.99 4.00 4.59 0.153 0.013 91.21 90.14 0.70 0.05 0.80 0.05 21.38 15.99
Hf;Co 0.002 0.015 0.166 3.00 3.02 3.32 0.151 0.014 90.70 90.03 0.50 0.04 0.55 0.04 11.15 9.15
Hf;C2(OH). 0.001 0.012 0.125 4.03 4.11 4.36 0.113 0.011 90.50 90.08 0.49 0.04 0.52 0.04 19.14 16.95
Hf3CoF2 0.001 0.010 0.104 2.91 2.90 3.19 0.094 0.009 90.80 90.02 0.30 0.02 0.33 0.02 10.29 8.40
Hf3CoH2 0.001 0.006 0.057 2.07 2.18 2.20 0.051 0.005 90.21 89.94 011 0.01 0.11 0.01 4.85 4.79
Hf;C20, 0.001 0.013 0.153 3.82 3.70 4.30 0.139 0.012 91.21 90.14 0.60 0.04 0.70 0.04 18.81 13.63
Hf:CN 0.001 0.015 0.161 2.94 3.02 3.32 0.146 0.013 90.75 90.04 0.49 0.04 0.53 0.04 1112 9.18
Hf;CNO; 0.001 0.014 0.169 3.93 4.05 4.74 0.154 0.013 91.44 90.18 0.73 0.05 0.86 0.05 22.82 16.42
HfsN2 0.001 0.010 0.111 2.43 2.43 2.67 0.100 0.009 90.67 90.16 0.27 0.02 0.29 0.02 7.20 5.92
HfsN2(OH). 0.001 0.012 0.122 4.54 4.50 4.76 0.110 0.010 90.48 90.06 0.52 0.05 0.55 0.05 22.79 20.25
HfsNoF2 0.001 0.008 0.085 2.95 2.85 3.12 0.077 0.007 90.72 90.04 0.24 0.02 0.26 0.02 9.82 8.10
Hf3sN2H2 0.001 0.006 0.066 2.58 2.57 2.68 0.060 0.006 90.38 90.12 0.16 0.01 0.17 0.01 7.24 6.58
Hf3N20, 0.001 0.012 0.129 3.42 3.43 3.88 0.117 0.010 91.04 90.21 0.46 0.04 0.51 0.04 15.25 11.78
Hf,Cs 0.001 0.008 0.089 2.36 2.39 2.52 0.081 0.008 90.49 90.06 0.20 0.02 0.21 0.02 6.39 571
Hf4C3(OH). 0.001 0.009 0.100 3.28 3.20 3.54 0.091 0.008 90.82 90.17 0.32 0.03 0.35 0.03 12.63 10.20
Hf4CsF2 0.001 0.008 0.086 3.07 2.99 3.27 0.078 0.007 90.76 90.08 0.25 0.02 0.28 0.02 10.79 8.89
HfsC3H2 0.001 0.005 0.054 2.41 2.51 2.61 0.049 0.005 90.30 90.19 0.13 0.01 0.13 0.01 6.83 6.32
Hf4Cs0. 0.001 0.011 0.131 3.85 3.94 4.58 0.119 0.010 91.46 90.23 0.55 0.04 0.64 0.04 21.31 15.55
HfaNs 0.001 0.008 0.088 2.38 2.46 2.59 0.079 0.008 90.47 90.07 0.21 0.02 0.22 0.02 6.74 6.07
HfsN3(OH)> 0.001 0.008 0.088 3.66 3.61 4.01 0.080 0.007 90.63 90.07 0.32 0.03 0.36 0.03 16.30 13.04
HfsNsF. 0.001 0.007 0.071 2.62 2.72 2.98 0.064 0.006 90.65 90.09 0.19 0.02 0.21 0.02 8.95 7.45
HfsN3H2 0.000 0.005 0.049 231 2.30 2.45 0.044 0.004 90.39 90.05 0.11 0.01 0.11 0.01 6.03 5.28
HfsN302 0.001 0.009 0.106 3.48 3.44 3.92 0.096 0.008 91.15 90.12 0.38 0.03 0.43 0.03 15.56 11.84
HfCrNO; 0.002 0.019 0.215 2.74 2.79 3.11 0.196 0.018 90.95 90.13 0.61 0.05 0.68 0.05 9.77 7.81
Mn.C 0.005 0.050 0.538 2.34 2.45 2.69 0.488 0.045 90.65 90.18 131 0.11 1.44 0.12 7.29 6.01

112




Mn,C(OH). 0.004 0.038 0.425 3.08 3.10 3.55 0.388 0.034 91.17 90.14 1.38 0.11 1.58 0.11 12.80 9.64
Mn.CF> 0.003 0.028 0.304 2.28 2.33 2.54 0.276 0.025 90.72 90.01 0.70 0.06 0.77 0.06 6.53 5.44
Mn2CO2 0.004 0.037 0.414 2.97 2.90 3.16 0.377 0.034 90.98 90.09 1.19 0.10 1.30 0.10 10.06 8.39
Mn2N 0.003 0.029 0.301 1.73 1.89 2.03 0.273 0.026 90.55 90.12 0.55 0.05 0.60 0.05 4.15 3.59
Mn;N(OH). 0.003 0.032 0.357 2.66 2.69 2.96 0.325 0.029 90.92 90.02 0.96 0.08 1.06 0.08 8.85 7.22
MnzNF2 0.003 0.025 0.270 2.03 2.09 2.23 0.245 0.023 90.57 90.14 0.54 0.05 0.58 0.05 5.00 4.38
MnzNO- 0.003 0.032 0.356 2.70 2.74 2.94 0.323 0.029 90.89 90.02 0.95 0.08 1.02 0.08 8.70 7.52
MnsCs 0.004 0.044 0.477 3.23 3.27 3.61 0.433 0.040 90.76 90.11 1.56 0.13 1.73 0.13 13.20 10.68
MnsC2(OH)2 0.003 0.033 0.369 4.23 4.47 5.15 0.336 0.029 91.17 90.24 1.73 0.13 2.00 0.14 26.97 20.15
MnsCaoF2 0.002 0.022 0.245 3.03 2.86 3.27 0.223 0.020 91.02 90.19 0.73 0.06 0.84 0.05 10.85 8.10
Mn3C202 0.003 0.029 0.336 3.72 3.68 4.20 0.306 0.026 91.31 90.15 1.29 0.10 1.46 0.10 17.85 13.56
MnsN; 0.003 0.033 0.344 2.48 2.42 2.57 0.311 0.029 90.49 90.08 0.80 0.07 0.85 0.07 6.66 5.83
MnsN2(OH). 0.003 0.029 0.315 4.28 4.32 4.63 0.286 0.026 90.92 90.11 1.32 0.11 1.42 0.11 21.61 18.64
MnsNzF, 0.002 0.019 0.210 2.54 2.54 2.84 0.191 0.017 90.84 90.02 0.54 0.04 0.60 0.04 8.15 6.46
Mn4Cs 0.004 0.038 0.415 3.49 3.53 3.93 0.377 0.034 90.90 90.09 1.48 0.12 1.65 0.12 15.64 12.46
Mn4C3(OH)2 0.002 0.025 0.290 4.14 4.18 4.91 0.265 0.022 91.44 90.15 1.30 0.09 1.54 0.09 24.56 17.45
MnsCsF. 0.002 0.018 0.196 2.93 291 3.22 0.178 0.016 90.86 90.12 0.57 0.05 0.64 0.05 10.49 8.45
Mn4Cs02 0.002 0.023 0.263 3.43 3.51 3.90 0.239 0.021 91.10 90.20 0.93 0.07 1.04 0.08 15.41 12.34
MnsNs 0.002 0.019 0.205 2.47 2.60 2.80 0.186 0.017 90.66 90.16 0.52 0.04 0.56 0.05 7.92 6.81
MnsN3(OH). 0.002 0.022 0.252 3.97 3.87 4.52 0.229 0.020 91.21 90.18 1.04 0.08 121 0.08 20.80 14.97
MnsN3O. 0.002 0.019 0.206 2.86 2.98 3.30 0.187 0.017 90.85 90.07 0.62 0.05 0.69 0.05 11.03 8.91
Mo1.33C 0.007 0.074 0.766 3.73 3.75 3.89 0.692 0.066 90.38 90.06 2.69 0.25 2.78 0.25 15.15 14.11
Mo,C 0.004 0.037 0.396 2.81 2.82 3.00 0.359 0.033 90.66 90.04 1.08 0.09 1.15 0.09 9.08 7.96
Mo2C(NCS). 0.019 0.206 1.839 20.37 22.92 20.99 1.633 0.188 88.77 91.00 34.26 4.31 31.38 4.85 435.84 531.94
Mo,C(OCN). 0.005 0.048 0.704 6.06 6.21 9.08 0.656 0.043 93.20 90.35 5.96 0.27 8.72 0.28 85.37 38.63
Mo2C(OH). 0.002 0.025 0.277 2.74 2.79 3.12 0.252 0.023 90.97 90.09 0.79 0.06 0.88 0.06 9.84 7.83
Mo0,C(SCN)2 0.006 0.064 0.902 8.65 8.62 12.38 0.838 0.058 92.86 90.39 10.38 0.50 14.90 0.50 158.61 74.32
Mo2CBr, 0.005 0.054 0.851 7.02 6.94 11.13 0.797 0.049 93.69 90.39 8.88 0.34 14.24 0.33 129.24 48.15
Mo2CCl> 0.005 0.055 0.768 5.49 5.50 7.80 0.713 0.050 92.83 90.29 5.56 0.27 7.89 0.27 62.88 30.20
Mo2CF, 0.002 0.023 0.250 2.34 2.33 2.51 0.227 0.021 90.68 90.03 0.57 0.05 0.61 0.05 6.36 5.41
Mo2CF2 -(model4) 0.004 0.039 0.425 3.18 3.23 3.53 0.385 0.035 90.74 90.12 1.36 0.11 1.49 0.12 12.62 10.44
Mo2C0O> 0.002 0.025 0.288 3.31 3.19 3.73 0.262 0.023 91.20 90.18 0.98 0.07 114 0.07 14.14 10.12
Mo2CO> -(model4) 0.003 0.025 0.276 2.88 2.73 2.99 0.251 0.023 90.86 90.10 0.75 0.06 0.82 0.06 9.00 7.43
Mo,CrCN 0.005 0.048 0.573 4.84 5.02 6.17 0.525 0.043 91.69 90.21 3.24 0.22 3.98 0.22 38.89 25.34
Mo2CrCNO, 0.003 0.034 0.444 5.00 491 6.68 0.410 0.030 92.38 90.27 2.74 0.15 3.72 0.15 46.01 24.11
Mo.CS; 0.011 0.122 2.026 11.26 12.42 20.74 1.903 0.111 93.97 90.81 39.49 1.38 65.95 1.52 449.68 155.91
MoHf>C302 0.001 0.012 0.133 3.74 3.83 4.39 0.121 0.010 91.24 90.06 0.53 0.04 0.61 0.04 19.54 14.69
MozHfC 0.001 0.013 0.133 2.15 2.02 2.19 0.120 0.011 90.52 90.07 0.26 0.02 0.28 0.02 4.83 4.06
Mo;HfC20, 0.002 0.017 0.200 3.93 411 4.81 0.183 0.016 91.34 90.22 0.88 0.06 1.03 0.07 23.48 16.95
Mo;HfCN 0.003 0.025 0.291 3.91 3.94 4.46 0.266 0.023 91.25 90.17 1.19 0.09 1.34 0.09 20.16 15.56
Mo;HfCNO, 0.002 0.022 0.277 4.52 4.60 5.80 0.255 0.020 92.01 90.25 1.48 0.09 1.86 0.09 34.40 21.24
Mo2N 0.002 0.024 0.259 2.37 231 251 0.235 0.022 90.63 90.02 0.59 0.05 0.64 0.05 6.35 5.32
MozN(OH). 0.003 0.028 0.331 4.26 4.40 5.36 0.303 0.025 91.47 90.15 1.62 0.11 1.98 0.12 29.38 19.44
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Mo2Nb2Cs 0.002 0.025 0.278 3.50 3.69 4.15 0.254 0.022 91.17 90.13 1.05 0.08 1.18 0.09 17.42 13.70
MozNbC. 0.002 0.016 0.174 2.09 2.22 2.36 0.158 0.015 90.60 90.03 0.37 0.03 0.40 0.03 5.62 4.98

Mo.NbCN 0.003 0.034 0.400 4.26 4.33 5.09 0.366 0.031 91.41 90.12 1.86 0.13 2.19 0.14 26.39 18.78
Mo,NbCNO> 0.003 0.028 0.361 4.74 4.87 6.30 0.333 0.025 92.19 90.28 2.10 0.12 2.72 0.13 40.67 23.74
MozNF2 0.002 0.017 0.188 2.72 2.79 3.09 0.171 0.015 91.01 89.97 0.53 0.04 0.59 0.04 9.67 7.81

Mo2NO; 0.002 0.022 0.256 3.01 3.01 3.49 0.233 0.020 91.20 90.14 0.81 0.06 0.94 0.06 12.35 9.07

Mo2ScC; 0.002 0.020 0.214 2.17 2.24 2.39 0.194 0.018 90.64 90.07 0.46 0.04 0.49 0.04 5.74 5.03

Mo,ScC202 0.002 0.024 0.275 3.97 4.04 4.72 0.251 0.022 91.31 90.21 1.19 0.09 1.39 0.09 22.65 16.37
Mo,Ta,Cs 0.000 0.000 0.003 3.31 3.41 3.81 0.003 0.000 91.07 90.08 0.01 0.00 0.01 0.00 14.68 11.65
Mo,TaC 0.000 0.000 0.003 2.10 2.11 2.25 0.003 0.000 90.60 90.12 0.01 0.00 0.01 0.00 5.09 4.44

Mo,TaCN 0.000 0.001 0.007 4.24 4.15 4.90 0.006 0.001 91.35 90.22 0.03 0.00 0.04 0.00 24.40 17.21
Mo,TaCNO> 0.000 0.001 0.007 4.55 4.54 5.94 0.006 0.000 92.09 90.14 0.04 0.00 0.05 0.00 36.30 20.65
Mo,Ti-Cs 0.003 0.035 0.409 4.22 4.13 4.89 0.374 0.032 91.40 90.06 1.83 0.13 2.17 0.13 24.36 17.02
Mo2Ti2C3(0OH)1.5Fos 0.003 0.027 0.348 5.03 5.19 6.64 0.321 0.025 92.20 90.32 2.13 0.13 2.72 0.13 45.15 27.02
Mo,Ti2C3015Fos 0.002 0.022 0.261 3.98 3.87 4.69 0.239 0.020 91.56 90.13 1.12 0.08 1.36 0.07 22.40 14.94
Mo2Ti2C302 0.002 0.020 0.229 3.62 3.87 4.45 0.209 0.018 91.31 90.23 0.93 0.07 1.07 0.07 20.13 15.07
Mo,TiC, 0.002 0.020 0.214 2.34 2.30 2.48 0.194 0.018 90.61 90.00 0.48 0.04 0.52 0.04 6.20 5.26

Mo2TiC2(015Fos) 0.004 0.039 0.319 6.26 6.22 5.08 0.280 0.035 87.88 89.92 1.42 0.22 1.16 0.22 25.21 38.70
Mo,TiC2(OH). 0.003 0.032 0.386 5.02 5.43 6.65 0.354 0.029 91.78 90.08 2.36 0.16 2.88 0.17 45.15 29.79
Mo,TiCzF2 0.004 0.041 0.523 5.06 5.04 6.52 0.482 0.037 92.22 90.16 3.14 0.19 4.06 0.18 43.54 25.41
Mo:TiC20 0.002 0.025 0.297 3.98 4.06 4.87 0.271 0.023 91.47 90.25 1.32 0.09 1.59 0.09 24.22 16.52
Mo,TiCN 0.004 0.045 0.536 4.45 4.68 5.67 0.491 0.041 91.54 90.23 2.78 0.19 3.37 0.20 32.77 21.99
Mo,TiCNO> 0.003 0.033 0.428 4.98 4.97 6.32 0.395 0.030 92.23 90.32 2.50 0.15 3.18 0.15 40.92 24.70
MoV2Cs 0.003 0.035 0.399 3.93 4.15 4.90 0.365 0.031 91.34 90.14 1.79 0.13 211 0.14 24.39 17.31
Moz2VC2 0.002 0.020 0.212 2.34 2.30 2.50 0.192 0.018 90.66 89.99 0.48 0.04 0.52 0.04 6.28 5.29

Mo2VCN 0.004 0.045 0.532 4.46 4.71 5.64 0.487 0.040 91.58 90.08 2.75 0.19 3.29 0.20 32.39 22.29
Mo,VCNO; 0.003 0.033 0.422 4.84 4.95 6.31 0.389 0.030 92.21 90.18 2.45 0.15 3.13 0.15 40.78 24.57
Mo,Zr>C30, 0.002 0.016 0.183 3.64 3.68 4.36 0.167 0.014 91.24 90.11 0.73 0.05 0.86 0.05 19.36 13.57
MoZrC, 0.002 0.016 0.172 211 2.09 2.26 0.156 0.015 90.58 90.03 0.35 0.03 0.38 0.03 5.13 4.35

Mo,ZrC,0. 0.002 0.024 0.285 4.16 411 4.95 0.261 0.022 91.58 90.17 1.29 0.09 1.55 0.09 24.95 16.91
Mo2ZrCN 0.003 0.034 0.387 4.14 4.10 4.70 0.354 0.030 91.29 90.16 1.66 0.12 1.90 0.12 22.36 16.76
Mo0,ZrCNO; 0.003 0.028 0.355 4.65 4.74 5.99 0.327 0.025 92.10 90.24 1.96 0.12 2.47 0.12 36.76 22.55
MosC> 0.003 0.027 0.301 3.76 3.58 4.09 0.274 0.024 91.02 90.07 112 0.09 1.28 0.08 16.99 12.76
MosC2(OH)2 0.003 0.029 0.304 7.66 7.34 7.80 0.276 0.026 90.50 90.18 2.15 0.19 2.28 0.18 61.27 53.65
MosCoF 0.001 0.015 0.164 3.67 3.74 4.12 0.149 0.013 90.92 90.03 0.62 0.05 0.68 0.05 17.14 14.05
MosC2H> 0.002 0.021 0.231 3.66 3.72 4.24 0.210 0.018 91.12 90.20 0.89 0.07 1.02 0.07 18.23 13.90
MosC.0> 0.002 0.023 0.275 4.79 4.76 5.83 0.252 0.021 91.73 90.21 1.47 0.10 1.80 0.10 34.74 22.68
MosCN 0.003 0.034 0.387 4.03 4.16 4.77 0.353 0.030 91.27 90.17 1.68 0.13 1.93 0.13 23.04 17.32
MosN: 0.002 0.017 0.187 2.67 2.77 3.03 0.170 0.015 90.85 90.13 0.51 0.04 0.56 0.04 9.29 7.69

MosN2(OH). 0.003 0.030 0.309 7.95 8.13 8.53 0.279 0.027 90.39 90.14 2.38 0.22 2.50 0.22 73.15 66.30
MosN2F2 0.001 0.013 0.142 3.54 3.62 3.97 0.129 0.012 90.79 90.02 0.51 0.04 0.56 0.04 15.95 13.12
MosN2H; 0.002 0.016 0.178 2.96 291 3.35 0.162 0.014 91.02 90.08 0.54 0.04 0.63 0.04 11.38 8.47

MosN20; 0.002 0.018 0.200 4.24 4.34 4.91 0.182 0.016 91.10 90.32 0.89 0.07 1.01 0.07 24.46 18.91
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Mo4Cs 0.003 0.027 0.302 3.79 3.80 4.45 0.276 0.024 91.19 90.08 1.23 0.09 1.44 0.09 20.13 14.46
Mo4C3(OH)2 0.002 0.016 0.176 3.68 3.89 4.43 0.160 0.014 90.99 90.13 0.71 0.06 0.81 0.06 19.93 15.26
Mo4CsF2 0.001 0.013 0.140 291 291 3.26 0.127 0.012 90.81 90.13 0.41 0.03 0.46 0.03 10.74 8.48
Mo4C302 0.002 0.017 0.194 3.65 3.73 4.41 0.178 0.015 91.37 90.18 0.78 0.06 0.93 0.06 19.80 13.97
MosNs 0.002 0.016 0.169 2.70 2.77 3.01 0.153 0.014 90.61 90.12 0.46 0.04 0.50 0.04 9.17 7.70
MosN3(OH). 0.001 0.014 0.151 3.27 3.16 3.50 0.137 0.012 90.80 90.16 0.48 0.04 0.53 0.04 12.37 9.97
MosNsF, 0.001 0.012 0.131 2.58 2.57 2.80 0.118 0.011 90.56 90.17 0.33 0.03 0.36 0.03 7.88 6.61
MosNsH: 0.001 0.009 0.094 2.40 2.46 2.71 0.085 0.008 90.69 90.04 0.23 0.02 0.25 0.02 7.40 6.09
Mo4N30; 0.002 0.016 0.169 3.13 3.05 3.31 0.154 0.014 90.80 90.12 0.51 0.04 0.55 0.04 11.08 9.30
MoCrC 0.003 0.032 0.339 1.91 1.88 2.04 0.307 0.029 90.52 89.99 0.63 0.05 0.68 0.05 4.21 3.52
MoCrCO: -(model4) 0.003 0.033 0.370 3.09 3.03 3.38 0.337 0.030 90.96 90.09 114 0.09 1.27 0.09 11.53 9.18
MowC 0.002 0.018 0.185 1.91 1.86 1.99 0.167 0.016 90.49 90.08 0.33 0.03 0.35 0.03 3.98 3.45
MoWC(NCO). 0.003 0.034 0.466 5.56 5.48 7.77 0.432 0.030 92.77 90.29 3.36 0.17 4.76 0.16 62.41 29.98
MoWC(OCN). 0.004 0.037 0.549 5.88 6.07 9.12 0.512 0.034 93.24 90.37 4.67 0.20 7.01 0.21 86.34 36.99
MoWC(SCN). 0.005 0.049 0.721 8.05 8.18 12.44 0.672 0.044 93.21 90.47 8.35 0.36 1271 0.37 160.80 67.01
MoWCCI, 0.005 0.051 0.787 6.41 6.58 10.11 0.736 0.046 93.48 90.31 7.44 0.31 11.42 0.31 106.12 43.45
MoWCF; 0.001 0.014 0.134 0.90 0.92 0.91 0.120 0.012 89.78 89.97 0.11 0.01 0.11 0.01 0.83 0.85
MoWCO,-(model2) 0.002 0.020 0.217 3.06 3.09 3.42 0.198 0.018 91.00 90.11 0.68 0.05 0.75 0.05 11.80 9.55
Nbo.4V16C 0.073 0.674 4.559 25.56 24.65 16.92 3.885 0.601 85.22 89.20 65.75 14.82 45.14 14.29 | 271.61 605.05
NbogV12C 0.022 0.208 1.747 8.77 8.42 7.34 1.539 0.186 88.08 89.56 11.30 1.57 9.84 151 52.97 70.65
Nb12VosC 0.011 0.111 1.180 5.11 5.01 5.37 1.069 0.100 90.58 90.07 5.74 0.50 6.14 0.49 29.02 25.08
Nb1.3C 2.005 3.362 5.520 934.14 160.61 26.48 2.158 1.357 39.09 40.37 57.15 218.01 9.42 37.48 | 304.79 11603.47
Nb16VosC 0.007 0.069 0.707 3.42 3.37 3.46 0.638 0.062 90.25 90.16 2.21 0.21 2.27 0.21 12.02 11.35
Nb,C 0.004 0.036 0.387 2.47 2.51 2.72 0.351 0.033 90.64 90.08 0.96 0.08 1.04 0.08 7.48 6.33
Nb2C(OH). 0.003 0.026 0.283 2.90 2.99 3.40 0.257 0.023 90.95 90.01 0.88 0.07 1.00 0.07 11.75 8.99
Nb,CF> 0.002 0.022 0.243 2.22 2.43 2.64 0.221 0.020 90.75 90.03 0.58 0.05 0.63 0.05 7.05 5.97
Nb2.CO2 0.003 0.030 0.328 3.13 2.94 3.33 0.298 0.027 90.90 90.02 0.99 0.08 112 0.07 11.22 8.57
Nb.CrCN 0.005 0.049 0.588 5.01 4.98 6.01 0.539 0.045 91.60 90.19 3.24 0.22 3.91 0.22 36.79 24.80
Nb2CrCNO; 0.003 0.031 0.396 4.89 4.88 6.47 0.365 0.028 92.18 90.22 2.36 0.14 3.14 0.14 43.08 23.80
NboHFCN 0.003 0.027 0.302 3.71 3.91 4.49 0.275 0.024 91.14 90.17 1.23 0.09 1.41 0.10 20.41 15.39
Nb,HfCNO> 0.002 0.020 0.240 4.54 4.44 5.49 0.220 0.018 91.65 90.27 1.21 0.08 1.49 0.08 30.84 19.63
Nb2MoCN 0.004 0.038 0.443 4.32 4.45 5.25 0.405 0.034 91.39 90.16 2.13 0.15 2.51 0.16 28.00 19.84
Nb2MoCNO» 0.003 0.026 0.319 4.52 4.65 5.95 0.293 0.023 91.94 90.17 1.74 0.11 2.23 0.11 36.25 21.67
Nb2N 0.003 0.029 0.305 2.08 2.09 2.27 0.276 0.026 90.54 90.04 0.63 0.05 0.68 0.05 5.22 4.37
Nb2N(OH)2 0.003 0.027 0.305 3.77 3.80 4.43 0.278 0.024 91.25 90.08 1.23 0.09 1.44 0.09 19.96 14.47
Nb>NF, 0.002 0.018 0.197 2.46 2.61 2.88 0.179 0.016 90.86 90.00 0.51 0.04 0.57 0.04 8.39 6.83
Nb2NH. 0.002 0.018 0.189 1.73 1.65 1.76 0.171 0.016 90.34 90.07 0.30 0.03 0.32 0.03 3.12 2.73
NbNO2 0.003 0.027 0.299 2.64 2.78 3.12 0.271 0.025 90.87 90.19 0.85 0.07 0.95 0.07 9.86 7.78
Nb2Ta.Cs 0.000 0.000 0.003 3.42 3.49 3.93 0.003 0.000 91.06 90.12 0.01 0.00 0.01 0.00 15.66 12.22
Nb,TaCN 0.000 0.001 0.007 4.20 4.31 5.08 0.007 0.001 91.40 90.09 0.03 0.00 0.04 0.00 26.24 18.65
Nb,TaCNO2 0.000 0.000 0.006 4.54 4.70 5.80 0.005 0.000 91.90 90.24 0.03 0.00 0.04 0.00 34.30 22.16
Nb.TiCN 0.005 0.047 0.548 4.56 4.63 5.60 0.501 0.042 91.50 90.12 2.81 0.19 3.40 0.20 32.00 21.44
Nb2TiCNO; 0.003 0.030 0.383 4.69 5.02 6.40 0.353 0.027 92.06 90.15 2.26 0.14 2.88 0.15 42.02 25.41
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Nb2VCN 0.004 0.046 0.536 4.66 4.61 5.54 0.491 0.041 91.45 90.20 2.72 0.19 3.27 0.19 31.28 21.21
Nb2VCNO, 0.003 0.030 0.378 4.81 4.90 6.27 0.348 0.027 92.02 90.20 2.18 0.13 2.79 0.14 40.27 24.11
NboW2Cs 0.002 0.019 0.213 3.84 3.88 4.53 0.194 0.017 91.24 90.11 0.88 0.07 1.03 0.07 20.88 15.05
Nb2Zr.Cs 0.003 0.025 0.280 3.49 3.56 3.97 0.255 0.023 91.04 90.03 1.01 0.08 1.13 0.08 15.95 12.73
Nb2ZrCN 0.004 0.035 0.406 4.26 4.18 4.71 0.371 0.032 91.28 90.11 1.75 0.13 1.96 0.13 22.42 17.46
Nb2ZrCNO, 0.002 0.025 0.295 4.51 4.50 5.43 0.271 0.022 91.65 90.11 1.47 0.10 1.77 0.10 30.10 20.27
NbsCa 0.003 0.030 0.333 3.27 3.30 3.68 0.303 0.027 90.91 90.19 112 0.09 1.24 0.09 13.71 10.89
NbsC2(OH). 0.002 0.022 0.236 4.67 4.50 4.87 0.214 0.020 90.69 90.04 1.04 0.09 113 0.09 23.91 20.19
NbsC2F2 0.002 0.016 0.181 2.89 3.06 3.42 0.165 0.015 90.90 90.20 0.56 0.05 0.63 0.05 11.86 9.43
NbsCzH: 0.001 0.014 0.146 2.93 2.82 2.98 0.133 0.012 90.59 89.99 0.39 0.03 0.42 0.03 8.91 7.90
NbsC202 0.002 0.023 0.266 3.65 3.87 4.43 0.243 0.021 91.31 90.15 1.08 0.08 1.23 0.09 19.90 15.06
NbsCN 0.003 0.035 0.401 3.95 4.03 4.62 0.365 0.032 91.15 90.19 1.69 0.13 1.93 0.13 21.63 16.26
NbsCNO> 0.003 0.026 0.320 4.99 4.76 6.06 0.295 0.023 91.93 90.23 1.79 0.11 2.28 0.11 37.69 22.58
NbsN; 0.002 0.018 0.192 2.56 2.62 2.88 0.175 0.016 90.81 90.11 0.50 0.04 0.55 0.04 8.35 6.89
NbsN2(OH). 0.003 0.027 0.285 6.93 7.08 7.46 0.257 0.025 90.36 90.12 1.92 0.18 2.02 0.18 55.93 50.30
NbsNzF2 0.001 0.014 0.149 3.59 3.53 3.79 0.135 0.012 90.75 90.07 0.51 0.04 0.55 0.04 14.46 12.43
NbsNzH. 0.001 0.015 0.158 2.90 2.99 3.33 0.143 0.013 90.77 90.02 0.48 0.04 0.53 0.04 11.18 8.95
NbsN20, 0.002 0.019 0.218 3.56 3.57 4.13 0.198 0.018 91.07 90.20 0.82 0.06 0.95 0.06 17.29 12.74
Nb4Cs 0.002 0.023 0.256 3.36 3.38 3.74 0.233 0.021 91.00 90.16 0.87 0.07 0.96 0.07 14.12 11.45
Nb4C3(OH). 0.002 0.018 0.199 4.87 4.89 5.48 0.181 0.017 90.81 90.24 0.99 0.08 111 0.08 30.36 23.96
Nb4CsF2 0.001 0.013 0.135 3.37 3.19 3.50 0.123 0.011 90.72 90.10 0.43 0.04 0.47 0.03 12.34 10.13
Nb4CsH: 0.001 0.011 0.112 2.66 2.66 2.85 0.101 0.010 90.54 90.15 0.29 0.03 0.31 0.03 8.16 7.10
Nb4C302 0.002 0.018 0.206 3.65 3.80 4.45 0.189 0.016 91.36 90.09 0.84 0.06 0.98 0.06 20.09 14.48
Nb4N3 0.002 0.017 0.183 2.70 2.66 2.84 0.166 0.016 90.52 90.02 0.47 0.04 0.50 0.04 8.13 7.05
NbsNs(OH). 0.001 0.014 0.157 3.42 3.46 3.78 0.143 0.013 90.82 90.11 0.54 0.04 0.59 0.05 14.42 11.97
NbaN3F2 0.001 0.012 0.128 2.75 2.68 2.89 0.116 0.011 90.58 90.08 0.34 0.03 0.36 0.03 8.41 7.18
NbaN302 0.002 0.016 0.180 3.34 3.40 3.82 0.164 0.014 91.07 90.15 0.62 0.05 0.70 0.05 14.74 11.60
NbsC4(OH). 0.002 0.017 0.185 6.37 6.17 6.63 0.167 0.016 90.59 90.15 111 0.10 1.19 0.09 44.33 37.92
NbsCa4F2 0.001 0.010 0.106 3.25 3.20 3.45 0.096 0.009 90.72 90.13 0.33 0.03 0.36 0.03 11.97 10.24
NbsC402 0.001 0.013 0.156 3.91 3.92 4.59 0.143 0.012 91.40 90.22 0.66 0.05 0.77 0.05 21.45 15.38
NbCrN(NCO). 0.006 0.059 0.930 6.62 7.31 11.66 0.871 0.054 93.64 90.42 10.15 0.39 16.18 0.43 141.59 54.06
NbCrN(NCS), 0.042 0.540 2.016 41.54 52.48 20.56 1.475 0.498 73.19 92.14 30.33 26.13 11.88 33.01 | 34556 2817.65
NbCrN(OCN). 0.006 0.057 0.865 6.27 6.37 9.59 0.807 0.052 93.37 90.37 7.75 0.33 11.67 0.34 95.49 40.65
NbCrN(SCN)2 0.007 0.077 1.124 8.97 9.24 13.54 1.047 0.070 93.16 90.48 14.18 0.64 20.77 0.66 189.72 85.65
NbCrNBr2 0.007 0.076 1.393 8.17 8.71 16.46 1.317 0.069 94.53 90.49 21.68 0.60 40.95 0.64 285.49 76.40
NbCrNCl, 0.008 0.082 1.297 6.52 6.97 11.15 1.215 0.075 93.64 90.38 13.54 0.52 21.66 0.56 129.52 48.94
NbCrNF; 0.003 0.033 0.360 3.10 2.85 3.10 0.327 0.030 90.81 90.04 1.01 0.08 1.10 0.08 9.70 8.04
NbMoN(NCO). 0.004 0.042 0.565 5.25 5.18 7.15 0.523 0.038 92.58 90.34 3.74 0.20 5.16 0.19 52.70 26.79
NbMoN(NCS), 0.018 0.201 1.877 19.67 22.32 21.49 1.676 0.183 89.30 91.06 36.00 4.08 34.66 4.63 459.60 504.92
NbMoN(OCN), 0.003 0.028 0.287 6.05 6.16 6.30 0.258 0.025 90.15 90.08 1.63 0.16 1.67 0.16 39.85 37.96
NbMoN(SCN). 0.006 0.067 0.959 8.75 9.13 13.27 0.892 0.060 93.05 90.47 11.84 0.55 17.21 0.57 182.31 83.74
NbMoNBr2 0.006 0.062 1.092 7.48 7.73 13.78 1.029 0.056 94.30 90.40 14.18 0.43 25.28 0.45 199.22 59.94
NbMoNCI, 0.006 0.065 0.959 5.84 6.22 9.42 0.895 0.059 93.24 90.34 8.42 0.36 12.75 0.39 92.12 38.97
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NbMoN(CN). 0.004 0.036 0.433 3.74 4.05 4.88 0.396 0.033 91.61 90.13 1.94 0.13 2.33 0.14 2431 16.57
NbMoNF 0.003 0.030 0.322 2.93 2.88 3.22 0.292 0.027 90.80 90.17 0.94 0.08 1.05 0.08 10.48 8.30
NbWN(NCO). 0.003 0.033 0.448 5.18 5.41 7.40 0.415 0.030 92.68 90.29 3.07 0.16 4.20 0.17 56.39 29.39
NbWN(NCS). 0.014 0.160 1.490 20.02 22.74 21.48 1.330 0.146 89.28 91.11 28.57 3.31 26.99 3.76 458.24 523.91
NbWN(OCN)2 0.003 0.036 0.518 5.79 5.82 8.58 0.482 0.032 93.09 90.29 4.14 0.19 6.11 0.19 76.38 33.88
NbWN(SCN). 0.005 0.050 0.761 8.23 8.38 13.16 0.711 0.045 93.42 90.43 9.36 0.38 14.69 0.39 180.32 70.37
NbWNBr2 0.005 0.052 0.922 7.79 8.03 14.75 0.871 0.047 94.41 90.50 12.84 0.37 23.58 0.39 228.75 64.70
NbWNCI, 0.005 0.050 0.747 5.83 6.44 9.68 0.697 0.045 93.35 90.22 6.75 0.29 10.15 0.32 97.20 41.91
NbWN(CN), 0.002 0.025 0.278 3.20 3.29 3.67 0.253 0.023 91.00 90.15 0.93 0.07 1.03 0.08 13.63 10.85
NbWNF 0.002 0.023 0.245 2.89 2.79 3.06 0.223 0.021 90.73 90.12 0.68 0.06 0.75 0.06 9.45 .77
Sc.C 0.005 0.048 0.503 1.59 1.70 1.79 0.455 0.043 90.48 90.01 0.82 0.07 0.86 0.08 3.23 2.92
Sc2C(CN)2 0.005 0.056 0.606 2.84 2.93 3.25 0.550 0.050 90.82 90.12 1.79 0.15 1.98 0.15 10.67 8.64
Sc2C(NCO)2 0.006 0.062 0.809 5.28 5.44 7.27 0.747 0.056 92.36 90.23 5.43 0.30 7.26 0.31 54.32 29.66
Sc2C(NCS). 0.034 0.379 2.485 25.97 29.19 19.75 2.105 0.345 84.74 91.00 41.57 10.07 28.13 11.32 | 368.42 862.38
Sc2C(OCI)2 0.009 0.095 1.569 7.28 7.29 12.18 1.474 0.086 93.96 90.37 17.95 0.62 29.97 0.63 154.95 53.17
Sc2C(OCN). 0.007 0.069 0.966 5.97 6.45 9.26 0.897 0.063 92.83 90.26 8.31 0.40 11.93 0.44 88.77 41.95
Sc2C(OH). 0.004 0.039 0.427 2.61 2.66 291 0.388 0.035 90.87 90.04 1.13 0.09 1.24 0.10 8.56 7.10
Sc2C(SCN). 0.008 0.080 1.107 6.79 6.67 9.55 1.027 0.072 92.80 90.42 9.81 0.48 14.04 0.47 94.35 44.43
Sc2CBr2 0.006 0.066 0.953 5.59 5.88 8.42 0.887 0.060 93.08 90.26 7.47 0.35 10.71 0.37 73.26 34.72
Sc2CCl2 0.009 0.088 1.209 5.03 5.40 7.56 1.120 0.080 92.70 90.35 8.48 0.43 11.88 0.46 59.09 29.33
Sc.CF2 0.004 0.036 0.386 2.15 2.26 2.40 0.350 0.033 90.64 90.02 0.84 0.07 0.89 0.08 5.82 5.14
Sc2CF2 -(model2) 0.005 0.049 0.538 2.87 2.89 3.30 0.488 0.044 90.83 90.01 1.61 0.13 1.84 0.13 11.06 8.37
Sc2CF2 -(model3) 0.006 0.059 0.632 2.92 2.86 3.09 0.573 0.053 90.64 90.03 1.77 0.15 191 0.15 9.60 8.13
Sc2CF2 -(model4) 0.007 0.072 0.781 3.34 3.40 3.73 0.709 0.065 90.83 90.09 2.65 0.22 2.91 0.22 14.08 11.59
Sc2CO: -(model3) 0.006 0.060 0.639 2.76 2.81 3.06 0.580 0.054 90.67 90.13 1.77 0.15 1.92 0.15 9.42 7.93
Sc2CO; -(model4) 0.005 0.046 0.498 2.75 2.68 2.93 0.452 0.041 90.82 90.13 1.33 0.11 1.45 0.11 8.68 7.16
SceN 0.004 0.037 0.383 1.46 1.53 1.59 0.346 0.033 90.35 90.04 0.55 0.05 0.57 0.05 2.52 2.36
Sc2N(OH). 0.004 0.037 0.407 2.45 2.67 2.90 0.370 0.034 90.83 90.14 1.07 0.09 1.16 0.10 8.46 7.19
ScoNF2 0.003 0.031 0.331 2.13 2.14 2.28 0.300 0.028 90.62 90.09 0.68 0.06 0.72 0.06 5.21 4.59
ScoNF2 -(model3) 0.006 0.061 0.652 2.91 3.04 3.29 0.591 0.055 90.69 90.11 1.95 0.17 211 0.17 10.93 9.29
ScoNF2 -(model4) 0.005 0.047 0.510 2.93 2.77 3.02 0.463 0.042 90.83 90.02 1.40 0.12 1.53 0.11 9.23 7.64
SceNO, 0.004 0.044 0.477 2.48 2.56 2.80 0.433 0.040 90.69 90.05 121 0.10 1.33 0.11 7.91 6.55
Sc2NO2 -(model2) 0.004 0.040 0.454 2.87 2.97 3.34 0.413 0.036 91.10 90.04 1.38 0.11 1.56 0.11 11.31 8.84
ScsCa 0.004 0.038 0.398 2.29 2.14 2.31 0.360 0.034 90.46 90.05 0.83 0.07 0.90 0.07 5.38 4.57
ScsC2(OH). 0.003 0.031 0.331 3.42 3.40 3.66 0.300 0.028 90.52 90.12 1.10 0.10 1.18 0.10 13.53 1157
ScsCaBr2 0.002 0.018 0.193 3.20 3.13 3.41 0.175 0.016 90.82 90.02 0.60 0.05 0.65 0.05 11.71 9.77
ScsCoF2 0.003 0.025 0.274 2.82 2.73 2.97 0.249 0.023 90.75 90.05 0.74 0.06 0.81 0.06 8.91 7.41
ScsC20: 0.005 0.046 0.498 3.18 3.25 3.63 0.452 0.041 90.80 90.14 1.64 0.13 1.83 0.14 13.32 10.58
ScsN2 0.003 0.027 0.278 1.83 1.81 1.92 0.251 0.024 90.42 90.09 0.48 0.04 0.51 0.04 3.70 3.26
ScsN2(OH)2 0.003 0.030 0.319 3.65 3.71 3.95 0.289 0.027 90.56 90.06 1.14 0.10 1.22 0.10 15.73 13.77
ScsNoF2 0.002 0.022 0.237 2.52 2.50 2.70 0.214 0.020 90.67 89.97 0.58 0.05 0.63 0.05 7.36 6.22
ScsN202 0.003 0.031 0.343 3.00 2.94 3.24 0.311 0.028 90.82 90.19 1.01 0.08 1.11 0.08 10.63 8.63
ScaCs 0.004 0.035 0.373 2.63 2.57 2.72 0.338 0.032 90.50 90.00 0.92 0.08 0.97 0.08 7.43 6.59
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Sc4C3(OH). 0.003 0.026 0.271 3.59 3.72 3.92 0.245 0.023 90.47 90.13 0.96 0.09 1.01 0.09 15.45 13.93
ScaCsFe 0.002 0.022 0.230 2.75 2.82 3.02 0.208 0.020 90.58 90.20 0.63 0.06 0.67 0.06 9.21 7.99
Sc4C30: 0.003 0.030 0.332 3.55 3.46 3.92 0.303 0.027 91.09 90.01 119 0.09 1.35 0.09 15.61 11.93
ScaNs 0.002 0.021 0.217 1.84 1.83 1.96 0.196 0.019 90.35 89.99 0.38 0.03 0.41 0.03 3.86 3.35
ScaN3(OH)2 0.002 0.023 0.247 3.44 3.39 3.70 0.224 0.021 90.59 90.12 0.83 0.07 0.90 0.07 13.82 11.46
ScaNsF2 0.002 0.018 0.195 2.45 2.52 2.71 0.177 0.017 90.61 90.02 0.48 0.04 0.51 0.04 7.37 6.39
ScaN3O2 0.002 0.025 0.273 2.81 3.04 3.36 0.248 0.023 90.76 90.16 0.83 0.07 0.92 0.08 11.43 9.35
ScCrC(OCN). 0.007 0.070 1.021 5.75 5.83 8.79 0.951 0.063 93.18 90.26 8.37 0.37 12.63 0.37 80.34 34.03
ScCrC(OH). 0.005 0.047 0.547 3.35 3.64 4.18 0.500 0.043 91.37 90.28 2.09 0.16 2.40 0.17 17.70 13.36
ScCrCF 0.004 0.042 0.456 2.74 2.70 2.99 0.414 0.038 90.82 90.04 124 0.10 137 0.10 9.03 7.29
ScHFN(SCN). 0.005 0.053 0.722 7.16 7.65 10.53 0.669 0.048 92.65 90.32 7.05 0.37 9.70 0.39 114.34 58.96
ScHfNO, 0.002 0.024 0.260 2.71 2.72 2.94 0.236 0.022 90.71 90.09 0.69 0.06 0.75 0.06 8.73 7.42
ScNbCO> 0.003 0.035 0.381 2.88 2.71 2.99 0.346 0.032 90.78 90.07 1.03 0.09 114 0.08 9.02 7.28
ScTaCO: 0.000 0.000 0.004 2.80 2.84 3.17 0.004 0.000 90.81 90.02 0.01 0.00 0.01 0.00 10.16 8.06
ScTiNO: 0.004 0.040 0.443 2.71 2.73 3.07 0.403 0.036 90.94 90.15 1.23 0.10 1.39 0.10 9.51 7.45
ScVCO2 0.004 0.042 0.456 2.58 2.67 2.93 0.414 0.038 90.85 90.16 121 0.10 1.33 0.10 8.65 7.15
ScYC(CN). 0.004 0.039 0.435 3.13 3.04 3.40 0.396 0.036 90.94 90.12 1.35 0.11 1.50 0.11 11.70 9.23
ScYC(NCO). 0.005 0.050 0.617 4.32 4.49 5.64 0.567 0.045 91.91 90.17 3.20 0.20 4.01 0.21 32.50 20.29
SCYC(NCS). 0.016 0.170 2.006 14.04 1541 18.37 1.836 0.154 91.53 90.65 33.73 2.37 40.22 2.61 343.70 239.81
ScYC(OCI). 0.006 0.061 0.821 4.87 5.09 6.98 0.760 0.055 92.59 90.23 5.30 0.28 7.28 0.29 50.24 26.00
ScYC(OCN). 0.005 0.053 0.695 4.98 5.00 6.56 0.641 0.048 92.34 90.22 4.21 0.24 5.52 0.24 44.16 25.02
ScYC(OH). 0.003 0.034 0.382 2.81 2.89 3.26 0.347 0.031 90.97 90.13 113 0.09 1.28 0.09 10.77 8.38
ScYC(SCN). 0.007 0.071 0.951 7.02 7.10 9.74 0.880 0.064 92.55 90.27 8.57 0.45 11.75 0.46 97.73 50.50
ScYCBr, 0.006 0.057 0.796 5.73 5.82 8.18 0.739 0.051 92.87 90.23 6.05 0.30 8.51 0.30 69.12 33.89
ScYCCl, 0.006 0.066 0.834 5.04 4.73 6.00 0.768 0.059 92.10 90.25 4.61 0.28 5.85 0.26 36.88 22.20
ScYCF, 0.004 0.039 0.417 2.59 2.66 2.84 0.378 0.035 90.61 90.12 1.08 0.09 1.15 0.10 8.15 7.10
SCZrN(SCN). 0.007 0.075 1.045 7.23 8.08 11.47 0.970 0.068 92.84 90.43 11.13 0.55 15.78 0.61 135.86 66.16
ScZrNO, 0.004 0.036 0.392 2.87 2.74 3.12 0.356 0.033 90.81 90.13 111 0.09 1.26 0.09 9.86 7.49
Ta,C 0.000 0.000 0.002 2.82 2.95 3.19 0.002 0.000 90.65 90.13 0.01 0.00 0.01 0.00 10.26 8.76
Ta,C(OH). 0.000 0.000 0.002 3.54 3.80 4.46 0.002 0.000 91.26 90.07 0.01 0.00 0.01 0.00 20.27 14.59
Ta,CF2 0.000 0.000 0.002 2.57 2.50 2.73 0.001 0.000 90.77 90.11 0.00 0.00 0.00 0.00 7.50 6.21
Ta,CO2 0.000 0.000 0.002 3.32 3.17 3.51 0.002 0.000 91.05 90.04 0.01 0.00 0.01 0.00 12.47 9.99
Ta,CrCN 0.000 0.000 0.004 4.62 4.47 5.34 0.003 0.000 91.44 90.15 0.02 0.00 0.02 0.00 29.08 19.90
Ta,CrCNO> 0.000 0.000 0.003 4.35 4.48 5.51 0.002 0.000 91.67 90.19 0.01 0.00 0.02 0.00 30.97 20.10
Ta;HfCN 0.000 0.000 0.003 3.44 3.62 4.08 0.003 0.000 91.04 90.07 0.01 0.00 0.01 0.00 16.88 13.15
Ta;HfCNO> 0.000 0.000 0.002 4.06 4.10 4.82 0.002 0.000 91.32 90.13 0.01 0.00 0.01 0.00 23.63 16.80
Ta,MoCN 0.000 0.000 0.003 3.88 4.00 4.72 0.003 0.000 91.21 90.10 0.01 0.00 0.02 0.00 22.65 16.02
TazMoCNO, 0.000 0.000 0.003 4.13 4.17 5.06 0.002 0.000 91.55 90.24 0.01 0.00 0.01 0.00 26.12 17.45
Ta:N 0.000 0.000 0.002 2.33 2.41 2.61 0.002 0.000 90.63 90.23 0.00 0.00 0.00 0.00 6.85 5.85
TazN(OH). 0.000 0.000 0.002 4.15 4.12 4.84 0.002 0.000 91.30 90.17 0.01 0.00 0.01 0.00 23.81 16.96
Ta:NbCN 0.000 0.000 0.003 3.82 3.98 4.48 0.003 0.000 91.14 90.10 0.01 0.00 0.01 0.00 20.34 15.88
TazNbCNO; 0.000 0.000 0.003 4.05 4.25 5.06 0.002 0.000 91.55 90.17 0.01 0.00 0.01 0.00 26.02 18.20
TazNF, 0.000 0.000 0.001 3.00 2.79 3.13 0.001 0.000 91.00 90.12 0.00 0.00 0.00 0.00 9.93 7.71
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TaNH: 0.000 0.000 0.001 1.63 1.63 1.69 0.001 0.000 90.30 90.07 0.00 0.00 0.00 0.00 2.87 2.66
Ta:NO; 0.000 0.000 0.002 2.91 2.92 3.22 0.002 0.000 90.86 90.08 0.01 0.00 0.01 0.00 10.51 8.54
Ta;TiCN 0.000 0.000 0.003 4.01 4.17 4.81 0.003 0.000 91.28 90.18 0.02 0.00 0.02 0.00 23.48 17.46
Ta;TiCNO; 0.000 0.000 0.003 4.33 4.25 5.24 0.002 0.000 91.54 90.14 0.01 0.00 0.02 0.00 28.04 18.02
Ta;VCN 0.000 0.000 0.003 3.86 4.08 4.76 0.003 0.000 91.29 90.19 0.01 0.00 0.02 0.00 23.01 16.78
TaVCNO, 0.000 0.000 0.003 4.15 4.31 5.19 0.002 0.000 91.62 90.25 0.01 0.00 0.01 0.00 27.48 18.69
Ta,ZrCN 0.000 0.000 0.003 3.65 3.76 4.20 0.003 0.000 91.05 90.16 0.01 0.00 0.01 0.00 17.81 14.16
Ta:ZrCNO, 0.000 0.000 0.002 3.94 4.08 4.85 0.002 0.000 91.42 90.24 0.01 0.00 0.01 0.00 23.97 16.75
TasCs 0.000 0.000 0.002 3.65 3.81 4.28 0.002 0.000 91.10 90.19 0.01 0.00 0.01 0.00 18.53 14.61
TasC2(OH)2 0.000 0.000 0.002 5.58 5.69 6.18 0.002 0.000 90.74 90.12 0.01 0.00 0.01 0.00 38.48 32.50
TazCoF2 0.000 0.000 0.001 3.36 3.39 3.90 0.001 0.000 90.97 90.09 0.00 0.00 0.00 0.00 15.44 11.52
TasCoH2 0.000 0.000 0.001 2.65 2.56 2.73 0.001 0.000 90.45 89.97 0.00 0.00 0.00 0.00 7.50 6.52
TazC202 0.000 0.000 0.002 4.05 3.99 4.76 0.002 0.000 91.45 90.16 0.01 0.00 0.01 0.00 23.05 15.86
TasCN 0.000 0.000 0.002 3.28 3.37 3.73 0.002 0.000 90.85 90.12 0.01 0.00 0.01 0.00 14.04 11.37
TasCNO> 0.000 0.000 0.002 3.94 4.17 4.94 0.002 0.000 91.46 90.23 0.01 0.00 0.01 0.00 24.83 17.50
TasN2 0.000 0.000 0.001 3.06 3.05 3.42 0.001 0.000 90.94 90.08 0.00 0.00 0.00 0.00 11.81 9.29
TasN2(OH). 0.000 0.000 0.002 7.35 7.80 8.32 0.002 0.000 90.27 90.14 0.01 0.00 0.02 0.00 69.63 61.29
TasNaF2 0.000 0.000 0.001 3.60 3.86 4.16 0.001 0.000 90.79 90.14 0.00 0.00 0.00 0.00 17.42 15.01
TasN2H2 0.000 0.000 0.001 2.69 2.64 2.78 0.001 0.000 90.47 90.08 0.00 0.00 0.00 0.00 7.76 6.97
TazN20. 0.000 0.000 0.001 3.76 3.90 4.43 0.001 0.000 91.29 90.23 0.01 0.00 0.01 0.00 19.92 15.29
TasCs 0.000 0.000 0.002 3.78 3.85 4.46 0.002 0.000 91.27 90.11 0.01 0.00 0.01 0.00 20.18 14.87
TasC3(OH)2 0.000 0.000 0.001 4.87 5.00 5.62 0.001 0.000 91.00 90.11 0.01 0.00 0.01 0.00 31.94 25.11
TasCsF2 0.000 0.000 0.001 3.37 3.36 3.77 0.001 0.000 90.95 90.15 0.00 0.00 0.00 0.00 14.37 11.29
TasCsH2 0.000 0.000 0.001 2.48 2.58 2.71 0.001 0.000 90.45 90.12 0.00 0.00 0.00 0.00 7.38 6.69
TasCs02 0.000 0.000 0.001 4.02 3.99 4.84 0.001 0.000 91.60 90.16 0.01 0.00 0.01 0.00 23.84 15.92
TasNs 0.000 0.000 0.001 3.04 2.93 3.23 0.001 0.000 90.76 90.05 0.00 0.00 0.00 0.00 10.52 8.52
TasNs3(OH). 0.000 0.000 0.001 3.52 3.59 4.06 0.001 0.000 90.90 90.09 0.00 0.00 0.00 0.00 16.74 12.91
TasNsF2 0.000 0.000 0.001 2.81 2.76 3.01 0.001 0.000 90.65 90.06 0.00 0.00 0.00 0.00 9.17 7.63
TasNsH2 0.000 0.000 0.001 2.34 2.41 2.58 0.001 0.000 90.53 90.07 0.00 0.00 0.00 0.00 6.71 5.81
TasN3O2 0.000 0.000 0.001 3.55 3.53 4.14 0.001 0.000 91.24 90.15 0.00 0.00 0.01 0.00 17.40 12.43
TaCrN(OCN), 0.000 0.001 0.010 5.58 5.71 8.35 0.010 0.001 93.03 90.27 0.08 0.00 0.12 0.00 72.21 32.67
TaCrN(SCN). 0.000 0.001 0.016 7.59 8.35 12.63 0.015 0.001 93.42 90.40 0.19 0.01 0.29 0.01 165.59 70.53
TaCrNBr2 0.000 0.001 0.022 7.84 8.55 14.93 0.021 0.001 94.33 90.44 0.31 0.01 0.54 0.01 233.32 73.84
TaCrNClz 0.000 0.001 0.015 6.25 6.72 10.40 0.014 0.001 93.59 90.39 0.15 0.01 0.23 0.01 112.41 45.52
TaCrNF, 0.000 0.000 0.004 2.72 2.66 2.97 0.004 0.000 90.75 90.08 0.01 0.00 0.01 0.00 8.90 7.08
TaMoN(NCO). 0.000 0.001 0.008 4.69 4.85 6.40 0.007 0.001 92.29 90.23 0.05 0.00 0.06 0.00 42.06 23.62
TaMoN(NCS). 0.000 0.003 0.032 17.32 19.61 20.71 0.029 0.003 90.38 90.91 0.60 0.05 0.63 0.06 431.50 389.78
TaMoN(SCN)2 0.000 0.001 0.014 9.32 9.52 11.66 0.013 0.001 91.79 90.28 0.15 0.01 0.18 0.01 138.71 90.90
TaMoNBr2 0.000 0.001 0.019 6.62 7.09 12.17 0.018 0.001 94.00 90.40 0.22 0.01 0.37 0.01 155.09 50.67
TaMoNClI, 0.000 0.001 0.013 5.49 5.63 8.36 0.012 0.001 92.96 90.30 0.10 0.00 0.15 0.00 72.57 31.81
TaMoNF; 0.000 0.000 0.004 2.75 2.84 3.02 0.004 0.000 90.73 90.09 0.01 0.00 0.01 0.00 9.21 8.09
TaWN(CN). 0.000 0.000 0.005 3.15 3.24 3.62 0.005 0.000 91.07 90.13 0.02 0.00 0.02 0.00 13.23 10.52
TaWN(NCO). 0.000 0.001 0.008 4.67 4.92 6.51 0.008 0.001 92.34 90.25 0.05 0.00 0.07 0.00 43.55 24.38
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TaWNBr, 0.000 0.001 0.020 7.09 7.34 13.01 0.019 0.001 94.16 90.45 0.25 0.01 0.43 0.01 177.65 54.04
TaWNCI2 0.000 0.001 0.014 5.95 6.35 9.74 0.013 0.001 93.43 90.34 0.13 0.01 0.20 0.01 98.50 40.68
Tio4Nb16C 0.009 0.090 1.006 5.50 5.50 6.34 0.916 0.081 91.05 90.09 5.81 0.45 6.69 0.45 40.80 30.29
TiosNb12C 0.012 0.124 1.523 7.96 7.98 9.84 1.399 0.112 91.83 90.16 13.76 0.90 16.98 0.90 98.86 63.62
Ti12NbosC 0.028 0.280 2.628 15.92 15.80 15.37 2.349 0.252 89.35 90.11 36.11 3.98 35.14 3.95 235.62 249.38
Ti1sNbosC 0.008 0.083 0.861 3.48 3.44 3.56 0.778 0.075 90.35 89.95 2.77 0.26 2.87 0.25 12.75 11.82
Ti1eNbo4C 0.017 0.166 1.428 6.00 5.92 5.14 1.262 0.149 88.37 89.76 6.48 0.88 5.62 0.87 25.92 35.05
Ti1CoF2 0.001 0.013 0.165 5.11 4.96 6.41 0.151 0.012 91.89 90.27 0.97 0.06 1.25 0.06 42.11 24.57
TioNoF2 0.001 0.009 0.107 3.56 3.80 4.49 0.098 0.008 91.43 90.07 0.44 0.03 0.52 0.03 20.55 14.58
Ti:C 0.005 0.047 0.498 1.88 1.97 2.10 0.451 0.043 90.48 90.20 0.95 0.08 1.01 0.09 4.44 3.92
Ti2C(OH). 0.004 0.041 0.462 2.84 3.16 3.60 0.421 0.037 91.12 90.09 1.51 0.12 172 0.13 13.12 10.13
TioCCl, 0.002 0.025 0.264 1.98 2.15 2.29 0.240 0.022 90.63 90.16 0.55 0.05 0.58 0.05 5.27 4.65
Ti.CF2 0.003 0.031 0.338 2.19 2.31 2.50 0.307 0.028 90.69 90.09 0.77 0.07 0.83 0.07 6.28 5.37
Ti2CF2-(model2) 0.006 0.059 0.663 3.56 3.57 4.01 0.604 0.053 91.07 90.02 2.42 0.19 2.72 0.19 16.25 12.73
Ti2CF2-(model3) 0.007 0.068 0.740 3.48 3.57 4.04 0.673 0.061 90.87 90.10 2.72 0.22 3.07 0.22 16.51 12.81
Ti2CF2-(model4) 0.010 0.101 1.166 4.66 4.78 5.72 1.065 0.091 91.37 90.13 6.09 0.43 7.29 0.45 33.37 22.95
Ti2COo.11F1.89 0.004 0.041 0.441 2.89 2.89 3.15 0.401 0.037 90.73 90.14 1.26 0.11 1.37 0.11 9.98 8.38
Ti2C00.44F1.56 0.004 0.044 0.482 2.96 3.04 3.37 0.437 0.040 90.82 90.11 1.48 0.12 1.64 0.12 11.51 9.24
Ti2COo67F 133 0.004 0.044 0.486 3.00 3.07 3.42 0.442 0.040 90.87 90.02 151 0.12 1.69 0.13 11.84 9.45
Ti2COo.89F1.11 0.005 0.047 0.520 3.22 3.28 3.61 0.472 0.043 90.88 90.17 1.70 0.14 1.88 0.14 13.14 10.75
Ti2CO15F0.67 0.005 0.047 0.515 3.23 3.14 3.57 0.468 0.042 90.92 90.07 1.67 0.13 1.91 0.13 12.94 9.82
Ti.CO2 0.004 0.042 0.461 2.63 2.73 3.05 0.419 0.038 90.90 90.11 1.28 0.10 1.43 0.11 9.38 7.46
Ti2CO.-(model2) 0.005 0.047 0.527 3.35 3.15 3.54 0.480 0.043 91.02 90.06 1.70 0.13 191 0.13 12.69 9.87
Ti2CO.-(model3) 0.006 0.057 0.626 3.12 3.11 3.49 0.569 0.052 90.87 90.10 1.98 0.16 2.23 0.16 12.33 9.69
Ti.CrCN 0.009 0.089 1.106 5.78 5.80 7.44 1.017 0.080 91.98 90.19 7.57 0.46 9.70 0.47 56.73 33.71
Ti2CrCNO, 0.005 0.055 0.776 5.78 5.66 8.18 0.721 0.050 92.90 90.23 5.89 0.28 8.51 0.28 69.25 31.99
Ti,HfCN 0.004 0.040 0.461 4.32 4.39 5.12 0.421 0.036 91.35 90.19 2.16 0.16 2.51 0.16 26.62 19.31
Ti,HfCNO> 0.003 0.030 0.388 4.91 4.94 6.42 0.358 0.027 92.22 90.18 2.30 0.13 2.99 0.14 42.28 24.38
Ti2MoCN 0.006 0.062 0.741 4.98 5.01 6.00 0.679 0.056 91.63 90.15 4.07 0.28 4.88 0.28 36.64 25.11
Ti2MoCNO: 0.004 0.042 0.565 5.24 5.25 7.32 0.523 0.038 92.56 90.22 3.83 0.20 5.34 0.20 55.38 27.62
TioN 0.004 0.036 0.370 1.73 1.65 1.76 0.334 0.032 90.39 90.12 0.59 0.05 0.63 0.05 3.10 2.70
Ti2N(OH)2 0.004 0.038 0.426 3.01 3.02 3.37 0.388 0.034 91.07 90.16 1.31 0.10 1.45 0.10 11.47 9.14
Ti2Nb2Cs 0.004 0.036 0.410 3.94 3.96 4.63 0.375 0.032 91.25 90.12 1.74 0.13 2.03 0.13 21.81 15.72
Ti2NbC 0.003 0.026 0.280 2.27 2.26 2.47 0.253 0.024 90.62 90.04 0.63 0.05 0.69 0.05 6.17 5.09
Ti2NbCN 0.006 0.064 0.758 4.97 5.05 6.12 0.695 0.057 91.62 90.18 4.25 0.29 5.16 0.29 38.25 25.56
Ti2NbCNO> 0.004 0.043 0.573 5.08 5.27 7.30 0.530 0.039 92.55 90.30 3.87 0.20 5.36 0.21 54.98 27.89
TiNF2 0.003 0.029 0.305 2.08 2.10 2.29 0.277 0.026 90.62 90.01 0.63 0.05 0.69 0.05 5.27 4.40
Ti2NF2-(model2) 0.006 0.058 0.649 3.51 3.67 4.12 0.591 0.052 91.07 90.04 2.44 0.19 2.74 0.20 17.20 13.52
Ti2NO, 0.004 0.036 0.398 2.59 2.58 2.88 0.361 0.033 90.89 90.05 1.04 0.08 1.16 0.08 8.38 6.67
Ti2NO2-(model4) 0.009 0.088 0.972 3.72 3.81 4.21 0.884 0.079 90.95 90.12 3.73 0.30 4.12 0.31 17.94 14.54
Ti2NS, 0.002 0.024 0.262 2.16 2.20 2.39 0.237 0.022 90.67 90.04 0.57 0.05 0.61 0.05 5.77 4.87
Ti2Ta:Cs 0.000 0.000 0.003 3.76 3.85 4.48 0.003 0.000 91.25 90.20 0.01 0.00 0.02 0.00 20.38 14.85
Ti;TaC> 0.000 0.000 0.003 2.20 2.24 2.38 0.003 0.000 90.58 90.08 0.01 0.00 0.01 0.00 5.68 5.04
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Ti,TaCN 0.000 0.001 0.009 4.95 4.80 5.78 0.008 0.001 91.54 90.16 0.05 0.00 0.06 0.00 34.03 22.97
Ti;TaCNO> 0.000 0.001 0.007 4.81 5.18 6.98 0.007 0.001 92.41 90.27 0.05 0.00 0.06 0.00 50.11 27.09
Ti2VC2 0.003 0.034 0.366 2.55 2.52 2.72 0.332 0.031 90.65 90.02 0.90 0.08 0.97 0.08 7.45 6.32
Ti2VCN 0.008 0.083 1.014 5.20 5.42 6.72 0.931 0.075 91.80 90.18 6.26 0.41 7.76 0.42 46.18 29.52
Ti2VCNO> 0.005 0.054 0.736 5.18 5.44 7.72 0.682 0.048 92.70 90.28 5.27 0.26 7.48 0.28 61.68 29.75
TiZICN 0.006 0.058 0.682 4.35 4.53 5.42 0.624 0.052 91.48 90.11 3.38 0.24 4.04 0.25 29.90 20.66
Ti2ZrICNO> 0.004 0.041 0.536 5.28 5.10 6.65 0.495 0.037 92.36 90.15 3.30 0.19 4.30 0.18 45.43 25.91
TisCz 0.004 0.039 0.412 2.43 2.54 2.74 0.373 0.035 90.60 90.01 1.02 0.09 111 0.09 7.59 6.46
Ti3C2(00.13F0.83(0H)1.04) 0.006 0.067 0.860 7.72 7.77 10.05 0.794 0.060 92.24 90.33 7.98 0.47 10.32 0.47 103.58 60.45
Ti3C2(00.1F11(OH)os) 0.008 0.080 1.079 9.51 9.40 13.02 0.999 0.072 92.56 90.24 13.00 0.68 18.00 0.67 174.80 88.27
TisC2(Oo.7F13) 0.004 0.038 0.446 4.30 4.33 5.19 0.409 0.034 91.55 90.09 2.12 0.15 2.54 0.15 27.40 18.77
TizC2(OH). 0.004 0.038 0.420 4.65 4.77 5.39 0.382 0.035 90.89 90.19 2.06 0.16 2.33 0.17 29.41 22.81
TisC2Br2 0.002 0.019 0.206 3.48 3.36 3.86 0.187 0.017 91.00 90.09 0.72 0.06 0.83 0.05 15.08 11.23
TizCoCl2 0.002 0.021 0.229 2.84 291 3.23 0.208 0.019 90.88 90.20 0.67 0.05 0.75 0.06 10.58 8.49
TisCoF2 0.002 0.024 0.267 2.70 2.79 3.10 0.243 0.022 90.87 90.13 0.75 0.06 0.84 0.06 9.70 7.79
Ti3C202 0.003 0.032 0.366 3.31 3.46 3.97 0.334 0.029 91.17 90.16 1.33 0.10 1.52 0.11 16.02 12.03
TizC2Sez 0.001 0.013 0.133 2.54 2.57 2.77 0.121 0.011 90.61 90.05 0.33 0.03 0.36 0.03 7.72 6.63
TisCoTe 0.001 0.009 0.093 2.55 2.46 2.64 0.084 0.008 90.40 90.06 0.22 0.02 0.24 0.02 7.01 6.03
TisCN 0.007 0.076 0.899 4.84 4.81 5.70 0.822 0.069 91.52 90.17 4.69 0.33 5.56 0.33 33.05 23.09
TisCNF2 0.007 0.075 1.146 6.57 7.00 11.02 1.071 0.067 93.49 90.44 11.81 0.47 18.59 0.50 126.56 49.36
TisCNO: 0.006 0.059 0.858 5.79 6.00 8.81 0.799 0.054 93.09 90.24 7.03 0.32 10.33 0.33 80.41 36.16
TizN2(OH)2 0.003 0.032 0.352 4.28 4.47 4.91 0.320 0.029 90.92 90.04 157 0.13 1.73 0.13 24.30 20.04
TizN2 0.003 0.026 0.276 2.02 2.01 2.15 0.250 0.024 90.50 90.03 0.54 0.05 0.58 0.05 4.67 4.06
TizN2F2 0.002 0.020 0.215 2.41 2.53 2.85 0.195 0.018 90.78 90.01 0.56 0.05 0.63 0.05 8.25 6.43
TisN2H2 0.003 0.029 0.325 3.24 3.29 3.70 0.296 0.026 91.07 90.17 1.10 0.09 1.23 0.09 13.86 10.85
TisN20, 0.003 0.027 0.302 3.27 3.16 3.51 0.275 0.024 91.08 90.01 0.97 0.08 1.07 0.07 12.44 9.98
TisCs 0.003 0.031 0.330 2.62 2.63 2.82 0.298 0.028 90.53 90.02 0.84 0.07 0.90 0.07 8.03 6.94
TisC3(OH). 0.003 0.026 0.293 3.78 3.93 4.38 0.267 0.024 91.01 90.12 117 0.09 1.30 0.10 19.40 15.48
TisCsF2 0.002 0.020 0.216 2.69 2.71 3.02 0.196 0.018 90.74 90.10 0.59 0.05 0.66 0.05 9.23 7.33
TisCsH. 0.002 0.016 0.173 2.40 2.30 2.48 0.157 0.015 90.65 89.95 0.39 0.03 0.42 0.03 6.21 5.27
TisCs02 0.003 0.026 0.294 3.20 3.39 3.88 0.268 0.024 91.11 90.19 1.04 0.08 1.19 0.08 15.30 11.58
TiaNs 0.002 0.020 0.205 1.98 2.03 2.11 0.185 0.018 90.38 90.03 0.39 0.04 0.41 0.04 4.49 4.12
TisN3(OH). 0.003 0.030 0.378 4.45 4.60 5.88 0.348 0.027 92.06 90.20 2.05 0.12 2.61 0.13 35.44 21.25
TisNsF2 0.002 0.017 0.178 2.55 2.54 2.74 0.161 0.015 90.67 90.03 0.44 0.04 0.48 0.04 7.60 6.45
TisNgH2 0.002 0.015 0.161 2.38 2.33 2.48 0.146 0.014 90.61 90.06 0.36 0.03 0.39 0.03 6.20 5.39
TisN3O2 0.002 0.022 0.235 2.97 2.92 3.30 0.214 0.019 90.85 90.09 0.71 0.06 0.80 0.06 11.04 8.53
TisCs (OH)2 0.002 0.024 0.265 4.48 4.62 5.15 0.241 0.022 90.99 90.19 1.24 0.10 1.39 0.10 26.85 21.40
TisCaF2 0.002 0.017 0.183 291 3.03 3.25 0.166 0.015 90.77 90.13 0.54 0.05 0.58 0.05 10.66 9.21
TisC402 0.002 0.022 0.255 3.62 3.72 4.27 0.233 0.020 91.31 90.25 1.00 0.07 114 0.08 18.52 13.84
TisN4F2 0.002 0.018 0.201 3.30 3.29 3.67 0.183 0.016 91.05 90.08 0.67 0.05 0.75 0.05 13.62 10.80
TisCsF2 0.002 0.024 0.310 4.75 4.88 6.58 0.287 0.022 92.31 90.30 1.89 0.11 2.55 0.11 44.65 23.90
TisNsF2 0.002 0.017 0.194 4.08 4.17 4.89 0.177 0.015 91.40 90.12 0.87 0.06 1.02 0.06 24.34 17.40
TizCeF2 0.002 0.015 0.179 3.92 4.19 5.00 0.164 0.014 91.56 89.96 0.82 0.06 0.98 0.06 25.49 17.67
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Ti7NeF2 0.001 0.012 0.131 3.70 3.77 4.16 0.119 0.010 91.13 90.19 0.50 0.04 0.55 0.04 17.46 14.26
TisC7F2 0.001 0.015 0.179 4.63 4.76 5.87 0.163 0.014 91.49 90.25 0.96 0.07 1.18 0.07 35.17 22.73
TigN7F2 0.001 0.011 0.119 3.58 3.85 4.30 0.109 0.010 91.13 89.98 0.47 0.04 0.52 0.04 18.67 14.92
TisCsF2 0.001 0.014 0.172 4.29 4.75 5.97 0.158 0.013 91.87 90.25 0.94 0.06 1.18 0.07 36.45 22.82
TigNsF2 0.001 0.010 0.111 3.51 3.45 4.10 0.101 0.009 91.36 90.08 0.42 0.03 0.49 0.03 17.15 11.89
TiCrCO, 0.004 0.039 0.426 2.75 2.86 3.18 0.388 0.035 90.96 90.13 1.23 0.10 137 0.10 10.24 8.24
TiHfCO2 0.002 0.022 0.244 2.89 2.97 3.37 0.222 0.020 91.02 90.10 0.75 0.06 0.85 0.06 11.48 8.86
TiHfN(NO). 0.002 0.020 0.215 2.40 2.47 2.65 0.195 0.018 90.52 90.09 051 0.05 0.55 0.05 7.05 6.13
TiMoCO. 0.003 0.028 0.304 2.53 2.56 2.83 0.277 0.025 90.91 90.04 0.78 0.06 0.87 0.06 8.11 6.58
TiNbC 0.004 0.040 0.412 1.76 1.75 1.82 0.372 0.036 90.35 90.03 0.68 0.06 0.71 0.06 3.34 3.05
TivC 0.006 0.056 0.579 1.77 1.77 1.88 0.524 0.050 90.38 90.06 0.99 0.09 1.05 0.09 3.57 3.13
TiIWCO: 0.002 0.019 0.213 2.51 2.61 2.89 0.194 0.018 90.87 90.00 0.56 0.05 0.62 0.05 8.43 6.83
TiZrCO2 0.004 0.038 0.417 3.07 3.03 3.37 0.379 0.034 90.98 90.11 1.28 0.10 1.42 0.10 1151 9.15
VoC 0.005 0.048 0.510 2.25 2.23 2.40 0.462 0.043 90.55 90.07 111 0.10 1.19 0.10 5.79 4.98
V2C(OH). 0.004 0.042 0.478 3.29 3.32 3.94 0.436 0.038 91.26 90.07 1.72 0.12 2.04 0.13 15.81 11.03
V2CBr2 0.002 0.016 0.171 1.91 1.96 2.08 0.155 0.015 90.51 89.93 0.32 0.03 0.34 0.03 4.35 3.87
V>CF(OH) 0.004 0.040 0.440 2.68 2.75 3.08 0.400 0.036 90.94 90.11 1.24 0.10 1.39 0.10 9.63 7.59
V2CF 0.003 0.032 0.345 2.57 2.38 2.66 0.313 0.029 90.78 90.06 0.83 0.07 0.93 0.06 7.18 5.62
V2CO: 0.004 0.041 0.456 2.93 3.00 3.37 0.415 0.037 91.02 90.01 1.40 0.11 1.57 0.11 11.46 9.01
V2CrCN 0.009 0.087 1.091 5.54 6.03 7.62 1.004 0.079 92.00 90.18 7.65 0.47 9.67 0.52 59.44 36.70
V2CrCNO, 0.005 0.048 0.659 5.45 5.62 7.75 0.611 0.043 92.70 90.32 4.74 0.24 6.54 0.25 61.98 31.67
V2HfCN 0.004 0.040 0.459 4.46 4.40 5.13 0.420 0.036 91.40 90.11 2.15 0.16 2.51 0.15 26.77 19.32
V2HfCNO, 0.003 0.026 0.325 4.76 4.70 5.88 0.299 0.024 91.95 90.22 1.76 0.11 2.20 0.11 35.34 22.02
V2MoCN 0.006 0.062 0.741 5.11 5.07 6.28 0.679 0.056 91.65 90.16 4.26 0.28 5.28 0.28 40.34 25.67
V2MoCNO; 0.004 0.037 0.481 4.86 5.09 6.62 0.444 0.033 92.31 90.22 2.94 0.17 3.82 0.18 44.97 26.04
VoN 0.004 0.036 0.376 1.84 1.77 1.90 0.340 0.032 90.51 89.99 0.65 0.06 0.69 0.05 3.65 3.14
V2N(OH). 0.004 0.037 0.413 2.73 2.84 3.26 0.376 0.033 91.07 90.06 1.23 0.09 141 0.10 10.81 8.08
V2Nb2Cs 0.004 0.036 0.412 4.00 4.02 4.74 0.376 0.032 91.31 90.11 1.78 0.13 2.10 0.13 22.89 16.20
V2NbCN 0.006 0.063 0.759 4.85 5.10 6.32 0.696 0.056 91.74 90.18 4.40 0.29 5.46 0.30 40.88 26.18
V2NbCNO; 0.004 0.037 0.483 5.25 5.39 6.92 0.445 0.034 92.25 90.33 3.08 0.18 3.96 0.19 49.05 29.15
VaNF, 0.003 0.028 0.304 1.98 2.19 2.32 0.275 0.025 90.66 89.98 0.64 0.06 0.67 0.06 5.39 4.84
V2NO; 0.004 0.036 0.394 2.72 2.70 2.95 0.358 0.032 90.85 90.13 1.06 0.09 1.16 0.09 8.79 7.26
V2Ta:Cs 0.000 0.000 0.003 3.40 3.56 4.13 0.003 0.000 91.10 90.15 0.01 0.00 0.01 0.00 17.31 12.73
V.TaC; 0.000 0.001 0.006 3.56 3.54 4.00 0.005 0.000 90.97 90.10 0.02 0.00 0.02 0.00 16.22 12.55
V2TaCN 0.000 0.001 0.009 4.86 5.01 5.96 0.008 0.001 91.60 90.16 0.05 0.00 0.06 0.00 36.19 25.14
V2TaCNO> 0.000 0.001 0.006 4.87 4.86 6.33 0.006 0.000 92.14 90.22 0.04 0.00 0.05 0.00 41.08 23.61
V2Ti2Cs 0.005 0.056 0.651 4.55 4.57 5.42 0.596 0.050 91.46 90.18 3.23 0.23 3.82 0.23 29.85 20.91
V2TiC, 0.006 0.064 0.729 3.90 4.09 4.73 0.665 0.058 91.23 90.16 3.14 0.24 3.63 0.25 22.67 16.81
VTiCN 0.008 0.082 1.002 5.33 5.53 6.70 0.920 0.074 91.81 90.15 6.16 0.41 7.47 0.42 45.73 30.66
V2TiCNO> 0.005 0.048 0.637 4.91 5.37 7.30 0.590 0.043 92.51 90.35 4.30 0.23 5.85 0.25 54.82 29.10
V2ZrCN 0.006 0.057 0.676 4.44 4.68 5.51 0.618 0.052 91.50 90.11 3.41 0.24 4.01 0.26 30.87 22.03
V2ZrCNO> 0.004 0.036 0.459 4.63 4.85 6.25 0.422 0.033 92.06 90.28 2.64 0.16 3.40 0.17 40.02 23.65
ViC2 0.004 0.042 0.454 2.99 2.96 3.26 0.412 0.038 90.71 90.13 1.34 0.11 1.48 0.11 10.75 8.76
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V3C2(OH). 0.004 0.039 0.448 5.43 5.64 6.49 0.409 0.035 91.24 90.24 2.65 0.20 3.05 0.21 42.69 3191
V3C2Br, 0.001 0.013 0.139 2.79 2.73 2.94 0.126 0.012 90.73 90.06 0.37 0.03 0.40 0.03 8.71 7.45
V3CaCl2 0.003 0.029 0.332 3.76 3.78 4.46 0.303 0.026 91.35 90.10 1.35 0.10 159 0.10 20.23 14.32
V3CaoF, 0.002 0.023 0.261 3.24 3:23 3.68 0.238 0.021 91.05 90.20 0.88 0.07 1.00 0.07 13.76 10.41
V3C202 0.003 0.032 0.376 3.91 3.76 4.50 0.344 0.029 91.42 90.18 1.55 0.11 1.85 0.11 20.60 14.05
V3CN 0.007 0.075 0.888 4.98 4.90 5.98 0.814 0.067 91.60 90.16 4.86 0.33 5.93 0.32 36.45 23.99
V3CNO2 0.006 0.059 0.857 6.09 6.15 8.97 0.798 0.053 93.12 90.33 7.16 0.33 10.43 0.33 83.22 37.89
VN2 0.002 0.023 0.242 2.05 2.12 2.35 0.219 0.020 90.63 89.97 0.52 0.04 0.57 0.04 5.60 451
V3N2(OH). 0.004 0.037 0.408 5.48 5.85 6.45 0.371 0.033 91.03 90.16 2.39 0.19 2.64 0.21 42.07 34.46
Vs3NzF2 0.002 0.019 0.216 3.20 3.06 3.50 0.197 0.018 90.98 90.07 0.69 0.05 0.79 0.05 12.46 9.33
V3N2H2 0.003 0.028 0.309 3.35 3.20 3.71 0.281 0.025 91.09 90.18 1.04 0.08 1.21 0.08 14.02 10.18
V3N202 0.003 0.026 0.297 3.31 3.28 3.82 0.271 0.023 91.21 90.14 1.03 0.08 1.21 0.08 14.85 10.71
ViCs 0.003 0.033 0.355 3.03 3.17 3.46 0.323 0.030 90.77 90.01 1.12 0.09 1.22 0.10 12.09 10.12
V4C3(OH). 0.003 0.029 0.351 4.95 5.04 6.07 0.322 0.027 91.63 90.16 1.95 0.13 2.35 0.14 37.53 25.43
V4CsF2 0.002 0.020 0.215 2.96 2.98 3.30 0.196 0.018 90.90 90.04 0.65 0.05 0.72 0.05 11.02 8.89
V4CsH2 0.002 0.017 0.179 2.53 2.52 2.71 0.162 0.015 90.58 90.04 0.44 0.04 0.47 0.04 7.41 6.37
V4Cs02 0.003 0.026 0.300 3.53 3.65 4.27 0.274 0.023 91.34 90.18 117 0.09 1.37 0.09 18.50 13.34
VaN3 0.002 0.022 0.231 2.22 2.31 2.40 0.209 0.020 90.38 90.04 0.50 0.05 0.52 0.05 5.80 5.37
VaN3(OH)2 0.002 0.023 0.256 3.40 3.58 4.09 0.233 0.020 91.14 90.15 0.95 0.07 1.09 0.08 16.96 12.91
VaNsF2 0.002 0.017 0.181 2.53 2.52 2.75 0.164 0.015 90.66 90.10 0.45 0.04 0.49 0.04 7.61 6.33
VaNsH2 0.001 0.014 0.148 2.22 2.28 2.43 0.134 0.012 90.64 89.92 0.33 0.03 0.35 0.03 5.94 5.21
VaN3O2 0.002 0.021 0.232 3.20 3.11 3.42 0.211 0.019 90.92 90.13 0.72 0.06 0.79 0.06 11.84 9.63
VCIN(NCS), 0.029 0.339 2.615 22.71 27.53 21.86 2.276 0.310 87.03 91.45 49.74 8.54 39.48 10.35 | 463.42 773.29
VCrN(SCN). 0.009 0.094 1.406 9.51 9.67 14.79 1.311 0.085 93.30 90.48 19.39 0.82 29.64 0.84 227.24 93.69
VCINBr2 0.009 0.094 1.719 8.62 9.51 18.26 1.625 0.085 94.53 90.56 29.67 0.81 56.94 0.89 352.13 91.49
VCrNF; 0.003 0.033 0.360 2.52 2.54 2.74 0.327 0.030 90.81 90.07 0.89 0.08 0.96 0.08 7.54 6.43
VMoN(NCO). 0.005 0.051 0.703 5.52 5.59 7.82 0.652 0.046 92.80 90.32 5.10 0.26 7.14 0.26 63.18 31.28
VMOoN(NCS). 0.022 0.249 2.174 21.12 23.96 21.51 1.926 0.227 88.57 91.25 41.42 5.43 37.18 6.16 456.66 581.53
VMoN(OCN). 0.005 0.055 0.816 6.05 6.06 9.03 0.760 0.050 93.22 90.37 6.86 0.30 10.23 0.30 84.49 36.69
VMoN(SCN) 0.007 0.075 1.093 8.60 9.04 13.40 1.018 0.068 93.12 90.40 13.64 0.61 20.21 0.65 186.18 82.22
VMoNBr; 0.007 0.073 1.315 8.08 8.53 15.67 1.242 0.066 94.41 90.47 19.46 0.57 35.75 0.60 258.48 73.24
VMoNCI; 0.007 0.077 1.223 6.66 6.69 11.03 1.146 0.069 93.71 90.36 12.63 0.46 20.82 0.47 127.08 44.78
VNbC 0.004 0.039 0.402 1.72 171 1.81 0.363 0.035 90.35 89.99 0.66 0.06 0.70 0.06 3.30 2.94
VNbCF2-(model4) 0.004 0.041 0.447 2.82 2.98 3.30 0.406 0.037 90.76 90.10 1.34 0.11 1.48 0.12 11.02 8.94
VWN(NCO)2 0.003 0.034 0.451 4.87 4.98 6.61 0.417 0.031 92.40 90.25 2.76 0.15 3.66 0.16 44.93 24.85
VWN(OCN). 0.004 0.041 0.603 6.07 5.99 8.95 0.562 0.037 93.20 90.29 5.03 0.22 7.52 0.22 83.13 35.87
VWNBr 0.005 0.056 1.006 7.71 8.21 15.15 0.950 0.051 94.42 90.44 14.39 0.42 26.56 0.44 241.54 67.88
VWNCI, 0.006 0.057 0.924 6.68 6.82 11.30 0.867 0.052 93.80 90.36 9.79 0.35 16.20 0.36 133.35 46.69
VWNF, 0.002 0.021 0.224 2.55 2.62 2.86 0.204 0.019 90.83 90.08 0.58 0.05 0.63 0.05 8.24 6.89
Wi13C 0.510 1.432 2.626 441.26 129.74 23.76 1.194 0.923 45.46 64.41 28.36 119.68 5.19 35.19 | 285.08 12108.07
W1.33C(OH). 0.003 0.026 0.296 3.53 3.82 4.42 0.271 0.023 91.29 90.14 1.20 0.09 1.38 0.10 19.80 14.69
W1.33CO2 0.003 0.027 0.296 3.67 3.56 4.05 0.269 0.024 90.94 90.09 1.09 0.09 1.24 0.08 16.64 12.62
W-C 0.002 0.020 0.213 2.88 3.07 3.37 0.193 0.018 90.70 90.17 0.65 0.05 0.71 0.06 11.45 9.51
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W2C(OH). 0.002 0.016 0.190 4.19 4.26 4.93 0.174 0.015 91.36 90.18 0.86 0.06 0.99 0.06 24.72 18.15
WCCl, 0.004 0.043 0.679 6.55 6.62 10.73 0.636 0.039 93.63 90.35 6.82 0.26 11.05 0.26 120.11 43.84
W2CF, 0.001 0.011 0.120 2.83 2.87 3.14 0.109 0.010 90.98 90.16 0.34 0.03 0.37 0.03 9.93 8.26
W2CO2 0.002 0.016 0.180 2.90 2.94 3.28 0.163 0.015 90.88 90.11 0.54 0.04 0.60 0.04 10.87 8.68
W2Hf.C30, 0.001 0.009 0.106 3.70 3.85 4.53 0.097 0.008 91.31 90.10 0.44 0.03 0.52 0.03 20.86 14.92
W2HfC, 0.001 0.009 0.097 2.16 2.19 2.32 0.088 0.008 90.62 90.04 0.20 0.02 0.22 0.02 5.40 4.81
WHfC20 0.001 0.013 0.159 4.61 4.58 5.61 0.145 0.012 91.60 90.21 0.82 0.06 1.00 0.05 32.17 20.97
W2N 0.001 0.014 0.149 2.62 2.50 2.73 0.135 0.012 90.70 90.06 0.37 0.03 0.40 0.03 7.54 6.23
W2N(OH). 0.002 0.017 0.201 4.37 4.80 5.70 0.184 0.015 91.50 90.22 1.05 0.07 1.24 0.08 33.09 23.25
W:2NF, 0.001 0.010 0.110 2.95 2.78 3.14 0.100 0.009 90.99 90.18 031 0.02 0.36 0.02 10.01 7.66
W2NO, 0.001 0.013 0.151 3.17 3.20 3.69 0.137 0.012 91.23 90.06 0.51 0.04 0.58 0.04 13.81 10.25
W,Ti2C502 0.001 0.013 0.158 3.69 3.85 4.59 0.144 0.012 91.45 90.23 0.66 0.05 0.79 0.05 21.43 14.87
W,TiC,02 0.002 0.017 0.210 4.37 4.58 5.62 0.193 0.016 91.79 90.26 1.09 0.07 1.33 0.07 32.28 21.06
W2Zr,C502 0.001 0.012 0.136 3.86 3.93 4.50 0.124 0.011 91.34 90.18 0.56 0.04 0.64 0.04 20.53 15.49
W2ZrCs 0.001 0.011 0.117 2.28 2.22 2.44 0.106 0.010 90.61 90.02 0.26 0.02 0.29 0.02 6.00 4.89
W2ZrC20, 0.002 0.016 0.195 4.12 4.04 4.98 0.179 0.015 91.75 90.16 0.89 0.06 1.10 0.06 25.34 16.32
WsCs 0.002 0.015 0.176 3.62 3.66 4.45 0.161 0.014 91.25 90.11 0.71 0.05 0.87 0.05 20.19 13.42
W3C2(OH). 0.002 0.018 0.188 8.48 8.24 8.75 0.170 0.016 90.36 90.19 1.49 0.13 1.58 0.13 77.10 67.73
WsCaF2 0.001 0.009 0.096 4.35 3.95 4.39 0.087 0.008 90.83 90.10 0.38 0.03 0.42 0.03 19.50 15.48
WSsC202 0.001 0.012 0.140 4.10 4.34 5.09 0.128 0.011 91.39 90.08 0.65 0.05 0.76 0.05 26.31 18.95
WsN2 0.001 0.010 0.107 2.94 2.99 3.33 0.097 0.009 90.91 90.14 0.32 0.03 0.36 0.03 11.23 8.98
W3N2(OH). 0.002 0.019 0.191 9.08 9.44 9.59 0.172 0.017 90.00 90.18 1.65 0.16 1.68 0.17 92.14 89.46
WsN2F2 0.001 0.008 0.087 3.81 4.15 4.47 0.078 0.007 90.71 90.08 0.35 0.03 0.38 0.03 20.18 17.40
W3N20, 0.001 0.011 0.121 4.56 4.77 5.52 0.110 0.010 91.11 90.22 0.61 0.05 0.70 0.05 30.98 22.86
W4Cs 0.001 0.015 0.175 3.93 4.05 4.65 0.160 0.014 91.29 90.18 0.74 0.06 0.85 0.06 21.95 16.43
W4Cs(OH)2 0.001 0.009 0.101 3.82 3.93 4.45 0.092 0.008 91.04 90.08 0.41 0.03 0.46 0.03 20.03 15.52
W4CsF2 0.001 0.007 0.078 2.98 2.96 3.20 0.071 0.007 90.76 90.20 0.23 0.02 0.24 0.02 10.31 8.77
W4CsH: 0.001 0.009 0.100 3.29 3.33 3.74 0.091 0.008 91.05 90.16 0.34 0.03 0.38 0.03 14.13 11.14
W4C302 0.001 0.010 0.112 3.50 3.51 4.19 0.102 0.009 91.31 90.13 0.43 0.03 0.51 0.03 17.84 12.30
WaN3 0.001 0.011 0.117 3.32 3.22 3.53 0.107 0.010 90.81 90.13 0.38 0.03 0.41 0.03 12.57 10.31
WiN3(OH). 0.001 0.010 0.130 4.30 4.51 5.63 0.120 0.009 91.95 90.27 0.67 0.04 0.84 0.04 32.43 20.40
WiNsF2 0.001 0.011 0.132 3.96 3.92 4.70 0.120 0.010 91.39 90.13 0.57 0.04 0.68 0.04 22.47 15.37
WiN3H2 0.001 0.008 0.083 3.04 3.09 3.39 0.076 0.007 90.84 90.13 0.26 0.02 0.28 0.02 11.63 9.60
WiN302 0.001 0.009 0.097 2.87 3.01 3.35 0.088 0.008 90.85 90.15 0.29 0.02 0.33 0.03 11.35 9.11
WCrC 0.002 0.022 0.227 1.87 1.99 2.12 0.205 0.019 90.49 89.97 0.44 0.04 0.46 0.04 4.53 4.01
WCrCO,-(model4) 0.002 0.024 0.263 3.17 3.08 3.43 0.239 0.021 90.99 90.07 0.82 0.07 0.92 0.06 11.93 9.43
Y2C 0.003 0.034 0.353 1.96 1.89 2.05 0.320 0.030 90.48 89.87 0.65 0.06 0.71 0.06 4.23 3.56
Y2C(CN). 0.004 0.039 0.453 3.69 3.75 4.34 0.414 0.035 91.39 90.15 1.80 0.13 2.08 0.13 19.09 14.06
Y2C(NCO), 0.004 0.044 0.540 4.33 4.45 5.49 0.495 0.040 91.84 90.17 2.72 0.18 3.35 0.18 30.73 19.89
Y2C(NCS). 0.018 0.192 1.585 19.83 20.70 17.59 1.393 0.174 87.89 90.51 24.50 3.60 20.81 3.75 302.97 430.51
Y2C(OCl). 0.005 0.052 0.731 5.15 5.50 7.73 0.679 0.047 92.85 90.32 5.24 0.26 7.37 0.28 61.63 30.45
Y2C(OCN), 0.005 0.046 0.580 4.59 4.72 5.99 0.534 0.042 92.02 90.25 3.20 0.20 4.06 0.20 36.75 22.35
Y2C(OH). 0.002 0.025 0.268 2.47 2.44 2.65 0.243 0.023 90.63 90.06 0.64 0.06 0.70 0.05 7.09 5.93
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Y2C(SCN). 0.006 0.063 0.829 6.76 6.99 9.42 0.766 0.057 92.41 90.26 7.21 0.40 9.71 0.41 91.24 49.09
Y2CBr; 0.004 0.045 0.582 4.71 4.82 6.34 0.537 0.041 92.26 90.25 3.41 0.20 4.48 0.20 41.29 23.31
Y2CCl, 0.005 0.055 0.696 4.47 4.51 5.81 0.641 0.050 92.06 90.18 3.72 0.22 4.79 0.23 34.60 20.40
Y2CF, 0.003 0.030 0.318 2.58 2.61 2.81 0.288 0.027 90.68 90.12 0.81 0.07 0.87 0.07 7.94 6.81
Y2CO2 0.005 0.047 0.514 3.49 3.62 4.04 0.467 0.042 90.89 90.12 1.89 0.15 211 0.16 16.54 13.15
Y2N 0.003 0.028 0.297 1.70 1.78 1.90 0.269 0.026 90.46 90.08 051 0.05 0.55 0.05 3.65 3.18
Y2N(OH). 0.002 0.024 0.261 2.46 2.51 2.74 0.237 0.022 90.77 90.06 0.65 0.05 0.71 0.06 7.61 6.32
Y2NF, 0.002 0.025 0.266 2.42 2.36 2.56 0.241 0.022 90.72 89.98 0.62 0.05 0.67 0.05 6.59 5.56
Y2NO: 0.004 0.042 0.452 3.38 3.37 3.65 0.410 0.038 90.72 90.17 1.50 0.13 1.62 0.13 13.46 11.33
Y3Ca 0.002 0.021 0.229 2.57 2.56 2.82 0.208 0.019 90.72 90.06 0.59 0.05 0.65 0.05 8.03 6.54
Y3C2(OH)2 0.002 0.021 0.212 4.03 3.93 4.05 0.191 0.019 90.09 90.01 0.77 0.07 0.79 0.07 16.44 1541
Y3CoF2 0.002 0.020 0.219 3.14 3.23 3.56 0.199 0.018 90.73 90.07 0.71 0.06 0.78 0.06 12.80 10.45
Y3C20, 0.002 0.023 0.247 4.33 4.25 4.72 0.224 0.021 90.75 90.07 1.06 0.09 118 0.09 22.55 18.02
Y3N: 0.002 0.018 0.196 231 2.36 2.54 0.177 0.016 90.70 90.11 0.45 0.04 0.49 0.04 6.49 5.56
Y3N2(OH). 0.002 0.023 0.246 4.27 4.26 4.65 0.224 0.021 90.73 90.08 1.04 0.09 113 0.09 21.83 18.17
Y3NzF2 0.002 0.020 0.221 3.55 3.40 3.80 0.201 0.018 90.94 90.09 0.76 0.06 0.85 0.06 14.62 11.50
Y3N20 0.002 0.020 0.214 3.75 3.77 4.18 0.194 0.018 90.72 90.15 0.81 0.07 0.90 0.07 17.70 14.21
Y4Cs 0.002 0.022 0.236 2.66 2.74 2.90 0.214 0.020 90.62 90.13 0.62 0.05 0.66 0.06 8.46 7.51
Y4C3(OH). 0.002 0.016 0.166 3.67 3.79 3.90 0.149 0.015 90.12 90.05 0.58 0.06 0.60 0.06 15.24 14.38
Y4CsF2 0.002 0.018 0.191 3.47 3.50 3.81 0.174 0.016 90.83 90.10 0.66 0.06 0.72 0.06 14.63 12.25
Y4C302 0.003 0.028 0.348 4.93 4.91 6.09 0.320 0.025 91.89 90.15 1.94 0.12 2.41 0.12 37.83 24.14
YaNs 0.002 0.018 0.184 2.27 2.15 2.29 0.166 0.016 90.31 90.07 0.38 0.03 0.41 0.03 5.30 4.59
YsN3(OH). 0.002 0.015 0.164 3.29 3.23 3.53 0.149 0.014 90.63 90.08 0.53 0.04 0.57 0.04 12.59 10.42
YaNsF2 0.002 0.021 0.233 3.53 3.46 3.89 0.212 0.019 91.06 90.09 0.82 0.06 0.93 0.06 15.35 11.91
YaN3O2 0.002 0.018 0.199 3.19 3.32 3.73 0.181 0.016 91.01 90.12 0.67 0.05 0.76 0.06 14.05 11.08
YCrC(NCO). 0.005 0.047 0.604 4.70 4.85 6.18 0.556 0.043 92.16 90.21 3.44 0.21 4.39 0.21 39.11 23.55
YCrC(NCS), 0.018 0.192 2.070 16.73 17.82 19.99 1.877 0.174 90.72 90.80 37.52 311 42.08 331 404.50 319.71
YCrC(OCN), 0.005 0.053 0.724 5.37 5.54 7.40 0.671 0.048 92.67 90.25 4.97 0.27 6.63 0.27 56.21 30.79
YCrC(OH). 0.003 0.034 0.390 3.23 3.36 3.83 0.355 0.031 91.16 90.14 1.36 0.10 1.55 0.11 14.84 11.31
YCrCBr2 0.006 0.062 0.969 6.70 6.54 10.37 0.907 0.056 93.61 90.38 9.41 0.37 14.93 0.36 112.08 42.60
YCrCCl, 0.007 0.071 0.984 5.33 5.48 7.69 0.913 0.064 92.76 90.19 7.02 0.35 9.85 0.36 61.06 30.15
YCrCF; 0.004 0.036 0.396 2.95 3.05 3.41 0.360 0.032 90.94 90.12 1.23 0.10 137 0.10 11.78 9.36
YHfN(SCN). 0.005 0.047 0.669 6.71 6.75 9.81 0.622 0.043 92.97 90.34 6.10 0.29 8.87 0.29 99.60 45.53
YHfNO> 0.002 0.019 0.212 2.92 2.83 3.14 0.193 0.017 90.91 90.09 0.61 0.05 0.67 0.05 9.98 7.98
YMoN(NO). 0.002 0.025 0.260 2.43 2.46 2.64 0.235 0.022 90.54 90.11 0.62 0.05 0.67 0.06 7.04 6.06
YNbCO: 0.003 0.032 0.347 2.84 2.84 3.14 0.315 0.029 90.81 90.07 0.99 0.08 1.09 0.08 9.97 8.07
YTaCO; 0.000 0.000 0.004 2.76 2.87 3.12 0.004 0.000 90.73 90.13 0.01 0.00 0.01 0.00 9.85 8.26
YTIN(NO)2 0.003 0.032 0.346 2.81 2.80 3.01 0.314 0.029 90.70 90.11 0.94 0.08 1.01 0.08 9.13 7.84
YTIiNO: 0.003 0.031 0.335 2.69 2.75 3.05 0.304 0.028 90.87 90.07 0.93 0.08 1.03 0.08 9.42 7.60
YVCO:; 0.004 0.037 0.400 2.85 2.72 3.03 0.363 0.033 90.79 90.00 1.10 0.09 1.23 0.09 9.32 7.34
YVNF; 0.003 0.029 0.319 2.53 2.69 2.97 0.290 0.026 90.94 90.13 0.86 0.07 0.95 0.07 8.91 7.27
YZINO; 0.003 0.027 0.297 2.74 2.88 3.22 0.270 0.024 90.86 90.15 0.87 0.07 0.97 0.07 10.51 8.33
Zr,C 0.003 0.035 0.370 2.14 2.27 2.40 0.335 0.032 90.48 90.19 0.80 0.07 0.85 0.08 5.82 5.19
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Zr,C(OH) 0.002 0.025 0.271 2.86 2.79 3.10 0.246 0.022 90.90 89.96 0.76 0.06 0.85 0.06 9.72 7.74
Zr,CF, 0.002 0.023 0.250 2.36 2.34 2.58 0.226 0.021 90.69 90.05 0.58 0.05 0.64 0.05 6.72 5.46
Zr,CF2-(model2) 0.003 0.027 0.300 2.66 2.74 3.02 0.272 0.025 90.84 90.09 0.82 0.07 0.91 0.07 9.20 7.52
Zr,CF2-(model3) 0.004 0.038 0.406 2.85 2.73 2.92 0.368 0.035 90.56 89.97 1.07 0.09 114 0.09 8.56 7.43
Zr,CO, 0.003 0.033 0.363 3.00 3.01 3.32 0.329 0.030 90.77 90.14 1.09 0.09 1.21 0.09 11.17 9.09
Zr,CrCN 0.004 0.041 0.472 3.92 4.06 4.72 0.431 0.037 91.23 90.18 2.03 0.15 2.37 0.16 22.65 16.52
Zr,CrCNO; 0.003 0.028 0.336 4.17 4.36 5.37 0.308 0.025 91.67 90.18 1.65 0.11 2.04 0.12 29.49 19.13
Zr,HfCN 0.002 0.024 0.259 3.31 3.39 3.72 0.235 0.021 90.86 90.19 0.87 0.07 0.96 0.07 13.94 11.52
Zr,HfCNO, 0.002 0.019 0.219 3.90 4.23 4.87 0.200 0.017 91.36 90.23 0.97 0.07 1.12 0.08 24.01 18.08
Zr,MoCN 0.003 0.033 0.368 3.57 3.72 4.24 0.335 0.029 91.10 90.06 1.42 0.11 1.62 0.11 18.26 13.88
Zr,MoCNO, 0.002 0.024 0.278 4.07 4.19 5.14 0.255 0.021 91.51 90.06 1.31 0.09 1.60 0.09 26.94 17.63
ZrN 0.003 0.028 0.297 1.96 1.92 2.09 0.269 0.025 90.50 90.17 0.56 0.05 0.61 0.05 4.41 3.70
Zr2N(OH). 0.002 0.024 0.259 2.76 2.75 3.10 0.235 0.021 90.87 90.04 0.73 0.06 0.82 0.06 9.71 7.56
Zra2NbCN 0.003 0.033 0.367 3.74 3.74 4.24 0.335 0.029 91.13 90.11 1.42 0.11 1.61 0.11 18.20 14.02
Zr,NbCNO> 0.002 0.024 0.283 3.96 4.29 5.09 0.259 0.022 91.51 90.17 1.32 0.09 1.57 0.10 26.41 18.57
ZraNF2 0.002 0.021 0.228 2.26 221 2.41 0.207 0.019 90.60 90.13 0.50 0.04 0.54 0.04 5.85 4.89
ZraNF,-(model?2) 0.003 0.034 0.363 2.82 2.82 3.08 0.329 0.030 90.69 89.97 1.01 0.09 1.10 0.09 9.56 7.95
ZraNF-(model4) 0.002 0.025 0.273 2.76 2.70 2.97 0.248 0.022 90.90 90.06 0.74 0.06 0.81 0.06 8.90 7.26
Zr,NO2 0.003 0.028 0.300 2.85 2.68 2.94 0.272 0.025 90.78 90.04 0.80 0.07 0.88 0.06 8.75 7.15
Zr,TaCN 0.000 0.001 0.006 3.59 3.64 411 0.005 0.000 91.00 90.15 0.02 0.00 0.03 0.00 17.07 13.27
Zr;TaCNO> 0.000 0.000 0.005 3.81 4.21 4.98 0.005 0.000 91.51 90.15 0.02 0.00 0.03 0.00 25.22 17.95
Zr,TICN 0.004 0.040 0.452 3.71 3.86 4.42 0.412 0.036 91.14 90.10 1.82 0.14 2.08 0.14 19.81 14.97
Zr;TICNO> 0.003 0.028 0.330 4.55 4.26 5.16 0.302 0.025 91.58 90.18 1.56 0.11 1.88 0.10 27.10 18.00
Zr;VCN 0.004 0.039 0.441 3.65 3.80 4.35 0.402 0.035 91.10 90.19 1.75 0.13 2.00 0.14 19.18 14.47
Zr,VCNO» 0.003 0.027 0.323 4.09 4.26 5.05 0.296 0.025 91.53 90.20 1.49 0.11 1.77 0.11 25.90 18.25
Zr3C2 0.003 0.028 0.295 2.84 2.87 3.07 0.267 0.025 90.62 90.07 0.82 0.07 0.88 0.07 9.49 8.23
Zr3C2(OH)2 0.002 0.021 0.219 3.89 4.00 4.25 0.198 0.019 90.44 90.07 0.84 0.08 0.89 0.08 18.16 16.03
Zr3CaF2 0.002 0.017 0.186 2.93 291 3.22 0.169 0.015 90.82 89.99 0.55 0.04 0.60 0.04 10.51 8.47
Zr3CoH> 0.001 0.014 0.143 2.52 2.66 2.89 0.130 0.012 90.49 90.14 0.37 0.03 0.41 0.03 8.44 7.13
Zr3C20, 0.002 0.024 0.272 3.63 3.74 4.21 0.248 0.022 91.19 90.21 1.04 0.08 1.18 0.08 17.97 14.01
ZrsCN 0.003 0.031 0.336 3.25 3.40 3.76 0.305 0.028 90.88 90.08 1.15 0.09 1.27 0.10 14.28 11.64
ZrsCNO, 0.003 0.028 0.341 4.18 4.51 5.45 0.313 0.025 91.75 90.28 1.71 0.11 2.07 0.12 30.30 20.47
ZrsN2(OH). 0.002 0.020 0.213 4.40 4.44 4.67 0.192 0.018 90.45 90.06 0.90 0.08 0.95 0.08 21.98 19.73
Zr3N2 0.002 0.019 0.203 2.37 2.42 2.53 0.184 0.017 90.63 89.91 0.46 0.04 0.49 0.04 6.45 5.85
Zr3NoF2 0.001 0.014 0.151 3.00 2.83 3.07 0.137 0.013 90.75 90.04 0.42 0.04 0.46 0.03 9.50 7.94
Zr3N2H: 0.001 0.014 0.144 2.74 2.75 2.97 0.131 0.012 90.54 90.11 0.39 0.03 0.42 0.03 8.90 7.55
Zr3N20, 0.002 0.021 0.230 3.32 3.31 3.85 0.209 0.019 91.03 90.14 0.81 0.06 0.94 0.06 15.10 10.94
Zr,Cs 0.002 0.023 0.244 3.07 3.01 3.29 0.222 0.020 90.78 90.10 0.73 0.06 0.80 0.06 10.96 9.06
Zr4C3(OH)2 0.002 0.016 0.168 3.70 3.76 4.07 0.152 0.014 90.54 90.12 0.62 0.05 0.67 0.05 16.69 14.17
Zr4,CsF2 0.001 0.014 0.153 2.84 3.02 3.27 0.138 0.013 90.73 90.09 0.45 0.04 0.49 0.04 10.78 9.19
Zr,CsH2 0.002 0.016 0.175 3.50 3.41 3.87 0.159 0.014 91.02 90.14 0.62 0.05 0.70 0.05 15.16 11.57
Zr4C30, 0.002 0.020 0.229 3.85 3.84 4.52 0.209 0.018 91.38 90.15 0.95 0.07 1.12 0.07 20.81 14.70
ZrsNs 0.002 0.015 0.161 2.38 2.39 2.53 0.146 0.014 90.45 90.06 0.37 0.03 0.39 0.03 6.43 5.69
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ZrsN3(OH). 0.001 0.015 0.154 3.59 3.67 4.01 0.140 0.013 90.56 90.02 0.56 0.05 0.61 0.05 16.25 13.49
ZraNsF2 0.001 0.012 0.126 2.69 2.70 2.93 0.114 0.011 90.65 90.06 0.33 0.03 0.36 0.03 8.67 7.27
ZrsN302 0.002 0.017 0.185 3.42 3.40 3.86 0.169 0.015 91.08 90.11 0.65 0.05 0.74 0.05 15.07 11.59
ZrCrNO; 0.003 0.030 0.330 2.79 2.88 3.24 0.300 0.027 90.94 90.11 0.97 0.08 1.09 0.08 10.66 8.35
ZrHfCO, 0.002 0.019 0.206 2.94 2.72 3.06 0.187 0.017 90.88 90.02 0.57 0.05 0.64 0.04 9.51 7.33
ZrMoCO> 0.002 0.023 0.249 2.37 2.42 2.61 0.226 0.021 90.75 90.07 0.59 0.05 0.63 0.05 6.84 5.89
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APPENDIX D: Publications Made within The Scope of this Thesis

e Massoumilari S., Doganct M., Velioglu S., (2022), “In silico discovery of MXene
family for H: purification and CO: capture”, in preparation.

e Massoumilari S., Velioglu S., (2022), “Potential of MXene adsorbents and

membranes for environmental remediation”, in preparation.

128



