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CO, INDUCED PLASTICIZATION OF
COPOLYIMIDES AT HIGH PRESSURES

SUMMARY

Polyimide membranes have been widely applied for gas separations due to their
attractive permeability, selectivity, and processing characteristics. Their use could be
further expanded for CO, capture in natural gas purification, coal gasification, and flue
gas treatment processes. The main issue in these applications is the plasticization of
the polyimide membranes at high partial pressures of CO,, which can lead to reduced
membrane selectivity and unpredictable membrane properties.

To investigate structure-plasticization relationships, three sulfonated copoly-
imides were selected: 6FDA/BTDA-pBAPS(3:1), 6FDA-pBAPS/DABA(3:1), and
6FDA-pBAPS/mPDA(3:1). The selection of the copolyimide structures was based on
a previous study in which the permeability coefficients of H,, O,, He, CO,, N,, and
CH, gases for more than 2200 possible co-polyimide structures were estimated by the
group contribution method.

In this work Molecular Dynamic (MD) and Monte Carlo (MC) simulations
were carried out to investigate the relationship between structural properties and
CO,-induced plasticization behavior of copolyimides and CO,/CH, separation. The
physical characteristics of simulated membranes matched well with the experimental
ones, as Polymer Consistent Force Field (PCFF) was used to modeling. Simulated
sorption coefficients agreed well with the experimental results obtained from
gravimetric sorption (IGA) measurements. Sorption simulations up to 40 bars
were performed and increase in fractional free volumes of copolyimides were
investigated.  Calculation of diffusion coefficients were carried out in order to
determine permeabilities of each copolyimide.

Among three copolyimides 6FDA-pBAPS/mPDA proven to swell the most with
the sorption of CO,. This was expectable as mPDA chain provides flexibility
to the polyimide structure. 6FDA-pBAPS/DABA did not swell as much as the
previous one with DABA group contributing to the rigidity of membrane structure.
6FDA/BTDA-pBAPS was the only copolyimide having two different dianhydride and
shown the least swelling with CO, sorption. This is most probably due to the increase
in the ratio of sulfone groups in the structure which are known to increase rigidity
of materials and also radial distribution functions have shown BTDA structure had a
negative effect on sorption, hence reduced swelling.
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KOPOLIIMIDLERIN YUKSEK BASINCTA
CO, KAYNAKLI PLASTIZASYONU

OZET

Gerek atmosferdeki CO, emisyonlarindaki artis, gerekse de CO,’nin enerji
tiretiminde kullanilacak gazlarla karisik halde bulunuyor olusu, tiim diizeni enerji
iretimine bagli olan diinyamizda, CO, ayirma sistemlerinin Onemini siirekli
arttirmaktadir.  Giinlimiizde hala endiistriyel sistemlerde kullanilan, geleneksel
amin bazli absorpsiyon-desorpsiyon sistemleri, halihazirda onerilmis en iyi ayirmayi
saglarken, gerektirdigi gerek dikey gerekse de yatay alan ihtiyac ve bu alan ihtiyaci
ile paralel olarak gerektirdigi ilk yatinm ve bakim harcamalari sebebiyle, uzun
stiredir alternatifi aranan sistemler olmuglardir. Bu alternatif arayisi, son 30 yildir,
calismalarint membran bazli gaz ayirma sistemlerinde yogunlagtirmis ve membran
bazli sistemleri, geleneksel yontemlerin en umut vaadeden alternatifi olarak ortaya
surmiigtiir.

Membran bazli sistemlerin en biiyiik avantaji diisiik yer ve bakim gereksinimi olmakla
birlikte, en dnemli parametresi, memban iiretiminde kullanilan malzemedir. Membran
tiretiminde kullanilan malzeme, membranin biitiin 6zelliklerini belirleyeceginden,
dogru secilmelidir. Buradaki dogru secimdeki kistaslar, membranin ayirma
ozelliklerinin yan1 sira, mekanik, kimyasal ve 1s1l dayamikliligi ve ayni zamanda
islenebilirligidir. Ornegin, Metal Organic Kafes yapilari, ¢ok iyi secicilik 6zelliklerine
ragmen, islenebilirlikleri diisiik oldugundan membran sistemlerinde kullanilmaya
elverigli degillerdir. Bu baglamda, polimerik malzemelere 20 yila yakin siiredir
membran sistemleri i¢in birincil ilgi konusu olarak dikkat cekmektedir.

Polimerik gaz ayirma membranlari s6z konusu oldugunda, ayirma ozellikleriyle
birlikte bir bagka faktore daha dikkat cekmek gerekirse, bu plastizasyon direngleri
olacaktir. Plastizasyon, polimer yapist igerisinde, plastize edici bir gazin, (6rn. CO,)
kismi basincinin fazla yiikselmesi hasebiyle, zincir hareketlerinin olaganin ¢ok tizerine
cikmasi, polimer igierisindeki bos hacimlerin fazlaca artmasi ve bu bos hacimlerden
biitiin gazlar hizlica gecebileceginden, polimerik membranin ayirma o6zelliklerini
yitirmesi olarak tanimlanabilir.

Plastizasyon, polimerik zincirin ve fonksiyonel gruplarin etkisiyle, her polimer i¢in
direnci farkli karakteristik gosteren bir olaydir. Plastizasyona karg1 direngli polimerler
gelistirme ¢abasi, bizleri kimyasal yapilar1 kolayca ayarlanabilen polimerler {izerinde
calismaya yoneltmektedir.

Poliimidler, bir dianhidrit ve bir diaminin birleserek tekrar birimini olusturdugu
yapilardir. Gerek dianhidrit, gerekse de diamin seceneklerinin bol olmasi, poliimidleri
lizerine caligmak i¢in uygun bir alan yapmaktadir. Poliimidler modifiye edilmeye
uygun bu 6zellikleri ile, bilinen polimerlere gore iyi ayirma ozellikleri olan polimerik
membranlar olusturulmasinda kullanilmaya baslanmistir.
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Eger birden fazla dianhidrit veya diamin kullanilirsa, kopoliimidler elde edilir.
Hem poliimid hem de kopoliimidler, dianhidrid ve diamin se¢imindeki olas1 say1siz
varyasyondan otiirii, "kimyasal terzilige" acik yapilar olup, bu o6zellikleri onlari
son donemde gaz ayirma malzemeleri ¢alismalarinda, polimer alaninda birincil
calisma konusu yapmistir. Bu kimyasal terzilik, hem ayirma ozellikleri hem
de plastizasyon direngleri konusunda kendisini gosterebilmektedir. Bu calismada
6FDA/BTDA-pBAPS (3:1), 6FDA-pBAPS/DABA(3:1) ve 6FDA-pBAPS/mPDA (3:1)
kopoliimidlerinin plastizasyon direngleri incelenmis, yapilar ile diren¢ arasinda bag

kurulmaya ¢aligilmistr.

Plastizasyon, genellikle yiiksek (>20 bar) basin¢larda kendisini gosteren bir olaydir.
Ensdiistriyel sistemlerde bu basinglara ¢cikmak miimkiinken, deneysel olarak bu
basin¢lar miimkiin olmamaktadir. Dolayisilya plastizasyon direnceleri ¢alismalarinda,
farkli metodlar benimsenmelidir. Bu metodlardan biri, plastizasyon ozelliklerinin,
molekiiler simiilasyon yontemleri ile irdelenmesidir.

Molekiiler simiilasyon, yapilari atomik diizeyde inceleyen, atomlarin etkilesimleri,
baglari, acilar1 ve dortlii acilar1 iizerinden bir sistemi tanimlayan, bu tanimlama
izerinden de deneysel elde edilmis makroskopik 6zellikleri modellemeyi hedefleyen
metodlarin tiimiidiir. Iki ana yontem ile kategorize edilebilir. Bunlardan ilki,
olasilik hesaplari tizerinden bir sistemin anlik goriintiisiinii elde etmeye dayali, Monte
Carlo (MC) yontemleri olup, digeri Newton’in hareket kanunun entegrasyonuna
dayanan, Molekiiler Dinamik (MD) yoOntemleridir. Bu calismada, CO, yiiklemesi
yapilirken MC, o CO,lerin yap1 i¢erisindeki hareketleri irdelenirken de MD yontemleri
kullanilmasgtir.

Her bir kopoliimid i¢in, Material Studio (MS) programu ile yiik hesab1 yapilmstir.
Daha sonra 2 tane, 40 tekrar birimi iceren polimer zinciri, simiilasyon hiicre-
sine yerlestirilmis ve 21 adimlik dengeleme yoOntemiyle hiicreler dengelenmistir.
Dengeleme sonucunda olusan hiicreler karakterize edilmis ve deneysel degerlere
oldukca yakin degerler bulunmustur. Bu dengelenmis hiicreleri LAMMPS acik
kodlu yazilimi ile CO, gazla adsorp edilmisti. CO, gazinin adsorpsiyonunda
dikkat edilmesi gereken, kopoliimidlerin, CO, gazinin varlifinda sisece8i gbz oniinde
bulundurulmasidir.  CO, adsorpsiyonunu gergeklestiren MC yontemi bu gismeyi
gerceklestiremeyeceginden, MC adimlarindan sonra MD adimlan gergeklestirilmeli
ve polimer matrisi dengelenene kadar dongii halinde bu tekrarlanmalidir. 40 bar
basinca kadar, bu dongiiler tekrarlanmis, kopoliimidlerin CO, sorpsiyon karakteristigi
elde edilmis ve dual-mode sorpsiyon modeline oturtulmustur. CO, sorpsiyonlarinin
deneysel olarak bildirilmis degerlerle yakin olmasi, modelimizi bir kez daha
dogrulamustir.

Poliimidlerin sorpsiyon sonucu kismi bos hacimlerindeki artiglar kiyaslandiginda,
6BpB kopoliimid’inin, pBAPS orant en yiiksek kopoliimid olarak en az sisen
kopoliiimid oldugu goriilmiistiir. Sigme oranlarinin ilk kismi bos hacimlerle ters
orantili oldugu goriilmiistiir. Bu durum, rigid yapidaki polimerin kivrilamamasindan
dolayr daha fazla kismi bos hacim yaratmas: ile aciklanabilir. Ayni zamanda
RDF sonuglarinda goriilen, BTDA monomerinin CO, itici etkisi nedeniyle, 6BpB
kopoliimidinin en az CO, adsorbe eden ve ayn1 zamanda da en az sisen kopoliimid
oldugu goriilmiistiir.

Elde edilen sonuglarda, pPBAPS monomerinin, plastizasyonu diisiiriicii etkisi oldugu
goriilmistiir. Bu etki, pekala barindirdigr siilfonil grubuna baglanabilir. Ayrica
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BTDA monomerinin, CO, sorpsiyonuna negatif bir etkisinin oldugu ve haliyle
CO, sorpsiyonuna bagh sismeyi diisiirdiigi goriilmiistir. DABA monomeri, mPDA
monomerine Kiyasla, plastizasyona gore daha direngli olup, aym zamanda da CO,
ayirma Ozelliklerini korudugu goriilmiistiir.
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1. INTRODUCTION

Research in gas separation processes posses an increasing importance in the recent
decade, as the conventional methods to separate industrial gases became the most
costly unit of production process. For this reason, membrane separation processes
is attracting an increasing attention and promises a much favorable method due to
its low cost, low energy consumption, easy adoption for hybrid processes and simple
design that requires small room. Membrane separation is represented in Figure 1.1.

New technologies generally struggle to replace well established conventional methods
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Figure 1.1: Membrane separation [1]

as a new construction cost is usually avoided by industry. Despite competing well
established methods for years, membrane technologies obtained a good share of

application in gas separation processes [2].

In commercial applications membranes are needed to have high permeability and
selectivity accompanied with high thermal and mechanical resistances. With their
high chemical and mechanic resistances comparing to other polymeric membranes,
polyimide membranes can provide all the necessities of membrane applications. In a
specific case of some gases, mainly CO,, plasticization is another aspect of polymeric
membrane application to consider. Plasticization occurs at a certain pressure of CO,
in membrane and the chains of polymer stretches so that membrane loses separation

properties dramatically. [3] [4]

Molecular simulation methods have been applied to the polymeric membrane systems

for over 30 years now [5]. Monte Carlo methods combined with MD methods to model

1



the sorption isotherms of membranes and Molecular Dynamics methods are applied
in order to obtain mechanical behavior. With the increase of computing capabilities
of computers dramatically, molecular simulations are accepted to be main way to
investigate molecular structure and phenomenon of materials. Molecular simulation
methods generally represent the system in a periodic less then a 100 3 sized cell,
represented at Figure 1.2 to reproduce macroscopic properties of materials. Currently
detailed atomistic simulations are carried out for modeling of polymeric membranes

and investigate molecular phenomenas.

Plasticization occurs at pressures that are applicable in industry yet inapplicable at
experimental conditions. This impasse can be surpassed using molecular simulation
methods which have been developing steadily at the last 30 years and with the
increasing power of computers, are highly effective. There are several work on
investigation of polymeric membranes using molecular simulation, yet studies on

polyimides are still rare, as modeling them correctly requires sensitive adjustments.

Polyimides are chemically tailored structures as there is almost infinite possibilities
for monomer selection. When more than two different monomers are used, the chance
to create different polyimide increases exponentially and these kind of polyimides are

called copolyimides.

The  purpose of this thesis is to  further investigate  three
copolyimides(6FDA/BTDA-pBAPS, 6FDA-pBAPS/mPDA and
6FDA-pBAPS/DABA), which were selected among 2200 possible copolyimide
structures according to their separation performance, to see the effect of chemical

structure on separation performance and plasticization resistance. In order to



investigate the potential of materials as gas separation membranes, Molecular
Dynamics(MD) and Monte Carlo(MC) methods were applied and sorption and

diffusion mechanisms of each copolyimide were analyzed.

Chapter 2 of this thesis provides background for polymeric membrane structures. In
Chapter 3, theoretical basis for molecular simulations methods was provided. While
Chapter 4 summarizes simulation methods applied in this thesis, Chapter 5 presents
the results obtained and discussion made on these results. Chapter 6 concludes the

thesis with a brief discussion.






2. POLYMERIC GAS SEPARATION MEMBRANES

While the quick development of civilizations creates an enormous increase in energy
demand and since it was discovered that presence of CO, in natural gas while it is burnt
lessens the energy produced seriously, there has been an intense research on replacing
the conventional high cost absorption-desorption method to remove CO, from natural
gas. For over 30 years now, membrane based gas separation processes are being seen as
the next major application for CO, removal. A representation of a membrane module

can be found at Figure 2.1.
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Figure 2.1: Representation of a membrane module. [2]

Membrane is a generally thin barrier, through where transport of molecules occur from
a mixture. This transport is usually faster for one of the components, hence creates a
selectivity which purifies the mixture for less favored component. For gas separation
membranes, the gas passing through the membrane is called the permeate while the
one that does not is called retentate. The selectivity of a membrane is presented in

Figure 2.2.

The research on gas separation membranes has a much longer past then industrial gas
separation membrane applications. Since it is a cheaper, more efficient and easier to
handle than conventional methods, membranes have been drawing attention for long

and also started to be used in industrial scale. Among these industrial gas separation
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Figure 2.2: Selectivity of a membrane. [2]

membranes, polymers are mainly the materials that are chosen for their ability to
form stable, detect-free, thin and low cost membranes. Polymeric membranes are
currently used in a wide range, from N, purification to CO, separation. Considering
the increasing amount of studies on polymeric membranes, it is easy to say they will

continue to be developed as a major separation process.

The separation performance of a polymeric membrane is governed by the permeability
and selectivity properties of the polymer. Polymeric gas separation membranes
generally posses high permeability with low selectivity or vice versa. A
permeability-selectivity trade-off curve was described by Robeson in 1991 [7] and
revisited in 2008 [8] for O,/N,, H,/N,, He/N,, H,/CH,, He/CH,, CO,/N,, H,/CO,
and CO,/CH, gas pairs, by collecting every information available in literature for
all polymeric membranes. Figure 2.3 is the Robeson plot of CO,/CH, gas pair,
with selectivity versus permeability of faster-permeating gas. While all transport
properties are determined ideally, Robeson draws an imaginary line, which is

accepted as the upper bound of polymeric membranes reached so far.Thermally
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Figure 2.3: Robeson plot for CO,/CH, [7]

Rearranged Polymers(TR Polymers) are shown separately in the plot due to their

higher performance.

2.1 Gas Transport in Membranes

The fundamental mechanism of gas transport in polymers is the solution-diffusion
mechanism which was proposed more than a century ago [9]. In solution-diffusion
model, the permeants first dissolve into the membrane material and after that diffuse
to the other side of the membrane due to chemical potential difference. With this
mechanism, gas pairs separate from each other as each individual gas will have its
own solubility in membrane material and also diffuse through it with a different
rate. Therefore, solution-diffusion mechanism can be told in three steps; adsorption
of gas into the high chemical potential side of membrane, diffusion of the gas
through membrane, and desorption of the gas from the low chemical potential side

of membrane. [10]

In the solution-diffusion, molecules are first sorbed by the polymer on the feed side of
the membrane, and then they diffuse across the membrane cross-section via transient

gaps in the polymer matrix, and are desorbed from the other surface of the membrane.



Model assumes that the pressure within a membrane is uniform and also chemical

potential gradient across the membrane is expressed only as a concentration gradient.

The gas transport of a gas in membrane is measured by permeability. Permeability of a
gas in a membrane is equal to the product of the effective diffusivity (D) and sorption
coefficient (S):

P =SxD (2.1)

and it is a measure of the productivity of a membrane. High permeability is needed for
low investment and operation costs in membrane systems since the required membrane

area and driving force would be reduced. Permeability values are typically reported in

0 ss(STP)cm
cm?.cmHg.s*

Barrers, 107!
Selectivity is a measure of the efficiency of a membrane to separate one gas from
another. The ideal selectivity (i.e. pure gas feeds) between two gases A and B is

defined as the ratio of their permeabilities,

Qin — Py DaSa
A8~ Py DpSp

2.2)

As rubbery polymers are in a thermodynamic equilibrium liquid state, their gas
solubility obeys Henry’s law. For glassy polymers, dual-mode sorption model has
been used to describe the gas solubility for over four decades. The model combines
two sorption sites which one of them obey Henry’s law dissolution and the other obeys
Langmuir-type sorption. While Henry’s law models dissolution of gas into the rubbery
regions of polymer, Langmuir-type sorption models the sorption into porous solid type
regions in polymer which arise due to the non-equilibrium nature of glassy polymers.
When these two effects are combined, the dual mode model can be depicted as in

Figure 2.4 and expressed by:
1bp

2.3
1+bp 2-3)

C=kpp+

where C is the penetrant concentration, p is the pressure, kd is the Henry’s Law
constant, b is the hole affinity constant for Langmuir sorption, and Cy, is the Langmuir
sorption capacity. The ratio of the penetrant concentration to pressure is defined as the

sorption coefficient:

C Cyb
S=—=kp+ X
p b 1+bp
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Figure 2.4: Dual mode sorption model. [11]

2.2 Plasticization

Plasticization is phenomenon that occurs when the concentration gases that are
known cause volume swelling in glassy polymers, like CO,, H,S and condensable
hydrocarbons such as propane and proplyene, reach such level that causes polymer
backbone to lose its structural properties such as chain packing and fractional
free volume(FFV), as they increase such levels that makes them not important for
separation. Plasticization is generally described as the segmental motion of polymer
chains causing increase in permeabilities of all components and decrease in selectivity.
The selectivity of membrane material is almost completely lost when the membrane

plasticizes as it loses its size discrimination ability. [12]

In general, the CO,-permeability characteristics of glassy polymers can be classified to
three categories, which are represented in Figure 2.5. Below plasticization pressure the
permeability decreases due to saturation of the Langmuir sites. Above plasticization
pressure, the permeability increases as the polymer chain mobility increases due to
plasticization by the dissolved CO,. While Type (I) CO,-permeation behavior fits to
polymers without large substituents on the backbone, such as polysulphone (PSF) and
polycarbonate (PC), Type (II) is monitored mainly in polyimides. Polyacrylates, such
as polyethyl-methacrylate (PEMA), cellulose acetate (CA), polymethyl-methacrylate
(PMMA) and polystyrenes which containing large side groups on the main chain show

Type (III) trend can be regarded as typical [13].
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Figure 2.5: Permeability (P) of CO, in glassy polymers. [13]

2.3 Polyimide Membranes

Chemically tailored aromatic polymers such as polysulphones, polycarbonates and
polyimides a promises a big potential in the membrane-based gas separation area.
Polyimides are especially promising with their exceptional chemical stability and

mechanical properties combined with mostly rigid backbones.

Polyimides are synthesized by the reaction of two monomers (dianhydride and
diamine) in a solvent and by dehydration of this solution. If more than two different
monomers are used in this process co-polyimides are synthesized [14]. The formation

of polyimides are shown in Figure 2.6.

o)

0
R R ,
O +RNH, —» N—-R'"  + H,0
0

o

Figure 2.6: Formation reaction of polyimides. [14]
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As there are almost infinite numbers of possible configurations due to the diversity of
monomers, the chemistry of polyimides are still an area to investigate further. By small
differences in monomers or the chemistry, the separation and mechanical properties of

polyimides can be altered exceptionally.

Aromatic polyimides provide high performance in membrane based gas separation.
The first polyimide ever synthesized was Kapton, by DuPont company. Since then,
the separation performance of polyimides have improved steadily and today they are
considered as one of the most promising type of polymer to be used in membrane based
gas separation processes. This application of membranes has expanded very rapidly
and captured more than one-half of the market for N, separation systems within the

couple of the years after discovery.

Co-polyimides are getting attraction as they are somehow a way to combine properties

of two different polyimides in one.

For their two bulky —CF3 groups 6FDA-based copolyimides attract particular interest,
as these groups provide higher FFV and increase permeation in the polymer. Also these
groups prevent swelling in the polymer by preventing chain to fold, hence rigidify it.
Three copolyimides, 6FDA/BTDA-pBAPS(3:1) (6BpB), 6FDA-pBAPS/mPDA(3:1)
and 6FDA-pBAPS/DABA(3:1) are investigated according to their plasticization

resistances in this work as they are reported to have good gas separation properties [15].

A few experimental studies investigating plasticization effect of CO2 in copolyimides
have been reported in the literature [4] [16] [17] [18]. These studies mainly focus
on how does cross-linking affects the plasticization resistance of the copolyimide.
Staudt-Bickel and Koros [4] showed that ethylene glycol crosslink increased the
plasticization pressure of 6FDA-mPDA/DABA (9:1) co-polyimide. Their cross linking
increased the plasticization pressure of copolyimide up to 35 bars. The same group,
in 2003, investigated the solid-state covalent cross-linking of 6FDA-DAM/DABA
2:1 with ethylene glycol, 1,4-butylene glycol, 1,4-cyclohexanedimethanol, and
1,4-benzenedimethanol and were very effective in stabilizing membranes against CO2

plasticization up to 40 atm feed pressure [16].

Bos et al. used blend of a polymer that is highly susceptible to plasticization such

as Matrimid, with a polymer that hardly plasticizes such as P84 co-PI to suppress
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plasticization [17]. They prepared membranes with different ratios and performed
sorption and diffusion experiments in their home developed experiment system up to
50 bar feed pressure. With having a Matrimid membrane plasticizing at around 20 bar
pressure, their blended membranes showed no plasticization during experiments. Yet
the homogeneousity of their blends are questionable as they have seen two different

Tg values.

Chung et al. investigated the 6FDA-durene/mPDA co-PI up to 20 atm and reported
that the permeabilities of O,, N,, and CO, decrease or do not change with an increase
in the upstream pressure, however, no CO,-induced plasticization was noticed in this

testing pressure range [18]. Figure 2.7 summarizes the gas permeabilities obtained in

the study.
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Figure 2.7: (a) Gas permeability as a function of feed pressure for 6FDA-durene
dense membranes at 35°C. (b) Gas permeability as a function of feed
pressure for 6FDA-durene/mPDA(80/20) dense membranes at 35°C. (c)
Gas permeability as a function of feed pressure for 6FDA-durene/mPDA
(50/50) dense membranes at 35°C. (d) Gas permeability as a function of
feed pressure for 6FDA-durene/mPDA (20/80) dense membranes at 35 °C.
(e) Gas permeability as a function of feed pressure for 6FDA-mPDA dense
membranes at 35°C. [18]
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3. MOLECULAR SIMULATION METHODS

Molecular simulation methods provide insight into material properties in atomic level.
Molecular simulation distinguishes from other computing methods with evaluation
of molecular coordinates of the system accordance with a rigorous calculation of
intermolecular energies or forces. This coordinates and energy calculations can
become a great tool to understand structure, dynamics and thermodynamic properties

of inorganic, biological and polymeric systems.

Today, molecular simulation methods are used widely in many areas like
computational chemistry, computational biology and material science by researchers
[19]. Molecular simulation methods can be used in analysis of phase transitions,
spectroscopic measurements and analysis of dielectric properties. Complex fluids
such as glasses, molecular liquids, solutions, liquid crystals and ionic liquids are
investigated using molecular simulation tools widely.  Structural and transport
properties of solids, polymers and biomolecules are also studied using molecular

simulation.

3.1 Statistical Ensembles

In order to start getting involved in molecular simulation methods, one should
understand statistical ensembles first. A statistical ensemble is the collection of
different states of the system, where the difference is the positions and velocities of
the particles. There are several types of ensembles, which most common ones are

listed in Table 3.1.

In the formulations of statistical ensembles presented in Table 3.1, Z represents the
total number of states found in each ensemble. Boltzmann factor which acts a
weighting factor to all the energies, is calculated with the Equation 3.1 where k is

the Boltzmann constant and T is temperature.
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Table 3.1: Common statistical ensembles. [20]

Ensemble Constraints Partition Function P
. . o O(E;—E)
Microcanonical N,V.E ; O(E;—E) /T
Canonical N,V.T Y e BEN.V) w
i NVT
Grand Canonical N,V,u Y ePNuz NVT 'fﬁz/i—r_“’”v
i
Isothermal-Isobaric N,PT Yy ePrViz NvT %
i
1
B= T (3.1)

A characteristic thermodynamic function is associated with an ensemble. For example,

entropy (S) can be obtained directly from the microcanonical partition function.
S = k(anNVE) (3.2)

NPT and NVT ensembles are most commonly used ones as they are more comparable
with experiments with constant temperature and volume or pressure. This means
that the configurations controlled by the partition function are related to macroscopic
properties. It can be shown that the Helmholtz function (A) is associated with the

canonical ensemble.

A= —kT(anNVT) (3.3)

3.2 Force Fields

Force fields are the collections of equations and parameters to define a system. A
force field can make a molecular simulation either a correct one, or a waste of
time. What force field does is to describe the potential energy of a system with
certain parameters for each site in system. Potential energy (V(r,)) is a function of
Cartesian coordinates (r,) of all atoms in the molecule. All structural, thermodynamic
and dynamic properties should be obtained with an accurate force field. Most force
fields contain energy contributions for both bonded (intra molecular) and non-bonded

(intermolecular) interactions as expressed in

ETotal = EBonded + ENonbonded (3-4)
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where Ep,nq4.q 15 the energy related to the bonded interactions and Enonpondea 1S the

non bonded interactions. The bonded interactions are defined by

Egonded = EBona + EAngle + E7orsion + Ernversion + Ecrossterms + ERestraints (3~5)

where Ep,,q 18 bond stretching, Ey,q, is angle bending, E7o/si0n 18 the intrinsic torsion
potential, Ejyersion 1S the energy associated with one atom having three single bonds
with three other atoms, Ecyossrerms 1 the energy associated with mixed term interactions
such Bond| — Bond; or Bond| —Angle| — Bond, and ERg,gqins 1s the energy associated
with an restraint derived externally to the system. The non-bonded interactions are

defined by
ENonbonded = ERepulsion—Dispersion + ECoulombic (3'6)

where Ecouiompic 18 coulombic interactions, and Egepuision—Dispersion 18 the electron
dispersion effect, generally modeled by van der Waals interactions. At close range
Van der Waals interactions account for the repulsion of electronic clouds and at longer
range the attraction of induced dipoles. There are two most commonly used form of

Van Der Waals equations which are 12-6 and 9-6 Van Der Waals equations

Euy = Y 4e((22)12 - (24)9) 3.7
ij ij ij

Eu =Y 31 - (0D (38)
i,j l l

where r;; is the distance between atoms i and j, € is the well depth, or maximum
attractive energy, and o;; is the collision diameter at which there is no interaction

energy.

Van Der Waals forces model the interaction between induced dipoles but permanent
dipoles and multipoles are needed to be modeled also. Partial point charges are a
good way to model the electrostatic surface of molecules that generates dipoles and
higher order multipoles. Coulomb’s law provides the energy between atomic charges,
g; separated by a distance r;; as

qi4qj

— 3.9
47t80|r,-j| ( )

Ecoutombic =
where &) is the vacuum permittivity.

Different force fields to model different system have been developed for years

and reported in literature with their validated parameters. The method to validate
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Figure 3.1: Representation of boundary conditions [19]

the parameters is generally reproducing the experimental properties available. The
force fields are classified into two groups, class I and class II force fields. First
group is comprised of Chemistry at Harvard Macromolecular Mechanics (CHARMM)
[21], DREIDING [22], GROMOS [23] and Groningen Machine for Chemical
Simulations (GROMACS); and second group is formed from Condensed-phase
Optimized Molecular Potentials for Atomistic Simulation Studies (COMPASS) [23],

Polymer-Consistent Force Field (PCFF) [24] and Consistent Valence Force Field
(CVFF) [25].

3.3 Periodic Boundary Conditions

In molecular simulations, many interactions between all atoms of a system is calculated
as described in previous section, hence computational power needed is beyond realistic

for a system comparable to experimental ones. The question is how big a system should

be to represent realistic values.

As a solution for this question, periodic boundary conditions approach is applied in
molecular simulations. Periodic boundary conditions mean, the walls of a molecular
simulation cell being not a physical wall that prevents atoms from moving across,
instead is just limit of a replica, which is replicated infinitely at all dimensions such
that when an atom moves across through one side of cell, it enters back from the other

side. Periodic boundary conditions are represented in Figure 3.1.
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The use of periodic boundary conditions brings with a limitation that, interactions
between atoms should be carried out for half of a repeating simulation cell for each
atom. For almost all cases this is a long enough range, unless a simulation cell so small
is constructed. Despite using periodic boundaries, the finite-size effects are sill present.
The question how big a system should be constructed depends on the components in

analysis and the properties that will be evaluated.

3.4 Molecular Dynamics

Molecular Dynamics is a molecular simulation technique to model the equilibrium and
dynamical properties of a system. In this method, Newton’s equation of motion [26]
is solved to describe the natural trajectory of a system through a set of 2N differential
equations where N is the number of atoms. This can be written as:

p
m; = ddrlgt)
t

= F)(i=1,2,3,...N) (3.10)

where m; is the mass and r; is the Cartesian position for atom i. The most CPU
expensive part of a molecular simulation is the calculation of forces. The force field of

the system can be used to determine the force on atom i, F; by
Fi=—</iE(r1,r,r3,.....,tN) 3.11)

E(ry,r2,r3,....,ry) term in the equation presents the potential energy depending on the
positions of N number of atoms. The integration of equation of motion results set of

configurations describing the trajectory.

While MD is applicable for most ensembles, its application with Gibbs and Grand
Canonical (GC) ensembles is limited as these two contains change in number of atoms

and this change breaks the integration of Newton’s equation.

In the literature there exist a variety of methodologies for performing MD simulations
under isochoric of isothermal conditions [27]. Most of these constitute a reformulation
of the Lagrangian equations of motion to include the constraints of constant
Temperature and/or Pressure. The two mostly used methods for MD simulations
under constant temperature or/and pressure are the Nosé-Hoover [28] [29] and the

Berendsen [30] methods.
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In all molecular dynamics algorithm, positions of atoms are found by integrating
equation of motion. Mathematically, the equation of motion is a set of initial value
type differential equations, so they can be solved by any standard finite difference
method. Yet, most of these methods are too CPU expensive to be used in molecular

simulations as they require multiple force calculations.

In literature, some finite difference algorithms have been developed specifically to be
used in molecular dynamics. These methods can be categorized as the integration of
the equation of motion, Gear predictor-corrector methods [31] and Verlet predictor

methods [32].

The most commonly applied algorithm is the Verlet predictor method [32] with its
many modified sub-methods. A Taylor series expansion is the initial move of Verlet

algorithm:

r(t+ At) = r(t) + KL id—zrmz ot =) =r(t) = — At + ———= A +
B dt 21dr? B t
3.12)

When equations 2.14 and 2.15 are added and arranged the equation below is obtained:

1 2
r(t+ At) =2r(t) — r(t — At)%m + E%Atz (3.13)

Equation 3.12 is generally known as Verlet’s algorithm. It enables to advance the
position of the molecules without calculating their velocities. However, the velocities
are required to determine kinetic energy. They are obtained from:

o(r) = r(t+ At)z—Art(t —Ar))

3.149)

The Verlet algorithm method is an easy to use, compact, time reversible method and
it even conserves energy for long time steps. One minor disadvantage, if it is a
disadvantage, it is not self starting and a random number has to be generated in the
beginning. However the main disadvantage is, the handling of velocities causes it
to be always one time step behind the position calculation. These deficiencies have
been addressed by various modified methods such as Leap-Frog Verlet Algorithm [33],
Velocity-Verlet Algorithm [34] and Beeman Modification [35].

The evaluation of data obtained by MD simulation is another topic of interest. In an

experiment the measured value of property “Q” is the average of Q over time which
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was the result of different configurations. The Same applies in MD simulations, with
much smaller “real time”. In order to obtain a correct data, one must be sure that the

average value of Q does not change with time any more at the end of the simulation.

3.5 Monte Carlo

Monte Carlo method is a stochastic algorithm that depends completely on probabilities.
In Monte Carlo method, atom position and orientation are modified randomly to obtain
several configurations. Then the analysis of these probabilities provides a correct
representation of the system. As there is no momentum contribution in MC, unlike

MD, time dependent quantities cannot be determined.

Markov chain is used to generate ensemble configurations [36]. In a Markov chain,
several of trials are made and the success of trials only dependent on immediate
predecessors. A move, will only be accepted in a Markov chain, if it creates a state
which is more thermodynamically more favorable than the previous one. This favor

generally means lower system energy in molecular simulation.

A commonly used Markov process is Metropolis method, where there is a random
walk, at which probability of particular visiting point ry is proportional to the
Boltzmann Factor. In the approach introduced by Metropolis et al. [37], first a random
particle is selected and its energy is calculated (E(ry)). Then a random displacement
is given to that particle and its new energy is calculated (E(r},)). The move is accepted

with probability;

acc(o — n=min(1,exp(—B[E(ry) —E(rn) (3.15)

To determine the probability to perform the move, a transition matrix is denoted from
old state, o, to new state, n. & is the matrix of Markov chain. The acceptance equation

is:

(o —n) = alo— n)Xacc(o — n) (3.16)

which can be rewritten as;

19



(n)
(0)

Many different choices for acc(o — n) are available. The choice of Metropolis et al. is

acc(o — n)

= exp(=BlE(n) — E(0)]) (3.17)

N
acc(n—o0) N

N(n)
N(o)

=1 if N(n)>N(o) (3.19)

acc(o —n) = if N(n)<N(o) (3.18)

3.6 Polymer Simulations

Aromatic polyimides are stiff-chain amorphous polymers and there are only a limited
number of molecular simulation studies on the transport properties of gases in
polyimides in the literature [38—42]. Smith et al. [38] studied diffusion of CO, in
6FDA-4PDA and 6FDA-ODA polyimide matrices Their polymer chains consisted of
only 11 repeat units and they concluded that their model was unable to model the
diffusion of CO,. Hofmann et al studied the gas transport in several polyimides
using molecular simulation methods [39,40]. They used transition state MC method
to calculate diffusion and sorption coefficient of O,, N,, CH, and CO, gases in ten
different polyimides. Neyertz and Brown, used MD and MC methods to investigate
transport properties of 4,4’-oxidiphthalic dianhydride-4,4-oxydianiline (ODPA-ODA)
polyimide. They investigated the effect of length of polyimide chains on gas transport
properties of molecules by using several simulation cells consisting of polymers with
different chain lengths. Chang et al [42] studied the relationship of gas diffusion

mechanism and free volume morphology in seven different polyimides.

As it requires high CPU times, studies on CO,-induced plasticization in polyimides
are not common. Neyertz et al [43] loaded 6FDA based polyimides with CO, and
studied the swelling of the matrices. MD simulations were performed to evaluate CO,
diffusivity and they used a MC method to extrapolate the data. In their study it was
seen that CO, molecules were able to jump into any free site of polyimide matrices
and they are highly mobile. They also concluded that, even with high volume dilations,
there were no transition from hopping-type diffusion to the liquid-like regime. Zhang

et al. [44] used both experimental and simulation methods to investigate plasticization

20



phenomenon in 6FDA-ODA. They proved that the imide group was a preferred site for
CO, to be adsorbed and seen the effect of CO, presence in Tg and FFV.

In order to model polymers accurately, chain length and size of cell is crucial. Heuchel
et al. [40] studied several polyimides with 60 to 80 repeat units and concluded that
larger simulation cells were needed in order to model the heterogeneous distribution of
FFV. Neyertz and Brown [41] reported sorption and diffusion coefficients of helium in
OPDA-ODA polyimide using three simulation cells containing 4150, 6225 and 56025
atoms. They concluded that the model consisting of 4150 atoms were accurate enough

to model the characteristics. Figure 3.2 shows the unit cell with 56025 atoms. Zhang

Figure 3.2: Represetaion of 56025 atom system [41].

et al. [44] reported 6FDA-ODA simulation with polymer chain consisting of 72 repeat
units. Park et al [45] used a cell having three chains with 33 repeat units each in
order to obtain closer results to experimental properties and they succeeded to model

mechanical properties better than a single chained model.
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4. SIMULATION METHOD

Atomic simulation methods were applied in this work. Both licensed and open source

softwares were used in our computers.

4.1 System

Three copolyimides, 6FDA/BTDA-pBAPS (3:1), 6FDA-pBAPS/mPDA(3:1) and
6FDA-pBAPS/DABA(3:1) were investigated in this study for their plasticization
resistance. These three copolyimides were chosen for their good separation properties

predicted at a previous work [15].

The experimental densities and sorption coefficients of the copolyimides are given in

Table 4.1.

Table 4.1: Experimental density and CO, sorption coefficients of copolyimides . [15]

Polymer Density(g/cm?) Sorption Coefficient (cm> (STP) / (cm? bar))

6BpB 1.349 6.95
6pBmP 1.366 6.75
6pBD 1.391 6.44

4.2 Softwares

Several softwares, which some are commercial while some are open-source and
in-home codes were used in the molecular simulation work. The charge calculation,
creation of simulation cell and some of the characterization work were performed using
Accelrys Material Studio 6.0(MS) software. Open source LAMMPS [46] software was
used to perform all MD and MC simulations. Open source Poreblazer software [47]
was used to calculate FFVs. Codes written in-home were used to transform data from

one software to another and also to analyze data.
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Figure 4.1: Dianhydrides (a,b) and diamines(c,d,e) used in this study (a) 6FDA, (b)
BTDA, (c) pBAPS, (d) DABA and (e) mPDA.

4.3 Construction and Analysis of Molecular Structures

The construction of the repeat units of copolyimides were performed first. After
charge calculation, monomers were polymerized with random distribution according
to reported ratios. The resulting copolyimides were placed in several simulation cells
and the one with least total energy was chosen. Then the cells were equilibrated
and sorption simulations were made using Grand Canonical Monte Carlo. Results
of sorption simulations were analyzed to determine the sorption characteristics of
copolyimides and NVT ensemble MD were performed for each pressure to determine
the diffusion coefficients of each copolyimide. The dianhydride and diamines used in

this thesis are given in Figure 4.1.

4.3.1 Charge calculation

In order to accurately model the soption isotherm of copolyimides, the partial charges

of each atom were calculated using Density Functional Theory (DFT) using Dmol3
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module of MS with B3LYP functional form, which is a combination of Becke’s

functional and Lee et al. functionals [48] [49].

As copolyimides will be constructed using homopolyimides, charges of each
homopolyimide structure was calculated first. As a repeat unit can be either in the
chain or at the end of it, charge of two bonded monomers were calculated, from which

charges for both situations were obtained.

4.3.2 Construction and equilibration of simulation cell

In order to be able to model the density and FFV of membrane better [45], two
co-polyimide chains with 40 repeat units were placed into a simulation cell at the
experimental density with calculated charges and PCFF force field, which is a class II
force field established for polymer simulations, hence matching for our study. Most
of the time, it is not possible to use a single polymer chain with 80 repeat unit as ring
catenation and spearing occurs. All three copolyimides were easily placed in the cells

at their experimental density and a geometry optimization was performed afterwards.

The resulting cells were transformed into LAMMPS format using a tool provided by
LAMMPS package, msi2lmp. A well established 21 step slow decompression method
was applied to the each simulation cell to equilibrate the structures [S0]. The 21 step

method is summarized in Table 4.2.

Table 4.2: 21 step slow decompression method. [50]

Step Conditions Duration(ps)
1 NVT 600K 50
2 NVT 300K 50
3 NPT 0.02Pmax bar,300K 50
4,5 NVT 600K, NVT 300K 50, 100
6 NPT 0.6Pmax bar, 300 K 50
7,8 NVT 600 K, NVT 300 K 50, 100
9 NPT Pmax bar, 300 K 50
10, 11 NVT 600 K, NVT 300 K 50, 100
12 NPT 0.5Pmax bar, 300 K 5
13, 14 NVT 600 K, NVT 300 K 5,10
15 NPT 0.1Pmax bar, 300 K 5
16, 17 NVT 600 K, NVT 300 K 5,10
18 NPT 0.01Pmax bar, 300 K 5
19, 20 NVT 600 K, NVT 300 K 5,10
21 NPT 1 bar, 308 K 800
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Pmax was chosen to be 200 bar in this procedure. As all sorption experiments are

performed at 308K, cells were equilibrated at that temperature.

4.3.3 Characterization of copolyimide membrane

To validate the model used in simulations, some characteristic properties of membrane
materials must be calculated and compared with experimental data. Density, FFV, CO,

based FFV and d-spacing of polymer structures were evaluated in this work.

As the volumes of simulation cells are obtained by equilibration, the density is easily
calculated. FFV is calculated using Atom Volumes and Surfaces tool of MS by using
formula;
pry = W13V 1)
Vv
where V is the volume of the cell and Vjy is the Van Der Waals volume of the structure.

CO, based fractional free volume is directly calculated using Pore Blazer software

using a probe with CO, parameters.

Density of simulation cells were obtained using atomic masses of elements and
elemental compositions of polymer structures. As the volume of cell is known, one

can calculate density.

D-spacing can be calculated using X-ray spectrum analysis. While experimental x-ray
spectrums provide change of scattering angle with intensity(I/y), in simulation work,
scattering vector is obtained with the change of intensity. The scattering vector is

defined as;

47wSin6
(p —

1 4.2)

After calculating scattering angle with the equation above, one can calculate d-spacing

easily by:

nA = dSin(26) @.3)

4.3.4 CO, adsorption

The most validated sorption method today is to use GCMC method. LAMMPS

software is used in GCMC simulations at which GCMC exchanges of atoms or
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Table 4.3: Trappe carbon dioxide. [51]

Atom Charge(e) sigma(A) epsilon(K)
C 0.70 2.80 27
(0] -0.35 3.05 79

molecules of given type with an imaginary ideal gas reservoir at specified temperature
and pressure is performed. We performed 800,000 exchange moves, insertion and
deletion combined, with this imaginary gas reservoir in every GCMC step. Also
400,000 Monte Carlo displacements or rotation moves were performed. For MC moves
of molecular gasses, rotations and translations are each attempted with 50 percent

probability.

All Atom Trappe model [51] was used to model CO, molecules. In Trappe model,
all bond lengths and angle in the CO, molecule is held constant which is a good
representation of real situation. Bond lengths in CO, molecule is 1.15 A° and the

angle is 180°. Trappe parameters for CO, molecule is given at Table 4.3.

As polymeric membranes swell with CO, presence, one and only GCMC sorption is
not enough to find the CO, sorption at a certain pressure. Instead, simulation cell is
needed to be allowed to relax and a new GCMC sorption move should be performed.
In our procedure, a GCMC move is followed by a 20 ps NVT move and then 80 ps
NPT move is performed. This cycle goes on until the CO, amount is constant at that

pressure and does not rise anymore. Figure 4.2 shows the behavior in a polymer cell.

Sorption simulations up to 40 bar, at pressures 1, 2, 3, 5, 7, 10, 15, 20, 25, 30, 35
and 40 bar, were performed for each copolyimide. The sorption isotherms obtained
by simulations were then fit into dual-mode sorption model described before and

dual-mode parameters were calculated.

4.3.5 Determination of diffusion coefficients and plasticization pressures

In polymeric membranes, a gas molecule can jump from one void to another as a result
of the opening and closing of voids in the polymer matrix, leading to gas diffusion. The
diffusion of CO, in polymeric membrane was estimated by calculating mean-squared
displacement(MSD) of gas molecules in copolyimide matrices in 50 ns NVT MD runs.
Equation 4.4 gives the MSD equation where r is the position of an atom and N is the

total number of atoms.
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Figure 4.2: Sorption behavior with cycles in a polymer.

1

V) (ri(t) — r;(0))? (4.4)

M=

MSD(1) =
1

When the MSD with respect to time linearizes, one sixth, due to the 3 dimensions, of
the slope of MSD versus time is accepted to be the diffusion coefficient. To obtain the
diffusion coefficients as accurately as possible, the statistical noise in the mean squared
displacement with respect to time plot should minimized. To improve the statistics
the ensemble average in MSD is usually calculated using multiple time origins. The
statistics of short time displacements can be significantly improved by considering
each frame as a time origin. Averaging over all such comparisons will give much
improved statistics for this time. This applies to other times, although when t is large
there are fewer time origins available. A home made code was used for this purpose
and is given at Appendix A3. An example of noised MSD and a MSD without noises
are given in Figure 4.3. Permeabilities were calculated using sorption and diffusion
coefficients obtained. The pressure at which the decline in permeability stops and

permeability starts to increase is the plasticization pressure of copolyimide.

4.3.6 Radial distribution function

Radial Distribution functions are useful tools for analyzing the structure of a system

and also affinity of atoms to each other, for example affinity of CO, to a particular site
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in the polymer system. Considering a spherical shell of thickness dr at a distance r

from a specified atom as shown in Figure 4.4. The volume of the shell is expressed as;

V= gn(ﬂr 5r)3 gn(rf _ 4n(r)2or .5)

The pair distribution function, g(r) is the probability of an atom being at a distance r

from the specified site. An example representation of RDF is given in Figure 4.5

or
Figure 4.4: Spherical shell with thickness dr [52].

RDF’s can be experimentally determined using X-ray diffraction. The regular
arrangement of the atoms in a crystal gives the characteristic X-ray diffraction pattern

with bright sharp spots.

When calculating the RDF from a simulation run, the neighbours around each site is
sorted into "bin’s specified by before the run and the number of atoms or molecules in

that bin is averaged through the simulation.

The sites, for which CO, affinity at 10 bar after sorption is calculated in this study, are

given in Figure 4.6.
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S. RESULTS AND DISCUSSION

In this section, the results of the characterization, adsorption and diffusion described in
the previous part will be given. The diffusion results will be given separately for each

copolyimide.

5.1 Charge Calculation

Charge calculations for the copolyimides have proven how important it was to
calculate, as the charges of sites changed significantly according to their positions.
In usual approach, same charges are assigned for same sites. Nomenclature for these
charges can be found from Figure A.1. Charges of each homopolyimide possibility
are given in Table A.1, Table A.2, Table A.3 and Table A.4. Charges of end chains of

resulting copolyimides are given in Figure A.2.

5.2 Construction and Equilibration of Simulation Cell

Simulation Cells of all three copolyimides were constructed succesfully at their
experimental density and with 2 polyimide chains having 40 repeat units each. The

simulation cells resulted are given in Figure 5.1.

Equilibration was performed at LAMMPS software for each copolyimide structure
and the resulting cells were characterized accordingly with the methods provided
in the previous part. Table 5.1 summarizes the results of characterization for each

copolyimide. BOX SIZES.

Table 5.1: Characterization results of copolyimides

6BpB 6pBmP 6pBD
Exp. Sim. Exp. Sim. Exp. Sim.
Density(g/cm3) 1.387 1.349 1.400 1.389 1.419 1.402
FFV 0.193 0.190 0.189 0.178 0.191 0.185
FFV o, - 0.040 - 0.030 - 0.032
d-spacing 5.560 5.910 5.510 5.760 5.620 5.800
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Figure 5.1: Resulting simulation cells a)6BpB b)6FDA-mPDA c)6FDA-pBAPS and
d) BTDA-pBAPS

5.3 CO, Adsorption

Sorption study on copolyimides has proven how accurate it was to use a
sorption-relaxation cycle method. The simulated adsorption data was compared with
the experimental data. Due to the limatations, experimental data for 6BpB and 6pBD
were available up to 9 bars while only data up to 5 bar was available for 6pBmP.
The comparison of experimental and simulated sorption data are given in Figure 5.2.
From the comparison it is seen that our simulation model can perfectly describes the
adsorption of CO, into the all three copolyimides. This is an indicator for being able

to model the plasticization behaviour correctly also.

Sorption simulations up to 40 bar were performed for each copolyimide. As mentioned
the previous chapter, the sorption data was fitted to the dual-mode sorption model
and dual-mode parameters are given in Table 5.2. The sorption of CO, molecule in

copolyimides fitted to the dual mode model is given at Figure 5.3.
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Table 5.2: Dual mode parameters

kp cl, b
6BpB 0249 35564 0319

6pBmP 0.586 31.481 0.577
6pBD 0.475 38.633 0.472
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Figure 5.3: Sorption mechanism of copolyimides

With sorption mechanism of 6pBmP and 6pBD are similar to each other, 6BpB tends to
adsorb less then the other two, especially after 10 bar. This is an indicator of swelling
less than those two and being more rigid. The next section will compare the swelling

of these three copolyimides.

5.4 Sorption Induced Swelling in Copolyimides

Fractional Free Volume is accepted to be an indicator to the sorption capacity of a
polymeric membrane. As mentioned in previous chapter, two different kinds of FFV
were calculated for our systems. FFV describes all of the free volume in the cell, while

FFVco, is an indicator of free volume that CO, molecules can fit into.

Increase in FFV is considered to be an indicator of swelling in the polymer structure
according to the sorption of CO,. Due to the swelling effect of the CO,, flexible
polymer chains tend to expand. This expansion causes increase in FFV. Yet, the change

in FFV may not be always same with FFVcq, as the disappearance or appearance of
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small voids does not affect F'F'Vcp,. Percent increases of FFV and FFVcq, are given

in Table 5.3.

Table 5.3: Fractional Free Volume Increases

6BpB 6pBmP 6pBD
FFV FFVco, FFV FFVco, FFV FFVco,
Initial 0.190 0.040 0.179 0.030 0.185 0.032
10 bar 0.203 0.061 0.207 0.063 0.216 0.082
30 bar 0.210 0.075 0.219 0.086 0.219 0.089

The swelling characteristics of copolyimides are in agreement with the sorption results.
6BpB was the one with least sorption at the higher pressures and it showed less
swelling then the other two. 6BpB was the one with only different dianhydride , hence
had more amount of p-BAPS diamine. The CO, affinity to the specific sites of repeat
units are extremely crucial in the plasticization behavior as even if the structure is
flexible, if the flexible sites are not preffered sites for CO, sorption, no swelling will

occur.

6pBmP is the copolyimide that swelled most which was an expectable result as it
contained mPDA group which has no sites that has possibility to provide rigidity
to copolyimide structure. The only difference between 6pBmP and 6pBD is the
-COOH group of 6pBD and it increases rigidity of the copolyimide structure, hence
decreases the swelling as it tends to interact and form hydrogen bonds with carbonyl
and sulphonyl groups The sulphonyl groups of p-BAPS are known with the effect of

increasing rigidity [53], so the rigidity of 6BpB was an expected result.

5.5 Diffusion Coefficients of Copolyimides

NVT runs for all copolyimides at 10 bar were performed and noise-free MSD results
are given in Figure 5.4. Diffusion coefficients were determined using the pointed
linear parts of the diagrams as they are the regions were diffusion is in a constant
rate and permeabilities according to these coefficients were calculated. The resulting

permeabilities compared with experimental values are given in Table 5.4.

The simulated permeabilities are one order of magnitude higher than the experimental
ones, which is acceptable for simulation works. Permeability of 6pBD is the one that is

differed most from the experimental value, and qualitatively it is higher than the other
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Table 5.4: Comparison of Simulated and Experimental Permeabilities

Sorp. Coeff.(cm>STP/cm?) Diffusion Coeff.(10~7 cm?/s) Permeability(Barrer)

Sim Exp Sim Sim Exp
6BpB 29.56 29.62 0.65 25.29 4.57
6pBmP 32.69 26.44 0.59 28.92 6.73
6pBD 36.63 30.16 1.21 58.72 4.43

two, which are higher at experimental values. The results are consistent with FFV

analysis, with the copolyimides having more FFV had higher diffusion coefficients.

Plasticization behavior of the copolyimides was obtained by making diffusion runs up
to 40 bar and shown in Figure 5.5. For 6pBmP it is obvious that plasticization occurs
after 20 bar and before 30 bar. The slight decline from 30 to 40 bar permeabilities
indicates that, plasticization of 6pBmP does not happen aggressively, which is also
expected due to its flexible nature. 6pBD shows plasticization behavior between
30-40 bar while 6BpB did not plasticize up to 40 bar. Plasticization behaviors agreed
with FFV increases in copolyimides. 6pBD having higher FFV then the other two
copolyimides, had a higher CO, diffusivity also.
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5.6 Radial Distribution Functions

Radial distribution functions of CO, with the sites mentioned in previous chapter are

calculated and given in Figure 5.6.

RDF results revealed much about the swelling behavior copolyimides has shown.
Starting with the 6BpB, the least swollen copolyimide and the only copolyimide having
a different dianhydride than 6FDA, the RDF between CO, and C sites of the BTDA
dianhydride has shown that BTDA had a negative effect on sorption and with no CO,
around, no swelling occured. Also while sulphonyl groups attracted many CO,, the

rigidity of them were not broken with the amount of CO, available.

With no groups preventing CO, sorption and flexible mPDA group as one of the
diamines, 6pBmP copolyimide has shown the most swelling behavior according to
both FFV increase and plasticization resistance, with sulphonyl groups attracting
most CO, again. -OH groups of 6pBD attracted CO,, but with a distance. 6pBD
copolyimide did not swell as much as 6pBmP. This can be an indication of -COOH

group having an interaction with the main chain that prevents swelling.
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6pBD copolyimide has shown less swelling than 6pBmP, as -COOH group prevented
it from swelling, despite it was the most favored site for sorption of all sites analyzed

in this work.
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6. CONCLUSIONS AND RECOMMENDATIONS

In this study, plasticization resistances of three copolyimides, 6FDA/BTDA-pBAPS,
6FDA-pBAPS/mPDA and 6FDA-pBAPS/DABA were investigated using molecular
simulation methods. For this cause, simulation cells for each copolyimide were
constructed and equilibrated.  After the equilibration, characterization of the
copolyimides were performed and it was validated that experimental properties were
correctly modelled. Adsorption and diffusion simulations up to 40 bar was performed

in order to obtain the swelling and plasticization of the copolyimide membranes.

Simulation cells used in this study contained two randomly generated copolyimide
chains having 40 repeat units. This approach helped to model the density and FFV
better than the one chain approach. Adsorption simulations validated our model
once again as the simulated and experimental adsorption coefficients matched very
well. Adsorption simulations were performed up to 40 bar and results were fitted
to dual-mode sorption model. Sorption simulations showed that 6BpB copolyimide
sorped less CO, then the other two, especially after 10 bar. This characteristic was
related to the swelling of copolyimides. FFV increases of three copolyimides showed
6BpB swelled much less then the other two copolyimides. As it is the only one having
two dianhydrides and having p-BAPS as the only amine group, it was expected it to
differ from the other ones. The less swelling of 6BpB is most probably due to the

sulphone group it contains and CO, repellant nature of BTDA.

The PCFF model, combined with B3LYP functioned charge calculation was proven
to model copolyimide structures accurately and with well validated TRAPPE model,
results that provides knowledge not only qualitatively, but also quantitatively were

obtained.
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APPENDIX A : Results of Charge Calculation
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Figure A.1: Nomenclature of charge calculations.
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Figure A.2: Charges of copolyimide end groups.
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Table A.1: Charges 6FDA-pBAPS structures

6FDA-pBAPS

Atom Type Charge Atom Type Charge
H1 0.74 H6 0.155
N1 -0.174 C23 -0.153
C1 0.563 H7 0.178
C2 0.052 C24 -0.295
C3 -0.317 H8 0.195
0Ol -0.492 HO9 0.178
C4 -0.086 H10 0.177
G5 0.584 C25 0.423
H2 0.181 05 -0.417
02 -0.498 C26 0.427
Co 0.309 C27 -0.283
C7 -0.171 HI11 0.188
C8 -0.494 C28 -0.074
Cc9 0.295 C29 -0.144
C10 -0.189 HI2 0.135
Cl11 -0.041 S1 0.851
Ci12 -0.092 06 -0.456
C13 0.571 o7 -0.462
N2 -0.336 C30 -0.098
03 -0.501 C31 -0.113
Cl4 -0.135 HI13 0.161
CI15 0.537 C32 -0.082
04 -0.491 C33 -0.243
Cl16 0.244 H14 0.143
C17 -0.211 H15 0.139
H3 0.194 C34 -0.075
C18 0.367 H16 0.154
F1 -0.096 C35 -0.277
F2 -0.131 H17 0.186
F3 -0.112 C36 0.385
C19 -0.18 08 -0.395
C20 0.376 C37 0.441
F4 -0.109 C38 -0.38
F5 -0.105 HI18 0.213
F6 -0.108 C39 0.104
C21 -0.224 C40 0.223
H4 0.209 N3 -0.807
C22 -0.319 C41 -0.21
HS5 0.195 HI19 0.362
H23 0.179 H20 0.367
C43 -0.323 C42 -0.297
H24 0.181 H21 0.182
H25 0.198 H22 0.167
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Table A.2: Charges BTDA-pBAPS structures

BTDA-pBAPS
Atom Type Charge Atom Type Charge
N1 -0.168 C26 -0.061
C1 0.544 S1 0.775
Ol -0.451 06 -0.44
C2 -0.046 o7 -0.451
C3 -0.036 C27 -0.052
C4 -0.1 H10 0.154
C5 -0.141 C28 -0.272
H2 0.166 Hl11 0.194
Co6 -0.093 C29 -0.102
H3 0.162 C30 -0.288
C7 0.544 HI12 0.191
C8 -0.067 C31 -0.101
C9 0.466 H13 0.143
C10 -0.004 H14 0.151
Cl1 -0.166 C32 0.413
C12 -0.123 08 -0.405
H4 0.13 C33 -0.265
CI13 -0.096 H15 0.187
Cl4 -0.118 C34 0.434
CI15 0.534 C35 -0.452
H5 0.17 H16 0.24
H6 0.159 C36 -0.36
N2 -0.277 H17 0.203
Cl16 0.471 C37 0.16
C17 0.25 C38 0.208
C18 -0.258 H18 0
C19 -0.262 C39 -0.205
C20 0.42 H19 0.184
C21 -0.231 N3 -0.841
02 -0.45 H20 0.37
C22 0.028 H21 0.388
H7 0.178 09 -0.465
O3 -0.415 H22 0.205
04 -0.438 H23 0.206
HS8 0.12 C40 -0.289
05 -0.505 H24 0.193
C23 0.405 C41 -0.139
C24 -0.283 H25 0.153
C25 -0.107
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Table A.3: Charges 6FDA-mPDA structures

6FDA-mPDA

Atom Type Charge Atom Type Charge
H1 0.367 04 -0.456
N1 -0.33 F1 -0.108
C1 0.566 F2 -0.112
C2 0.046 F3 -0.123
C3 -0.311 F4 -0.11
C4 -0.125 F5 -0.146
G5 -0.091 F6 -0.105
C6 -0.242 H2 0.185
C7 0.394 H3 0.156
C8 0.609 H4 0.187
01 -0.469 HS5 0.182
02 -0.476 H6 0.147
9 -0.552 H7 0.15
C10 0.338 C20 0.405
Cl1 -0.244 C21 -0.441
Cl12 -0.183 C22 -0.355
C13 -0.082 C23 0.021
Cl4 -0.12 C24 -0.346
CI15 0.001 H8 0.186
C16 0.531 C25 0.393
C17 0.543 N3 -0.334
N2 -0.337 HO9 0.228
C18 0.39 H10 0.193
C19 0.39 HI1 0.133
03 -0.448
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Table A.4: Charges 6FDA-DABA structures

6FDA-DABA
Atom Type Charge Atom Type Charge
Hl 0.374 Cl12 0.195
N1 -0.208 C13 -0.103
Cl1 0.62 Cl4 -0.104
C2 -0.096 C15 0.572
C3 -0.137 N2 -0.357
C4 0.031 Cl6 0.566
C5 -0.279 03 -0.448
H2 0.173 04 -0.451
Cé6 0.24 H5 0.131
C7 -0.137 C17 0.407
H3 0.158 C18 -0.506
C8 0.588 C19 0.468
H4 0.164 C20 -0.067
01 -0.381 C21 0.049
02 -0.479 H6 0.23
C9 -0.393 C22 -0.416
C10 0.417 H7 0.22
Cl1 0.413 N3 -0.91
F1 -0.128 H8 0.403
F2 -0.119 H9 0.44
F3 -0.143 C23 0.57
F4 -0.124 05 -0.485
F5 -0.131 06 -0.509
F6 -0.12 HI10 0.386
H12 0.161 C24 -0.132
C26 -0.074 HI1 0.152
H13 0 C25 -0.124
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APPENDIX B : Mean Square Displacements
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Figure B.1: MSD results for 6pBmP for different pressures a)l bar b) 10 bar c¢) 20 bar
d) 30 bar and d)40 bar.
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APPENDIX C : Codes
The code to remove noise from MSD data;
A="msd results"
n=length(A)

for k=1:24

k1=100%k;

b=0;

fori=1:1:(n-k1);
k2=k1+i;
b(i)=A(k2,2)-A@,2);
end

me=mean(b);

c(k,1)=k;

c(k,2)=me;

end

C
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