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ABSTRACT
Polynorbornenes are ideal materials for systematic structure-property investigations designed to correlate gas-transport properties to polymer structure. The modular nature of norbornene-derived systems provides a facile route towards the synthesis of diverse polymeric materials, whose structure may be systematically altered through targeted design of monomers, alterations in polymerization mechanism, or some combination of these two strategies. Though many valuable correlations between gas-permeability and polynorbornene structure have been summarized in prior literature, many of these efforts have focused on homopolymer materials with structural changes imposed — almost exclusively — through modifications in substituent chemistry, or through targeted modulation of molar ratios in statistical copolymer materials. My graduate work has utilized this established strategy with a later focus on understanding the role of microstructure on gas transport. 
Chapter I will present an introductory review of literature reporting gas transport properties in select polynorbornene based membranes. Materials selected for introductory discussion bear structural resemblance to the materials that will be discussed in Chapters II and III. Chapter II will present work inspired by the established strategy of compositionally tuned copolymer synthesis where the influence of fluorine content on CO2/CH4 separation performance was investigated. Chapter III will discuss our most recent efforts to correlate gas transport properties with microphase separated structure through the design, synthesis, and fabrication of self-assembled diblock copolynorbornenes. Chapter IV will present concluding remarks, as well as a perspective outlook regarding the field of gas separation membranes derived from vinyl-addition polynorbornenes.
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Chapter I [bookmark: _Ref128050151][bookmark: _Toc133235182]: INTRODUCTION


A version of this chapter was originally published as a perspective article in Polymer Chemistry by: Xinyi Wang, Trevor J. Wilson, Dmitry Alentiev, Maria Gringolts, Eugene Finkelshtein, Maxim Bermeshev, and Brian K. Long*

Wang, X.; Wilson, T. J.; Alentiev, D.; Gringolts, M.; Finkelshtein, E.; Bermeshev, M.; Long, B. K. “Substituted polynorbornene membranes: a modular template for targeted gas separations” Polymer Chemistry 2021, 12, 2947-2977.

My contributions in writing this perspective article centered on reviewing literature reports (between approximately 2016 and 2021) of vinyl addition polynorbornenes bearing either organosilicon or alkyl substituents. This review of the literature was then compiled into sections 2.2 and 3.2 of the published perspective. Additionally, I drafted section 1.1 as a general overview of: transport in dense polymer membranes, cycloaddition reactions that yield norbornyl monomers, and a primer on catalysts capable of enchaining norbornyl monomers (through vinyl addition, ROMP or CANAL). Wang was responsible for reviewing literature reports of metathesis polymers bearing organosilicon or fluorine containing substituents, as well as polynorbornenes (metathesis or addition) bearing alkenyl or alkylidene substituents. Alentiev, Gringolts, and Finkelshtein shared responsibility in drafting all other sections of the literature review. Bermashev and Long initiated the collaborative effort, and were involved in all stages of the drafting and review process.

[bookmark: _Toc133235183]DENSE POLYMER MEMBRANES
[bookmark: _Hlk127777113][bookmark: _Hlk54687661]The development of membrane mediated gas separation technology has been the focus of extensive academic and industrial research efforts for many decades. As shown in Figure 1.1, these systems utilize moderately thick (10’s of microns), dense polymer films that preferentially permeate one gaseous species over another, enriching the downstream in the more permeable species. Membrane systems are an attractive alternative to conventional separations due to their low energy requirements, small footprint, and mechanical simplicity.1 This technology has matured rapidly and has been successfully applied to several notable industrial separations such as: hydrogen recovery, nitrogen production, natural gas processing, and industrial vapor recovery.2
Within the membrane community, the solution-diffusion model is frequently used to describe mass transport in dense polymeric membranes.2-10 According to this model, as a pressure differential is applied across a membrane, penetrant molecules sorb into the upstream side of the membrane, diffuse through the polymer matrix down a chemical potential gradient, then desorb into the downstream side of the membrane. Thus, for a given penetrant molecule “A”, the overall permeability (PA) can be expressed as the product of its solubility coefficient (SA) and its diffusivity coefficient (DA) according to Equation 1.1.
	(Equation 1.1.)
The ratio of permeabilities of gas A over gas B is defined as the ideal selectivity (, where —by convention— gas A is the faster permeating gas according to Equation 1.2.
[image: A picture containing indoor, light, red, blur
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[bookmark: _Ref127782998][bookmark: _Toc132023672]Figure 1.1. Schematic representation of a membrane driven gas separations.


	
	[bookmark: _Ref127791156](Equation 1.2.)


Permeability and selectivity are frequently used to benchmark membrane performance by plotting ideal selectivity versus permeability, as shown in Figure 1.2, and Figure 1.3. Generally, attempts to increase membrane permeability via chemical modification of the membrane material are met with a proportional decrease in selectivity, and vice-versa. This problematic behavior is referred to as the permeability-selectivity tradeoff and has made the realization of membranes that are both high permeability and high selectivity a challenging endeavor. Among the materials developed to overcome the limitations of permeability-selectivity tradeoff behavior, substituted polynorbornenes (PNBs) have emerged as a promising material class.
[bookmark: _Toc133235184]POLYNORBORNENES
The inherently modular nature of norbornyl-based monomers and diverse polymerization methods available lend themselves to the vast diversity of PNB-derived membrane materials reported in the literature.11, 12 More specifically, the ability to easily alter monomeric substituents enables researchers to design materials that take advantage of noncovalent polymer-gas interactions without changing the commonality of the polymer backbone. In addition to the tunability of substituent chemistry, careful catalyst selection can afford structurally distinct backbone architectures and tacticity by controlling the 
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[bookmark: _Ref127785182][bookmark: _Toc132023673]Figure 1.2. Robeson plot13-15 showing CO2/CH4 separation performance for a breadth of previously reported non-norbornene-based materials (open gray), and a selection of  norbornene-based materials (blue).
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[bookmark: _Ref127785191][bookmark: _Toc132023674]Figure 1.3. Robeson plot13, 14 of CO2/N2 separation performance for a breadth of previously reported non-norbornene-based materials (open gray), and a selection of norbornene-based materials (blue).

mechanism through which the polymerization propagates.16-20 In this way, PNBs can be viewed as a structural scaffold upon which various substituents can be affixed, and multiple polymeric backbone structures accessed.
Though prior reviews of PNB-based gas separation membranes exist,11, 21 there has been a veritable explosion of reports investigating these materials in recent literature. As such, the introductory chapter to this dissertation is structured to provide the reader a general overview of the state of the field. Through this introduction, we will discuss recent developments in the field of PNB-based membrane materials, present some of their limitations and challenges, and pose an outlook for the future of this exciting field. We will begin with a brief introduction to the synthetic approaches used in the synthesis of norbornyl monomers, as well as some of the common polymerization techniques applied to these monomers. We will then describe many of the most recent advances in membrane mediated gas separations that utilize PNBs. These discussions include: PNBs bearing organosilicon pendant groups, advances in fluorine containing PNBs, PNBs with hydrocarbon sidechains, PNBs bearing rigid ladder type sidechains, and PNBs with aromatic biphenyl fragments as their sidechain.
[bookmark: _Toc133235185]MONOMER AND POLYMER SYNTHESIS
As the unifying structural motif present in all the materials discussed herein, the norbornyl moiety offers several key advantages: 1) the relative ease of monomer synthesis via cycloaddition facilitates the synthesis of norbornyl monomers with a wide range of functionalities, 2) the strained bicyclic olefin can be polymerized through several mechanisms, and 3) by employing these various polymerization mechanisms, a variety of thermomechanical properties may be obtained, which is heavily dictated by polymer backbone structure. 
The most convenient and straight-forward synthetic route to substituted norbornyl monomers involves the prototypical [4π + 2π] cycloaddition between a diene and a dienophile, more commonly known as a Diels-Alder reaction (Figure 1.4a). These reactions provide the unique [2.2.1]bicyclic structure of norbornene-derivatives in a single step, and can often be performed on a multi-gram-scale in moderate to excellent yields. However, the synthesis of substituted norbornenes using Diels-Alder reactions typically provides a mixture of exo- and endo-substituted isomers that have differential polymerization reactivity, with the former often showing higher reactivity, regardless of polymerization mechanism. 
To obviate the reactivity differences of exo- and endo-substituted isomers (Figure 1.4a), pure exo-substituted norbornenes have been synthesized via stereoselective catalytic transformation of norbornadiene (Figure 1.4b).16, 22, 23 Furthermore, closely related monomers bearing a third fused ring, commonly referred to as tricyclononenes (TCNs), may be synthesized using thermal [2σ + 2σ + 2π] cycloaddition reaction between quadricyclane and various vinyl reagents (Figure 1.4c). This stereospecific route affords a monomer in which the fused cyclobutyl ring is exclusively in its exo-isomer form (Figure 1.4c).24




[bookmark: _Ref127788078][bookmark: _Toc132023675]Figure 1.4. Representative synthetic routes to various substituted norbornene and tricyclononene monomers.


Norbornene-based monomers may be polymerized through a variety of mechanisms. These include radical, ionic, ring-opening metathesis polymerization (ROMP), and addition polymerization (AP). While radical and ionic polymerizations of norbornene derivatives have been reported, these mechanisms tend to produce ill-defined oligomers that are poorly suited for membrane fabrication.25-29 As such, most PNB membrane literature is focused on materials synthesized through AP, and ROMP (Figure 1.5a & Figure 1.5b, respectively).
While all PNB materials are derived from related norbornyl monomers, the final polymers display markedly different bulk properties. For example, PNBs synthesized through ROMP, which we will refer to as metathesis PNBs (MPNBs), tend to have significantly lower glass transition temperatures (Tg’s), and lower thermal decomposition temperatures (Td’s), lower gas permeabilities, exhibit greater main chain flexibility, and are prone to oxidation along the residual backbone olefin making them less chemically stable. In many cases, the unsaturated backbone is hydrogenated to impart greater chemical stability. However, these main chain olefins have also been used as reactive handles for intentional post-polymerization modifications (PPM). While the material properties of MPNBs are less attractive than their AP counterparts, their synthesis is well-established with many commercial ROMP catalysts available. Most notable of which are the ruthenium centered Grubbs, and molybdenum-based Schrock catalysts that exhibit rapid polymerization kinetics and are less prone to substrate stereochemistry and substituent incompatibilities relative to most AP catalysts (Figure 1.6a-Figure 1.6c).


[bookmark: _Ref127789088][bookmark: _Toc132023676][bookmark: _Ref127790663]Figure 1.5. Polymerization methods that are applicable to norbornene-based polymers for gas separation membranes.




[bookmark: _Ref127790774][bookmark: _Ref127791325][bookmark: _Toc132023677]Figure 1.6. Representative catalyst examples used in polynorbornene synthesis.


In contrast to the material limitations of MPNBs, addition polynorbornenes (APNBs) tend to display high thermal stability, higher gas permeabilities, better mechanical integrity, and are more chemically inert than their MPNB counterparts due to their rigid, saturated polymer backbone. Additionally, APNBs frequently display higher Tg’s due to the retention of the rigid bicyclic norbornane motif along the polymer backbone.  While APNBs have more attractive thermal and mechanical properties, they are synthetically more challenging to access. Many AP catalysts capable of polymerizing unsubstituted norbornene exhibit poor tolerance to polar and/or heteroatom-functionalized monomers. Recent successes in catalyst screening and development have enabled access to a wide range of polar and heteroatom functionalized APNBs.30-37 A select few of these catalysts are shown in (Figure 1.6d - Figure 1.6g). These advances have contributed to the growing library of substituted APNBs applied to the separation of gaseous mixtures.
[bookmark: _Toc133235186]POLYNORBORNENE GAS TRANSPORT PROPERTIES
[bookmark: _Toc133235187]Metathesis Polynorbornenes Bearing Organosilicon Groups
The synthetic ease of ROMP chemistry has facilitated the synthesis of a wide variety of organosilicon functionalized MPNBs. Among the earliest materials of this type to be applied to gas separation membranes were trimethylsilyl functionalized MPNBs. It was found that nearly an order of magnitude increase in gas permeability was achieved by introducing a single trimethylsilyl substituent per repeat unit relative to unsubstituted MPNB (Figure 1.7, 2.2 vs. 2.1).38-42 Subsequent studies replacing these methyl groups 


[bookmark: _Ref133394327][bookmark: _Toc132023678]Figure 1.7. Metathesis polynorbornenes (MPNBs) and polytricyclononenes (MPTCNs) bearing organosilicon substituents.


	[bookmark: _Ref131597006][bookmark: _Toc132023660]Table 1.1. Gas transport properties of metathesis polynorbornenes (MPNBs) and polytricyclononenes (MPTCNs) bearing organosilicon substituents.


	Polymer
	
	P (Barrer)
	
	αij = Pi/Pj
	Ref.

	
	
	N2
	O2
	CO2
	CH4
	C2H6
	C3H8
	C4H10
	
	O2/N2
	CO2/CH4
	CO2/N2
	C4H10/CH4
	

	2.1
	
	1.5
	2.8
	15.4
	2.5
	-
	-
	-
	
	1.9
	6.3
	10.3
	-
	39

	2.2
	
	4.2
	16.9
	63.4
	7.3
	-
	-
	-
	
	4.0
	8.7
	
	-
	38

	2.2
	
	-
	-
	-
	-
	11.1
	3.2
	-
	
	-
	-
	-
	-
	20

	exo-2.2
	
	7.1
	28
	118
	17
	-
	-
	-
	
	-
	6.9
	16.6
	-
	16

	2.8
	
	-
	-
	-
	1.4
	-
	1.0
	10.2
	
	-
	-
	-
	7.4
	20

	2.9
	
	-
	-
	-
	13.3
	-
	12.8
	75.1
	
	-
	-
	-
	5.7
	20

	2.10
	
	-
	-
	-
	97.7
	-
	241.8
	2099.8
	
	-
	-
	-
	21.5
	20

	2.13
	
	6.8
	28
	112
	14.3
	-
	-
	-
	
	4.1
	7.8
	
	-
	42

	2.14a
	
	55
	170
	830
	180
	270
	290
	1940
	
	3.1
	4.6
	15.1
	10.8
	43

	2.14b
	
	90
	235
	880
	260
	-
	-
	-
	
	2.6
	3.4
	9.8
	-
	44

	2.15
	
	4.9
	16
	190
	11
	13
	10
	27
	
	3.3
	17.3
	38.8
	2.5
	17

	2.16
	
	18
	55
	400
	50
	93
	122
	1260
	
	3.1
	8.0
	22.2
	25.2
	17

	x2.16c
	
	18
	54
	407
	51
	100
	116
	1100
	
	3.0
	8.0
	22.6
	21.6
	17

	x2.17c
	
	50
	150
	960
	170
	380
	615
	4100
	
	3.0
	5.6
	19.2
	24.1
	17

	x2.18c
	
	68
	188
	1100
	250
	700
	1300
	8100
	
	2.8
	4.4
	16.2
	32.4
	17

	2.21a
	
	35
	110
	515
	70
	-
	-
	-
	
	3.1
	7.4
	14.7
	-
	44

	2.21b
	
	40
	130
	570
	70
	-
	-
	-
	
	3.3
	8.1
	14.3
	-
	44


aGas permeability was measured through gas chromatographic method. 
bGas permeability was measured via gas time-lag method. 
cPolymer film was crosslinked using 0.1 mass% of a Sn-catalyst (“x” before a number of a polymer refers that this polymer was crosslinked).


with other aryl, alkyl or alkylsilyl groups, such as Ph (2.3), i-Pr (2.4), or CH2SiMe3 (2.5), typically resulted in reduced gas permeabilities.11, 42, 45 
Introduction of additional trimethylsilyl groups, as well as varying the relative position of the trimethylsilyl substituents, has been studied for both MPNBs (2.11, 2.12) and metathesis-polytricyclononenes (MPTCNs) (2.19, 2.20). Therein, a marked increase in gas permeability coefficients was observed, with a 3-4-fold increase for MPNB and a 2-fold increase for MPTCN.38, 41, 42 The most pronounced effects were observed when these groups were trans-vicinal to one another (2.11, 2.19) while geminal-substituted analogues experienced this to a lesser effect (2.12, 2.20).11, 38, 41, 42 A recent study of MPTCNs bearing three SiMe3 groups (2.21) revealed even higher permeability compared to the analogous MPTCN with one or two SiMe3 groups per repeat unit.44 Many of these studies, such as those describing polymers (2.3-2.7) and (2.11-2.12 and 2.19-2.20), were discussed in a previous review and will not be discussed in detail in this perspective.11, 46
The exo-/endo-orientation of the monomers used also strongly influences the gas permeability of MPNB bearing SiMe3 groups (2.2). The permeability of exo-2.2, which was synthesized from the pure exo-monomer isomer, turned out 1.5‒2 fold higher than that of 2.2 that contains a mixture of exo- and endo-isomers (Table 1.1).16 This effect is explained by the difference in microstructure between the polymer chains forming from exo- and endo-isomers of the initial monomer. The chains formed from the endo-isomer are believed to pack with less free volume than the chains formed from exo-isomer. It is also interesting that the gas transport properties of exo-2.2 are close to those of the

trimethylsilyl-substituted MPTCN 2.13. Taking into account the exo orientation of cyclobutane ring, it could be concluded that the orientation of substituent more strongly contributes to the gas transport properties than the presence of the fused cyclobutane ring.16
Another structure-property relationship has been demonstrated by probing the influence of substituent central atom size on the gas permeability of substituted PTCNs. The study of a series of MPTCNs bearing EMe3 (where E = Si, Ge, C) substituents (2.13, 2.13a, and 2.13b, respectively) demonstrates that the highest gas permeability was observed for Si-substituted MPTCN 2.13.47 Replacement of the Si atoms by larger Ge (2.13a) or smaller C (2.13b) atoms resulted in reduced gas permeability. The authors hypothesized that this effect is due to the trimethylsilyl group possessing the most optimal combination of rigidity and volume to form the largest free volume when chain packing. The tert-butyl group occupies less volume, whereas the -GeMe3 group is not as rigid as -SiMe3 group despite its larger volume. The increase in EMe3 substituent flexibility in the row of E = C<Si<Ge was confirmed by the decrease in glass transition temperatures of polymers bearing EMe3 substituents in the same row.47
The highly flexible siloxane (-Si-O-Si-) linkage is also hypothesized to be a key structural feature responsible for the high gas diffusion seen in PDMS, as it potentially contributes to larger free volumes combined with rapid segmental chain dynamics.21, 48 This segmental chain motion is of key importance in the formation of transient inter-chain gaps believed to govern gaseous diffusion through dense polymer matrices. Inspired by this structure-property relationship, a variety of siloxane functionalized MPNBs, such as 2.6 and 2.7, have been developed and their gas transport properties studied in-depth. We will intentionally exclude some earlier works on siloxane-containing MPNBs with improved permeability as they were discussed in a recent review.21 However, a recent example is MPTCN 2.14 which bears trimethylsilyl moieties linked to the backbone via Si-O-Si units, and the gas permeability generally increased more than 4-fold for all tested gases without significant decrease in ideal selectivity, as compared to 2.13.43 MPTCN 2.14 also showed solubility controlled permeation for hydrocarbons, as the permeability increased from 180 Barrer for CH4 to 1940 Barrer for C4H10, probably as a result of their flexible siloxane substituents.
Inspired by the exceptional permeabilities and selectivities seen in polymers bearing siloxane moieties for a variety of gas pairs, it was hypothesized that incorporation of alkoxysilane (Si-O-C) fragments may also improve membrane performance relative to polymers bearing trimethylsilyl substituents. One report by Sundell, Lawrence and coworkers revealed such improvements in a series of MPNBs (2.2, 2.8-2.10).20 This systematic investigation incrementally replaced the methyl groups in the MPNB (2.2) with one, two, and three ethoxy groups (2.8, 2.9, and 2.10 respectively). This structural perturbation increased C4H10/CH4 selectivity from α = 5.7 to α = 21.5 without significantly compromising permeability. In the case of 2.10, CH4 permeability increased by 5-fold compared to MPNB 2.2.20 This initial study revealed that MPNBs 2.8-2.10 exhibit solubility-controlled separation for light hydrocarbon gases,20 which is believed to originate from their flexible alkoxysilyl substituents. These characteristics make them particularly well suited for the separation of gaseous hydrocarbons, while the presence of the ethoxysilyl moieties enables them to be crosslinked through sol-gel chemistry to improve their stability over time, as well as to potentially further enhance diffusivity selectivity.20
Similarly, a series of MPTCNs bearing increasingly bulky trialkoxysilyl-substituents from trimethoxysilyl to tributoxysilyl (2.15-2.18) were studied and compared to 2.11. The glass transition temperature of these polymers decreased with increasing alkoxysilyl length (113 ℃ for 2.13 to -44 ℃ for 2.18). For the two MPTCNs 2.13 and 2.15, which are in their glassy state at room temperature, the permeability coefficient of 2.15 decreased in all gases tested compared to 2.13, except for CO2 (P = 190 Barrer for 2.15, compared to P = 112 Barrer for 2.13), which is attributed to the specific interaction between CO2 and the methoxysilyl units. In contrast, MPTCNs in their rubbery state at room temperature (x2.16-x2.18, where the “x” denotation refers to the fact that a polymer is intentionally crosslinked prior to gas transport measurement) it was found that increasing alkoxysilyl substituent length increases polymer chain flexibility and thus stronger self-plasticization effects, which facilitates gas diffusivity in rubbery polymers. The presence of longer and flexible substituents also enhanced the solubility of gases (especially for hydrocarbons), leading to the overall increase in permeability coefficients for all gases tested.17 Polymers x2.16-x2.18 are each more permeable than 2.13 for all gases tested, and notably, MPTCN x2.17 with propoxysilyl-substituents and x2.18 with butoxysilyl-substituents are the first reported metathesis-polymers that possess higher permeability than their AP analogs.17 MPTCNs x2.16-x2.18 also showed solubility-controlled permeation of hydrocarbons, which is likely due to the combined effect of having relatively rigid main chains and flexible rubbery-like alkoxysilyl substituents. 
[bookmark: _Hlk68691051][bookmark: _Hlk69743958]A MPTCN bearing a silatrane substituent (2.15a) proved less permeable in comparison to other Si-substituted ROMP polynorbornenes. The silatrane group is notable due to the presence of its rigidly fixed (-Si-O-C-) fragments. It was hypothesized that the low permeability of 2.15a could be caused by two factors. First, it could be hypothesized that silicon-rich domains may not be formed due to the rigidly fixed (Si-O-C) fragments of 2.15a, as compared to domains formed in analogous polymers bearing flexible trialkoxysilyl groups. Alternatively, the presence of nitrogen atoms within the silatrane group may increase the net molecular dipole through induction, which may promote denser chain packing caused by strengthened dipole-dipole interactions between chains.49
[bookmark: _Toc133235188]Addition Polynorbornenes Bearing Organosilicon Substituents.
The synthesis of homo-APNBs bearing organosilicon substituents has proven a greater synthetic challenge than those synthesized via ROMP. This is primarily due to the poor tolerance of many AP catalysts to polar and/or heteroatom functionalized monomers.  In recent literature, considerable progress has been made addressing this synthetic limitation, and several catalysts are now known to polymerize polar and/or heteroatom functionalized monomers through AP. 6, 17, 18, 20, 31, 33, 50-52 Alternatively, copolymerization with unsubstituted NB has been used to achieve polymers of sufficient molecular weight for film formation when homopolymerization has proven challenging.53 However, this approach is becoming less common as the availability of tolerant catalysts continues to increase. 
[bookmark: _Hlk68691555]In other cases, addition polytricyclononenes (APTCNs) (i.e. Figure 1.8, 2.22-2.27) were designed such that the substituent is placed further from the polymerizable double bond, preventing deleterious interactions between the propagating catalyst center and the monomer substituent. Many of these  monomers have been successfully polymerized using a Pd-based catalyst system to high molecular weight.43 Though these synthetic challenges have limited studies of APNB/APTCN, the permeability of these polymers is typically several folds higher than their ROMP analogues without compromising selectivity, which makes them promising candidates for commercial membrane applications. Initial studies on APNBs revealed that the permeability coefficients of trimethylsilyl-substituted APNB (2.29) increased several-fold as compared to unfunctionalized PNB (2.28). Interestingly, the difference in permeability between exo-2.29 (Table 1.2) and 2.29, which is produced from a mixture of exo-/endo-monomer isomers, is significantly less than the analogous difference in the case of metathesis polymers (2.2 vs. exo-2.2, Table 1.2). This is hypothesized to arise as the APNB 2.29 is enriched in the exo-monomer isomer due to the low addition polymerization reactivity of the endo-isomer, whereas the metathesis polymerization of exo-/endo-monomers mixtures frequently contain endo-isomer contents that are more similar to that of the initial monomer feed.16 Nonetheless, the resultant gas selectivities of trimethylsilyl-substituted APNBs 2.29 and exo-2.29 were not high enough to draw near the upper bound for a variety gas pairs,


[bookmark: _Toc132023679]Figure 1.8. Addition polytricyclononenes (APTCNs), and polynorbornenes (APNBs) bearing organosilicon substituents.

[bookmark: _Ref127825922][bookmark: _Toc132023661]Table 1.2. Gas transport properties of addition polynorbornenes (APNBs) and polytricyclononenes (APTCNs) bearing organosilicon substituents.
	Polymer
	
	P (Barrer)
	
	
	αij = Pi/Pj
	Ref.

	
	
	N2
	O2
	CO2
	CH4
	C2H6
	C3H8
	C4H10
	
	O2/N2
	CO2/CH4
	CO2/N2
	C4H10/CH4
	

	2.22
	
	420
	960
	4020
	1250
	2370
	3490
	22200
	
	2.3
	8.0
	9.6
	17.8
	43

	2.23
	
	430
	1080
	5980
	1130
	1720
	1880
	14700
	
	2.5
	5.3
	13.9
	13.0
	17

	2.24
	
	56
	141
	2000
	130
	240
	335
	4050
	
	2.5
	15.4
	35.7
	31.2
	17

	2.25
	
	47
	131
	1000
	153
	305
	510
	5000
	
	2.8
	6.5
	21.3
	32.7
	17

	2.26
	
	35
	93
	470
	84
	220
	440
	4100
	
	2.7
	5.6
	13.4
	48.8
	17

	2.27
	
	29
	78
	440
	100
	250
	440
	3600
	
	2.7
	4.4
	15.2
	36.0
	17

	2.28
	
	1.5
	6.9
	33.6
	2.6
	-
	-
	-
	
	4.6
	12.9
	22.4
	-
	55

	2.29
	
	297
	780
	4350
	790
	1430
	1740
	17500
	
	2.6
	5.5
	14.6
	-
	55

	2.29
	
	-
	-
	-
	678.9
	-
	856.4
	7040.7
	
	-
	-
	-
	8.22
	20

	exo-2.29
	
	430
	1100
	5500
	1100
	1600
	1800
	15200
	
	2.5
	5.0
	12.7
	14.2
	16

	2.30
	
	90
	-
	1120
	-
	-
	-
	-
	
	-
	-
	12
	-
	6

	2.31
	
	47
	-
	650
	-
	-
	-
	-
	
	-
	-
	14
	-
	6

	2.32
	
	57
	-
	940
	-
	-
	-
	-
	
	-
	-
	16
	-
	6

	2.32
	
	-
	-
	-
	176.2
	-
	499.1
	3837.6
	
	-
	-
	-
	21.8
	20

	2.33
	
	56
	-
	1600
	-
	-
	-
	-
	
	-
	-
	29
	-
	6

	2.37
	
	23
	-
	770
	-
	-
	-
	-
	
	-
	-
	33
	-
	6

	2.38
	
	16
	-
	560
	-
	-
	-
	-
	
	-
	-
	35
	-
	6

	2.35
	
	-
	-
	-
	57.7
	-
	112.7
	1620.9
	
	-
	-
	-
	28.1
	20

	2.36
	
	-
	-
	-
	49.0
	-
	100.1
	1104.3
	
	-
	-
	-
	22.5
	20




and improvements are required before reaching industrial relevance.42, 54, 55 
It has been proposed that incorporation of siloxane fragments could also improve the APNB/APTCN membrane selectivity, as was previously observed in MPNBs. Surprisingly, the siloxane substituted APTCN 2.22 did not markedly change light gas permeability as compared to trimethylsilyl-substituted 2.23, which contradicts the trend observed for the analogous metathesis polymers. However, a near 50% increase in permeability is observed for gaseous higher hydrocarbons (C2+), while their solubility-controlled selectivity leads to a nearly 50% increase in the overall selectivity for C4/C1.43 
Slight perturbations in the structure of alkoxysilyl substituents in various APNBs and APTCNs have been shown to have a strong influence on the CO2/N2 and C4H10/CH4 transport properties of the resulting membranes (Table 1.2). For example, changes in alkoxysilane branching (2.30 and 2.31) and tether length (2.33, 2.37 and 2.38) both led to traditional permeability-selectivity tradeoffs with CO2/N2 separation (i.e., from 2.30 to 2.31, CO2 permeability decreased by 40% while CO2/N2 selectivity increased by 16%; from 2.33 to 2.38, CO2 permeability decreased by 52% while CO2/N2 selectivity increased by 81%). In contrast, changes in alkoxysilane chain-length (2.31-2.33) led to a perpendicular approach towards the 2008 upper bound for CO2/N2 (for polymers 2.31-2.33, CO2 permeability increased by 146% and CO2/N2 selectivity increased by 107%).{Tetsuka, 2009 #362}{Tetsuka, 2009 #362}{Maroon, 2019 #14}6
In another study of APNBs utilized for heavy gas separation, the methyl groups in 2.29 were replaced with one, two, or three ethoxy groups (2.35, 2.36, and 2.32 respectively). This led to an initial increase in C4H10/CH4 selectivity but decrease in
permeability as compared to 2.29. Triethoxysilyl-substituted polymer 2.32 showed that some degree of permeability was restored (C4H10 permeability of 3837 Barrer), albeit with slightly decreased selectivity (α(C4H10/CH4) = 21.8).18, 20, 50 These materials can also be treated with non-solvents, such as lower alcohols, to swell the polymer matrix, increase free volume size, and thus improve membrane performance.18 
A series of APTCNs bearing increasing alkoxysilane chain lengths (2.24-2.27) has also been investigated and compared to APTCNs bearing simple trimethylsilyl-substituents (2.23).17 Similar to the APNBs discussed above (2.30-2.33 and 2.37-2.38), increasing alkoxy chain length in APTCNs generally led to decreased permeability of light gases due to a denser chain packing and lower free volume. These APTCNs also exhibited high ideal CO2/N2 selectivities. The highest selectivity was observed in the case of 2.24, which had a CO2/N2 selectivity of 35.7 and CO2 permeability of 2000 Barrer, locating this polymers performance above the 2008 CO2/N2 upper bound. Similar to APNBs, alkoxysilyl substituted APTCNs also exhibit solubility-controlled permeation of hydrocarbons, and surprisingly, the permeability of C2-C4 hydrocarbons is weakly dependent on the size of the alkoxy groups. Ideal C4/C1 selectivities of trialkoxysilyl substituted APTCNs (2.24–2.27) were in the range of 30–50 (Table 1.2), with the highest being observed for polymer 2.26. It was also the highest C4/C1 selectivity ever found for PNBs/PTCNs. It is worth noting that alkoxysilyl substituted APTCNs possess relatively stable gas transport properties over time. For example, polymer 2.27 showed no change in permeability over a few months, suggesting that it is not prone to aging. This was hypothesized to be due to the low free volume arising from the presence of flexible alkoxy fragments.17
To optimize the CO2/N2 separation performance of alkoxysilyl APNBs, Long and coworkers proposed that the incorporation of CO2-philic groups may enhance CO2 solubility, and therefore overall CO2 selectivity of these membrane materials. Toward this goal, tris(2-methoxyethoxy)silyl moieties were introduced onto the rigid APNB backbone (2.34), with the hypothesis that this combination would achieve both the advantages of larger free volume induced by frustrated interchain packing, and thus high permeability, as well as favorable interactions between CO2 and the Lewis basic ether functionalities.6 Among a series of homo- and copolymers containing this tris(2-methoxyethoxy)silyl-substituent, homopolymer 2.34 displayed the highest performance with a CO2/N2 selectivity of 36.7 and CO2 permeability of 755 Barrer. This work was discussed in a recent review and is not discussed in detail here.56 Interestingly, a subsequent study using 2.34 revealed that its H2S/CH4 separation performance exceeds the 2008 Robeson upper bound for this gas pair, and also possesses moderate CO2/CH4 performance. This observation is noteworthy in that most membranes that have good H2S/CH4 separation performance often exhibit poor CO2/CH4 separation performance, and vice-versa. Thus, the high performance of 2.34 makes it —and related APNBs— promising candidates for dual-purpose natural gas processing membranes.50
[bookmark: _Toc133235189]Polynorbornenes with Fluorinated Substituents
Gas transport properties of MPNBs bearing fluorine-containing substituents were first described in the early 1990s.57, 58 In these works, it was found that the introduction of fluorine-containing substituents to the side chain of MPNBs (3.1, 3.2, Figure 1.9, Table 1.3) resulted in increased gas permeability as compared to unfunctionalized MPNB. This observation is in direct contrast to the effect achieved by the incorporation of chlorine- and bromine-containing moieties in MPNBs.59 Since these initial reports, two new classes of MPNBs bearing fluorinated substituents have been synthesized and their gas separation properties have been studied. The first class of these materials are those derived from norbornene-5,6-dicarboximides with fluoroaryl substituents connected to the imide nitrogen atom (NB-DCIs). Various monomers of this type are readily synthesized from cis-5-norbornene-exo-2,3- dicarboxylic anhydride and an appropriate amine or aniline.60 
A second series of fluoro-substituted polymers are those derived from fluorinated TCNs (3.6-3.10, 3.11-3.15) (Figure 1.9), which are prepared by reaction of quadricyclane with various fluorinated olefins (Figure 1.4c). The propensity of a fluorinated olefin to undergo cycloaddition with quadricyclane increases as the number of electronegative fluorinated substituents around the olefin increases. However, increased steric bulk of substituents near the olefin also seemingly hinders this reactivity.61 Metathesis polymerization of fluorine-containing TCNs, and NBs affords the corresponding polymers in moderate to high yield.19, 60-66 Notably, ROMP of a series of TCNs with high fluorine content was carried out in a mixed solvent system utilizing


[bookmark: _Ref127864215][bookmark: _Ref127948902][bookmark: _Toc132023680]Figure 1.9. Metathesis polynorbornenes (3.1, 3.2), polynorbornene-5,6-dicarboximides (3.3, 3.4), polyoxanorbornene-5,6-dicarboximide (3.5), polytricyclononenes (3.6-3.14) and addition polytricyclononene (3.15) bearing fluorinated substituents.


[bookmark: _Ref127949448][bookmark: _Toc132023662]Table 1.3. Gas transport properties of metathesis polynorbornenes (MPNBs) and metathesis polytricyclononenes (MPTCNs) bearing fluorinated substituents.
	[bookmark: _Hlk62241347]Polymer
	
	P (Barrer)
	
	αij = Pi/Pj
	

	
	
	He
	H2
	N2
	O2
	CO2
	CH4
	
	O2/N2
	He/CH4
	CO2/N2
	H2/CH4
	He/H2
	N2/CH4
	Ref.

	3.1a
	
	–
	122
	11
	28
	102
	9.5
	
	2.6
	–
	9.7
	12.8
	–
	1.1
	57

	3.1
	
	–
	166
	17
	50
	200
	13
	
	2.9
	–
	11.8
	12.7
	–
	1.3
	58

	3.2
	
	–
	130
	17
	55
	200
	18
	
	3.2
	–
	11.8
	7.2
	–
	0.9
	58

	3.3
	
	–
	34
	1.5
	6.2
	34
	1.6
	
	4.2
	–
	23.4
	14.3
	–
	0.9
	60

	3.4
	
	–
	57
	4.2
	13.5
	67
	4.3
	
	3.2
	–
	16.0
	13.3
	–
	1.0
	64

	3.5
	
	204
	–
	11
	39.4
	165
	11
	
	3.5
	19
	14.5
	–
	–
	1.1
	65

	3.6
	
	29
	20
	1.1
	4.1
	16
	0.9
	
	3.7
	32
	14.5
	21.2
	1.5
	1.3
	61

	3.7
	
	55
	34
	2.3
	7.0
	26
	1.9
	
	3.0
	29
	11.3
	17.7
	1.6
	1.2
	61

	3.8
	
	168
	92
	11
	32
	105
	9.0
	
	2.9
	18.9
	9.5
	10.3
	1.8
	1.2
	62

	3.9
	
	280
	175
	24
	57
	210
	16
	
	2.4
	17.5
	8.8
	10.9
	1.6
	1.5
	61

	3.10
	
	76
	66
	5.1
	17
	96
	5.3
	
	3.3
	14.3
	18.8
	12.5
	1.2
	1.0
	61

	3.11
	
	262
	203
	24
	68
	277
	20
	
	2.8
	13.1
	11.5
	10.2
	1.3
	1.2
	19

	3.12
	
	510
	700
	60
	180
	730
	46
	
	3.0
	11.1
	12.2
	15.2
	0.7
	1.3
	61

	3.13
	
	195
	137
	14
	42
	184
	12
	
	3.0
	16.2
	13.1
	11.7
	1.4
	1.2
	63

	3.14
	
	44
	41
	2.3
	8.2
	33
	3.5
	
	3.6
	12.6
	14.3
	11.7
	1.1
	0.7
	61

	3.15
	
	400
	300
	48
	130
	620
	55
	
	2.7
	7.3
	12.9
	5.5
	1.3
	0.9
	66


a The measurements were carried out at 35 °C, in other cases at RT


CH2Cl2 and C6F6 due to the limited solubility of the catalyst and subsequent polymers,61 and a wide variety of fluorinated PTCN with up to four substituents per TCN repeat unit have been achieved (Figure 1.9).
Gas transport investigations of these fluorinated MTCNs, MPNBs, and MPNB-DCIs demonstrate that the incorporation of perfluoroalkyl substituents has a strong positive influence on the pure gas permeabilities (Table 1.3) of the studied polymers (3.1, 3.2, 3.8, 3.9, 3.11, 3.12), while the presence of perfluorophenyl substituents in MPNBs (3.7, 3.14) generally lead to lower gas permeability due to π-π stacking interactions and denser polymer packing.19, 58, 61, 62 Among perfluoroalkyl substituents, the influence of trifluoromethyl (-CF3) moieties is more pronounced (Table 1.3, polymers 3.11, 3.12), and the most permeable polymer was MPTCN 3.12 that bears four trifluoromethyl groups (Table 1.3). 
The effect of fluorine-containing substituents on gas separation properties of MPNBs can be explained in more detail when considering their diffusion and solubility coefficients (Table 1.4). The incorporation of long perfluoroalkyl or several trifluoromethyl substituents (e.g. 3.9, 3.12) results in a noticeable increase in their diffusion coefficients (Table 1.4).61 This increase was explained by the higher rigidity of the polymer chain in the presence of bulky substituents (3.12). Furthermore, the low cohesion energy, which is characteristic of fluoropolymers, leads to a weak interchain interactions, greater mobility of polymer chains, and less dense packing. The latter is evidenced by an increase in diffusion coefficients of MPNBs with long perfluoroalkyl-substituents (e.g. 3.9). 
[bookmark: _Ref127950568][bookmark: _Toc132023663]Table 1.4. Diffusivity and solubility coefficients of various gases within metathesis polynorbornenes (MPNBs), metathesis polytricyclononenes (MTCNs) and addition polytricyclononene (3.15) bearing fluorinated substituents.a
	Polymer
	
	Tg (°C)
	
	D × 108 (cm2s–1)
	
	S × 103 (cm3(STP) / (cm3∙cmHg))
	Ref.

	
	
	
	
	N2
	O2
	CO2
	CH4
	
	N2
	O2
	CO2
	CH4
	

	3.1b
	
	176
	
	33
	65
	29
	13.5
	
	20
	37
	240
	39
	57

	3.1
	
	169
	
	8.4
	14
	8.4
	3.3
	
	7.6
	-
	109
	19
	58

	3.2
	
	77
	
	44
	57
	40
	23
	
	3.9
	9.6
	50
	7.8
	58

	3.3
	
	107
	
	12
	23
	14
	3.1
	
	0.9
	1.8
	12
	3.0
	60, 61

	3.4
	
	107
	
	12
	24
	8.2
	3.6
	
	1.9
	2.9
	32
	5.3
	61, 64

	3.5
	
	73
	
	37
	71
	35
	14
	
	3.0
	4.5
	30
	6.4
	62, 65

	3.6
	
	89
	
	100
	160
	76
	28
	
	2.4
	3.6
	28
	5.7
	61

	3.7
	
	106
	
	20
	46
	24
	7.8
	
	2.5
	3.7
	40
	6.8
	61

	3.8
	
	222
	
	2.8
	9
	2.2
	0.8
	
	5.3
	7.2
	160
	21
	60, 62

	3.9
	
	168
	
	8.3
	19
	4.8
	3.3
	
	5.1
	7.2
	140
	13
	61, 64

	3.10
	
	182
	
	67
	161
	76
	20
	
	1.6
	2.4
	22
	5.3
	61, 65

	3.11
	
	150
	
	37
	78
	43
	12
	
	3.6
	8.6
	64
	16
	19

	3.12
	
	199
	
	81
	180
	87
	24
	
	7.4
	10
	84
	19
	61

	3.13
	
	154
	
	25
	53
	26
	7.2
	
	5.6
	7.8
	69
	16
	63

	3.14
	
	107
	
	10
	23
	9.2
	3.5
	
	2.3
	3.6
	36
	10
	61

	3.15
	
	˃300
	
	27
	60
	28
	8.4
	
	18
	22
	220
	65
	66


a Measurements were made at room temperature, unless otherwise noted. b Measurements were made at 35 °C


The differences in the solubility coefficients of fluorinated MPNBs were not as significant as those seen in the diffusion coefficients.61 The most permeable polymer 3.12 displayed a moderately high solubility coefficient. More significant differences are noticeable in their solubility coefficients for CO2 (S(CO2)), which are higher than for other gases, and the highest S(CO2) values are observed for MPNB-DCIs 3.3-3.4 (Table 1.4) that may be explained by their higher affinity for CO2.60, 64
An interesting feature of fluorine-containing polymers is their rather high selectivity for gas pairs containing methane (i.e. H2/CH4, He/CH4) (Table 1.3). Polymer 3.12 is of particular interest in that the trade-off effect between permeability and selectivity is negligible, showing a significant increase in CH4 permeability coefficient, as compared to polymer 3.11, while exhibiting very little change in ideal selectivity. For other gas pairs, traditional trade-off behaviour was observed.61
Very recently, the gas permeability of fluorinated APNB 3.15 was published for the first time.66 In the presence of the three-component catalytic system (Pd(OAc)2, Na[B(3,5-(CF3)2C6H5)4], and PCy3), the perfluorophenyl APTCN was obtained (Table 1.3). Polymer 3.15 displayed high permeability for all investigated gasses, with only one MPTCN (3.12) exhibiting higher gas permeability (Table 1.3). Comparison of 3.15 with its metathesis isomer 3.14 (Table 1.3) shows that the higher permeability of the addition polymer can be explained by an observed increase in both the diffusion and solubility coefficients (Table 1.4). Therein, it was found that 3.15’s diffusion coefficients increased ~2.5 fold, and its solubility coefficients increased ~7 fold times.
The observed increase in diffusion coefficients was explained by the less dense packing of the more rigid APTCN backbone, which is confirmed by wide-angle X-ray (WAXS) scattering data and thermal analysis.66 The trade-off effect of O2/N2 and CO2/N2 gas permeability and selectivity for polymer 3.15 is negligible in relation to gas pairs compared to 3.14, but is not realized for gas pairs containing CH4. A possible explanation may be the higher sorption capacity of polymer 3.15; however, mass transport in these fluorine containing APNBs is not yet well understood, and further investigation warrants the synthesis and characterization of new fluorine containing APNBs. This gap in prior knowledge was the central motivating factor in the design strategy and experimental design of the work outlined in Chapter II of this dissertation. 
Thus, both MPNBs and APNBs bearing fluorine-containing substituents combine desirable thermal and chemical stability with tunable gas permeability and good selectivities for gas pairs containing CH4 or CO2 (e.g. H2/CH4, He/CH4, CO2/CH4 and CO2/N2).61, 66 These characteristics make these membrane materials promising candidates for the removal of light gases from multi-component hydrocarbon gas streams. Two approaches, including changing the structure of main chains and introducing CF3 or long perfluoroalkyl substituents, make it possible to deliberately influence the diffusion and solubility of gases in fluoro-PNBs. Among PNBs with fluorinated substituents, APNBs with perfluorophenyl groups and MPNBs bearing four trifluoromethyl (-CF3) moieties per repeat unit show the highest permeability. Further development of PNBs with fluorinated substituents and investigations of their gas transport properties are promising future avenue of research. This is especially true of fluorine containing APNBs, as they tend to exhibit greater permeability than their metathesis analogues.
In addition to interesting gas transport properties, fluorine-containing MPNBs and APNBs exhibit good thermal and chemical stability. Their decomposition temperatures are routinely ≥ 300 °C, with many ≥ 400 °C. In contrast to other MPNBs, fluorine-containing MPNBs are typically resistant to oxidants. For example, in the presence of K2Cr2O7/H2SO4 the main chain double bonds of MPNB 3.12 were not oxidized.61
[bookmark: _Toc133235190]Polynorbornenes with Alkyl Substituents
The introduction of long alkyl fragments has proven a promising modification of alkoxysilyl-substituted PNBs to enhance the solubility-controlled permeation of heavy hydrocarbons. However, recent work has shown that the presence of silicon is not necessary for imparting solubility-controlled permeability of gaseous hydrocarbons, and that such control can be achieved introducing only alkyl substituents.67 
Bermeshev and coworkers recently investigated the permeation of C1–C4 hydrocarbons and mixed gases through addition poly(5-n-alkylnorbornenes) (3.17-3.18) (Figure 1.10).67 While these poly(5-n-alkylnorbornenes) exhibited overall low gas permeability, they displayed a unique feature for glassy polymers – solubility-controlled permeation of hydrocarbons – and had enhanced C4/C1 separation selectivity. It should be noted that a slight increase in permeability was observed in the transition from 3.17 to 3.18.68 However, the increase in permeability of heavy gaseous hydrocarbons with increasing alkyl fragments length turned out to be stronger (Table 1.5).


[bookmark: _Ref127956006][bookmark: _Toc132023681]Figure 1.10. Structures of addition poly(5-n-alkylnorbornenes).


[bookmark: _Ref128041388][bookmark: _Ref128040982][bookmark: _Toc132023664]Table 1.5. Gas transport properties of addition poly(5-n-alkylnorbornenes).
	Polymer
	
	P (Barrer)
	
	
	D × 108 (cm2s–1)
	
	
	S × 102
(cm3(STP)∙cm-3
∙cmHg–1)a
	
	Ref.

	
	
	O2
	CH4
	n-C4H10
	α(C4/C1)
	
	CH4
	n-C4H10
	αD(C4/C1)
	
	CH4
	n-C4H10
	αS(C4/C1)
	

	3.16
	
	6.9–11
	3.1
	1
	0.3
	
	–
	–
	–
	
	–
	–
	–
	11, 67

	3.17
	
	–
	16
	210
	13
	
	33
	5.6
	0.17
	
	0.5
	38
	78
	67

	3.18
	
	25
	24
	340
	14
	
	60
	13
	0.22
	
	0.4
	26
	65
	67, 68


a S was calculated as P/D


In contrast to poly(5-n-alkylnorbornenes), unsubstituted APNB 3.16 possesses diffusion-controlled hydrocarbon permeation. This strongly suggests that the presence of alkyl fragments is the principle contributing factor in the solubility-controlled hydrocarbon permeation of poly(n-alkylnorbornenes).67 While the overall C4/C1 permeability selectivities of 3.17 and 3.18 were close, detailed investigations revealed that their performance stems from a different combination of diffusion and solubility coefficients between these two polymers (Table 1.5).67 The diffusivity of gaseous hydrocarbons through polymers 3.17 and 3.18 increases as a function of increasing alkyl group length, and an opposite trend was observed for hydrocarbon solubility, with these effects being stronger for heavier hydrocarbons (Table 1.5). The higher diffusion coefficients of 3.18 in comparison to polymer 3.17 were explained by the reduction of energy barriers for gas diffusion due of the presence of longer and more flexible substituents.67 Because of the comparatively high hydrocarbon separation selectivitites (α ≤ 14 for C4/C1) and stable gas permeability over time, these polymers were considered as potential membrane materials for hydrocarbon separation for the first time.
[bookmark: _Toc133235191]CONCLUSIONS
Due to their synthetic versatility and amenability to numerous polymerization methods, norbornene-based monomers and polymers are attractive candidates for myriad applications. Though the first reports of PNB gas transport properties appeared in the late 1980s and early 1990s, essential progress has been achieved in recent years. Through these methods, many new relationships between polymer structure and gas transport properties have been established, many of which are difficult or impossible to achieve for other classes of polymers. By changing the main chain structure, as well as the number and types of side-chain substituents, it has been possible to obtain polymers with targeted properties and even inversion of gas separation performance (e.g., solubility selectivity for hydrocarbon separation, or gas permeability of metathesis and addition polymers). Furthermore, the gas separation performance of some of these polymers have approached or even surpassed Robeson upper bound performance for select gas pairs.
Norbornene-based polymers derived from addition polymerization tend to provide large free volume polymers with high gas permeability and moderate selectivities. For these polymers, aging and/or plasticization, and insufficient gas separation selectivity are sometimes primary drawbacks. In regards to addition polymerizations, there are several groups of norbornene monomers that have not yet been efficiently polymerized due to catalyst-functional group incompatibilities, and therefore their membrane properties have not been possible to measure. Thus, the development of new addition polymerization catalysts is needed. Similarly, the discovery of novel organic reactions that may be used to assemble new types of polymer backbones based on NB monomers are of critical importance. These new synthetic methods would diversify the number of tools available for the macromolecular design of membrane materials based on norbornene derivatives and may ultimately broaden their overall utility.
While MPNBs usually display lower gas permeability and often high selectivity as compared to APNBs, the chemical instability of their main chains due to the presence of unsaturated C=C double bonds is a key issue that must be circumvented. This has been generally addressed by PPM reactions, such as hydrogenation, oxidation, and fluorination. However, additional routes and techniques for PPM of MPNBs and MPTCNs will assuredly advance this area further.
Another promising direction in the macromolecular design of PNBs and PTCNs includes the introduction of substituents and/or backbone functionalities that are capable of specific interactions with one of the gaseous components to be separated in a mixture (see Chapter II). In such cases, it is often possible to improve gas permeability without significant losses in the separation selectivity of such mixtures. Prior examples of this behavior include fluoro-, amidoxime-, and oligoethylene oxide-substituted PNBs for the separation of CO2-containing gaseous mixtures. Utilizing MPNBs with polysiloxane, polyethylene glycol, and polypropylene glycol as substituents resulted in a new type of hybrid polymers that are effective for the separation of mixtures containing CO2. Calculation of the binding energies of CO2-polymer units is also very promising for polymer/functional group CO2-philicity prediction.
It should be noted that the majority of gas separation data reported in Chapter I was generated using binary gas (i.e. pure gas permeation measurements collected individually). This experimental design limitation does not reflect the demands of real-world industrial gas streams, which involve gaseous mixtures that are often at elevated temperatures and pressures. Though these pure gas measurements provide tremendous insight and basis for comparing polymeric species, the true utility of these PNB-based materials may not be fully understood until more sophisticated gas transport studies using mixed gas streams (at variable temperature and pressures) can be conducted. Despite these limitations, the development of PNB-derived membrane materials is an extremely promising are of ongoing research that holds promise to yield next-generation gas separation membranes.
In the current design of NB-based membrane materials, most of the contemporary literature has focused on the design and synthesis of homopolymer materials with modifications applied to the bulk material —almost exclusively— through alterations in substituent chemistry, as was done through the work outlined in Chapter II. Conversely, an emerging subset of membrane literature involves understanding the role of microstructure in self-assembled block copolymer systems on overall transport behavior.69-75 In fact, a recent editorial by Moon, Freeman, Hawker, and Segalman highlights the potential of self-assembly to address the permeability/selectivity tradeoffs in polymer membranes.76 While a select few preliminary reports involve block copolymers derived from norbornene, the impact of microstructure on gas transport has been investigated exclusively in metathesis polynorbornenes. To the best of our knowledge (following a thorough review of the literature), there are no reports investigating these relationships in vinyl addition polynorbornenes which are known to exhibit: more robust thermomechanical properties, greater chemical stability, and higher fractional free volume (which often translates to higher gas permeability), relative to their analogous metathesis polynorbornenes. Our recent efforts in addressing this current gap in the literature are outlined in the work contained in Chapter III. 
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[bookmark: _Toc133235194]ABSTRACT
Natural gas production and utilization has grown tremendously in recent decades, which highlights the need for improved, high-throughput purification methods. In the field of polymeric membrane-based gas separations, a detailed understanding of molecular structure–property relationships are critical to overcoming the permeability–selectivity trade–off. Prior work has highlighted that alkoxysilyl–substituted vinyl–addition polynorbornenes (VAPNBs) are promising candidates for natural gas purification, having exceptional H2S/CH4 and modest CO2/CH4 permselectivity. To improve their CO2/CH4 separation performance, we herein describe a series of fluoroalkoxysilyl-substituted VAPNBs. We demonstrate that the incorporation of fluoroalkoxysilyl substituents yields a series of polymeric materials whose CO2/CH4 permselectivity increases as a function of fluorine incorporation. Interestingly, these enhanced selectivity characteristics are realized with minimal decreases to overall CO2 permeability. While it was initially hypothesized that introduction of fluorinated units would decrease CH4 solubility, detailed sorption analysis revealed that the observed increases in CO2/CH4 permselectivity were due almost exclusively to enhanced CO2 sorption in fluorine containing VAPNBs. Computational studies provided insights into the electronic interaction energies between gas molecules and polymer repeat units across the non-fluorinated and fluorinated series, respectively.
[bookmark: _Toc133235195]INTRODUCTION
The world has experienced a surge in natural gas production and utilization in recent decades. This is particularly true in the United States, where the leap in production is largely due to advances in horizontal drilling and hydraulic fracturing techniques that were applied to hydrocarbon-rich shale formations starting in the mid-2000s.1, 2 In the decade between 2005 and 2015, U.S. domestic natural gas production increased by 66% and is an increasingly attractive energy source due to the lower costs associated with the shale gas, as well as its high molar enthalpy of combustion. Natural gas combustion emits 117 lb CO2/MBTU of energy released compared to 228.6 lb CO2/MBTU for coal. Unsurprisingly, many electrical utilities have begun retrofitting coal fired power plants to run on natural gas. A change that not only lowers CO2 emissions by roughly 50%, but drastically reduces SO2 and NOx emissions while virtually eliminating fly ash generation. These economic and environmental advantages suggest strong growth in the natural gas sector for the foreseeable future. 
[bookmark: _Hlk93313147]Recent estimates place global natural gas reserves at 270 trillion cubic meters with virtually all of it requiring some degree of purification to meet pipeline specifications. Raw natural gas is composed primarily of methane with varying amounts of higher hydrocarbons, as well as undesirable impurities such as H2O, CO2, N2, and H2S. While the relative ratios of these impurities can vary widely in raw gas, the composition of gas permitted into commercial pipeline grids is tightly controlled. H2S and CO2 are especially regulated, as the corrosive nature of these gasses can compromise pipeline integrity, as well as decrease the calorific value of natural gas.3, 4 Typical pipeline specifications mandate H2S concentrations lower than 4 ppm, and CO2 concentrations lower than 2 mole%.1, 5 The technique most widely used to remove these impurities is amine scrubbing, which is energy intensive, high maintenance, generates sizeable waste streams, and scales poorly with contaminant concentration.6-8 Alternately, membrane-based separations are more environmentally friendly, energy saving, cost-efficient, and requires a smaller operational footprint.1, 9-15 For this purpose, membrane separations have been limited to processing small gas flows with relatively high contaminant concentrations.16 This is partly due to the low permeability of incumbent dense polymeric membrane materials (e.g., polyimide, cellulose acetate).17 DuPont commercialized Kapton polyimide films for CO2/CH4 separation, with a very low CO2 permeability of 0.22 Barrer, but with a high CO2/CH4 selectivity of 68.8.18 Similarly, cellulose acetate has a moderate selectivity of ~20 but extremely low permeability of CO2 (~10 Barrer) under a mixed gas feed.10, 19, 20 The low CO2 permeability of these polymer membrane types limits their ability to process large quantities of gas.10 For membrane-based separations to capture any appreciable market share from amine scrubbing, higher flux membranes must be developed without compromising CO2/CH4 selectivity. These characteristics have limited membranes to applications with low flowrate feed streams that contain relatively high contaminant concentrations.16 Development of membranes with enhanced CO2 permeability and comparable CO2/CH4 selectivity could broaden the scope of feed streams to which membrane separation could be practically employed.
In order to be more competitive with other separation technologies, interest in improving membrane-based separation performance by studying detailed structure-property relationships has recently grown. Among them, fluorinated polyimides containing 2,2’-bis(3,4’dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) units showed promising performance, mainly manifesting as increased CO2 permeability accompanied by moderately depressed CO2/CH4 selectivity, as compared to non-fluorinated polyimides.21-24 It was hypothesized that the reason for the increased permeability was a reduction in segmental chain mobility and frustrated chain packing due to the presence of bulky -C(CF3)2- groups.25, 26 On the other hand, polymer of intrinsic microporosity (PIMs) are a class of high permeable polymers with good CO2/CH4 separation performance, having a CO2 permeability of 2300 Barrer and a CO2/CH4 selectivity of 18.4. Additionally, thermal rearrangement or crosslinking of these types of polymers has also been studied to further improve their performance.24, 27 
Recently, we found that certain alkoxysilane substituted vinyl-addition polynorbornenes (VAPNBs) have exceptional H2S/CH4 separation performance under mixed feed gas conditions, demonstrating both high permeability (~2000 Barrer for H2S) and selectivity (~50) that surpassed the 2015 upper-bound for H2S/CH4 separation. However, these membranes displayed only modest CO2/CH4 separation performance with high permeability (~1000 Barrer for CO2) but moderate selectivity (~10).28 These preliminary results motivated our subsequent efforts to improve the CO2/CH4 separation performance of alkoxysilane substituted VAPNB membranes for natural gas purification. 
Inspired by previous literature, where the mutual solubility of hydrocarbons and fluorocarbons is very low,29, 30 and reports in which the introduction of fluorine content into polymers tends to inhibit hydrocarbon solubility,27, 31-33 we hypothesized that fluorinated alkoxysilane VAPNBs would demonstrate improved CO2/CH4 selectivity while potentially maintaining high CO2 permeability due to the inherent rigid, bicyclic ring structure of their polymeric backbone (Figure 2.1). Herein, we describe the synthesis of fluorinated and nonfluorinated VAPNB membranes and evaluation of their gas separation performance. Indeed, the incorporation of fluorinated moieties into alkoxysilane substituted VAPNB did show improved CO2/CH4 selectivity while maintaining high CO2 permeability. This behavior overcomes the traditional permeability–selectivity trade–off relationship. Furthermore, quantum chemical calculations were performed for the understanding of the atomistic interactions between gas molecules and the repeat units of the polymeric materials that affect the separation processes.
[bookmark: _Toc133235196]RESULTS AND DISCUSSION
The proposed fluorinated monomer structures M1F–M3F and their hydrocarbon counterpart M1–M3 are shown in Figure 2.2. This systematic series of monomers was chosen so that the influence of polymer fluorination on pure gas separation performance could be investigated. For example, employing monomers M1F–M3F enables tailoring of weight percent fluorine in each monomer from 40.9% to 55.5%, respectively. 



[bookmark: _Ref127706242][bookmark: _Ref127530606][bookmark: _Toc132023682][bookmark: _Hlk92924695]Figure 2.1. Differential solubility of fluorocarbon and hydrocarbon gasses within fluorocarbon and hydrocarbon polymer matrices,31, 32 and proposed fluorination of VAPNBs to enhance CO2/CH4 selectivity.



[bookmark: _Ref127706362][bookmark: _Toc132023683]Figure 2.2. (A) Synthesis of nonfluorinated and fluorinated monomers M1–M3 and M1F–M3F, respectively and (B) general synthesis of nonfluorinated and fluorinated polymers P1-P3 and P1F-P3F respectively, and copolymers thereof.


Furthermore, polymer fluorine content could be manipulated via copolymerization of fluorinated and hydrocarbon-based monomers M1/M1F, M2/M2F, and M3/M3F to yield the corresponding copolymer series. Lastly, as the pendant alkoxysilyl groups increase in bulkiness from M1 to M3, and from M1F to M3F, the influence of polymer fluorination on chain packing could be examined in regards to membrane performance. 
All vinylalkoxysilane derivatives, except triethoxyvinylsilane which is commercially available, were synthesized via nucleophilic substitution of vinyltrichlorosilane with the appropriate alcohol in the presence of imidazole in dry DCM to yield nonfluorinated reagents V1–V3 and fluorinated reagents V1F–V3F (Figure 2.2). These vinyl species were isolated as clear colorless liquids in good yield (60%-88%). Norbornene-based monomers M1–M3 and M1F–M3F were then synthesized via Diels-Alder reaction between dicyclopentadiene (as a molecular surrogate for cyclopentadiene) and the corresponding vinylalkoxysilane following an established literature procedure.34
Monomers M1–M3 were homopolymerized in dry DCM using the catalyst trans-[Ni(C6F5)2(SbPh3)2] to yield non-fluorinated homopolymers P1–P3 following previously reported procedures (Figure 2.2).34 These polymers exhibit excellent solubility in common organic solvents such as DCM, THF, and toluene. In contrast to polymers P1–P3, which were synthesized using initial monomer concentrations of M0 = 1.0 M in DCM, attempts to homopolymerize M1F at this concentration were unsuccessful and resulted in low molecular weight polymers with insufficient mechanical integrity for membrane fabrication. Instead, M1F was successfully polymerized at higher concentration (M0 = 5.0M) in DCM. Fluorinated polymer P1F is soluble in THF, but insoluble in CHCl3; however, fluorinated homopolymers P2F and P3F were virtually insoluble in these solvents, which resulted in the premature precipitation of polymer from solution during homopolymerization. Attempts to redissolve the resultant P2F and P3F polymers were unsuccessful, which precluded further characterization of these materials.
While solubility issues precluded access to high molecular weight P2F and P3F homopolymers, soluble copolymers of P2/P2F and P3/P3F were readily synthesized and characterized. Overall, three series of statistical copolymers with different molar incorporation ratios of nonfluorinated:fluorinated monomers were produced. The statistical copolymers described herein are denoted PXaPXFb, where PX and PXF signify the non-fluorinated repeat unit and its fluorinated analogue, respectively; and the superscripts a and b represent the mole percent of MX and MXF incorporated into the polymer (as 
determined via 1H NMR spectroscopy). Monomer incorporation ratios were determined by the relative integration of the resonances at 3.79 and 4.08 ppm, which correspond to the methylene protons directly adjacent to the oxygen atoms of the alkoxysilyl-substituents in the PX and PXF repeat units, respectively (Appendix A (A17 – A28)). Specifically, the P1/P1F series covered a broad range of 0%–100% incorporation of M1F monomer, while P2/P2F and P3/P3F series were limited to lower fluorinated monomer incorporation of 0–30% due to solubility constraints. All polymers were recovered by precipitation into methanol or hexanes and dried in-vacuo to a constant weight. 
As shown in Table 2.1, polymer yield decreased as a function of increasing incorporation of fluorinated monomer for all three polymer series (62.3% to 26.4% for P1/P1F series, Table 2.1, entry 1–5), (57.3% to 37.9% for P2/P2F series, entry 6–8), and (65.0% to 62.7% for P3/P3F series, entry 11-12). Additionally, this decreasing trend in yield was accompanied by a corresponding decrease in molecular weight and overall broadening of dispersity. In all cases, the copolymers favored incorporation nonfluorinated monomers M1–M3 over incorporation of the analogous fluorinated monomers M1F– M3F, as was demonstrated by the discrepancies between feed ratios. and actual incorporation ratios determined via 1H-NMR. In general, the incorporation of fluorinated monomer was approximately half of the feed ratio. We hypothesize that the increased steric bulk of the pendant fluorinated alkoxysilyl moieties either hinders monomer coordination to the active, propagating Ni-site, or that the increased monomer steric bulk slows subsequent migratory insertion during vinyl addition polymerization. 
Polymer films for gas transport measurements were cast from 5.3 wt% solutions in THF. These polymer-THF solutions were syringe filtered into shallow PTFE dishes, which were then covered and solvent allowed to evaporate over several days. This procedure produced homogeneous, free-standing films between 80 - 150 μm thick. Wide-angle X-ray scattering (WAXS) revealed broad amorphous halos for all homo- and copolymers, and no sharp diffraction peaks, suggesting that these materials are amorphous. The calculated interchain d-spacing values only vary by a few angstroms, suggesting that the chain packing of these polymers are relatively consistent regardless of monomer type (Table 2.2)
	[bookmark: _Ref127706467][bookmark: _Ref127706437][bookmark: _Toc132023665]Table 2.1. Synthesis and Characterization of all Homopolymers and Copolymersa

	entry
	polymer
	Feed ratio (MX:MXF)
	Actual ratio
(MX:MXF)
	Yield (%)
	Mn (kg/mol)
	Đ

	1
	P1
	100:0
	100:0
	62
	217.0
	1.2

	2
	P184P1F16
	75:25
	89:11
	49
	114.6
	2.1

	3
	P167P1F33
	50:50
	68:32
	37
	115.2
	3.0

	4b
	P148P1F52
	30:70
	52:48
	26
	-e
	-e

	5b
	P1F
	0:100
	0:100
	26
	49.4
	3.7

	6
	P2
	100:0
	100:0
	57
	88.1
	1.9

	7
	P287P2F13
	75:25
	87:13
	43
	77.5
	1.9

	8
	P272P2F28
	50:50
	72:28
	38
	42.3
	3.2

	9c
	P250P2F50
	50:50
	-
	25f
	-
	-

	10c
	P2F
	0:100
	-
	36f
	-
	-

	11
	P3
	100:0
	100:0
	65
	188.2
	1.8

	12d
	P387P3F13
	75:25
	87:13
	63
	184.6
	1.8

	13c
	P373P3F27
	50:50
	-
	87f
	-
	-

	14c
	P350P3F50
	30:70
	-
	86f
	-
	-

	15c
	P3F
	0:100
	-
	83f
	-
	-


aGeneral iffusezation conditions: total monomer = 3.9 mmol, catalyst = 3.9 μmol, 3.9 mL of DCM, Trxn = 20 °C, and t = 16 h. Polymers were purified by precipitation into MeOH.
bPolymerizations were run with initial monomer concentration of 5 M and were purified by precipitation into hexane.
cPolymer precipitated out of solution during polymerization and could not be redissolved for further analysis.
dPolymerizations were run with initial monomer concentration of 5 M and were purified by precipitation into MeOH.
eThis polymer exceeds the GPC calibration standards available; therefore, the molecular weight and dispersity values obtained are likely inaccurate.
fAs the polymer prematurely precipitates out of solution, forming an insoluble gel, the isolated material likely contains some residual monomer.


	[bookmark: _Ref127706521][bookmark: _Ref127551379][bookmark: _Toc132023666]Table 2.2. Density, Fractional Free Volume (FFV), and d-Spacing for Polymer Films.

	Entry
	Polymer
	Density (g/cm3)a
	FFVb
	d-spacing (Å)c

	
	
	
	
	(dB/dic)₁
	(dB/dic)₂
	(dB/dic)₃

	1
	P1
	1.077 (±0.009)
	0.159
	14.4/17.6
	6.4/7.8
	4.2/5.1

	2
	P184P1F16
	1.117 (±0.007)
	0.181
	14.6/17.8
	6.4/7.8
	4.2/5.1

	3
	P167P1F33
	1.199 (±0.043)
	0.158
	15.1/18.4
	6.4/7.8
	4.3/5.2

	4
	P148P1F52
	1.262 (±0.017)
	0.172
	15.3/18.7
	-
	4.3/5.3

	5
	P1F
	1.432 (±0.031)
	0.171
	16.7/20.4
	-
	4.4/5.4

	6
	P2
	1.047 (±0.021)
	0.157
	13.5/16.5
	5.9/7.2
	3.8/4.7

	7
	P287P2F13
	1.085 (±0.029)
	0.194
	13.7/16.8
	-
	3.9/4.8

	8
	P272P2F28
	1.206 (±0.036)
	0.181
	13.8/16.9
	-
	4.1/4.9

	9
	P3
	1.014 (±0.006)
	0.165
	14.1/17.1
	-
	3.9/4.7

	10
	P387P3F13
	1.114 (±0.028)
	0.170
	14.4/17.6
	-
	4.1/5.0


aDetermined using Archimedes’ principle. 
bEstimated using the Bondi method.35-37 
cMeasured using wide-angle X-ray scattering and d-spacing is calculated using Bragg’s Law.


As shown in Table 2.2, the density of these polymers was measured using Archimedes’ principle, and those values were used to estimate fractional free volumes (FFV) using the Bondi method.35-37 For all three polymer series studied, the density (ρ) generally increases as the mole fraction of incorporated fluorinated monomer increases (P1/P1F series, ρ = 1.077−1.432 g/cm3, Table 2.2, entry 1–5), (P2/P2F series, ρ = 1.047–1.206 g/cm3, entry 6–8), (P3/P3F series, ρ = 1.014–1.114 g/cm3, entry 9–10). Despite these trends in bulk density, no clear trend between fluorine content and FFV was observed, as the FFV for all polymer films being tested generally ranged from 0.157–0.194.
To test our hypothesis that the incorporation of fluorinated motifs improves the CO2/CH4 selectivity of VAPNBs, albeit while maintaining relatively consistent CO2 permeability, we measured the ideal gas selectivity of our materials using the constant-volume variable-pressure gas flux method (Table 2.3). We observed that the CO2/CH4 selectivity of each copolymer series increased as a function of increasing fluorinated monomer incorporation, as is shown numerically in Table 2.3 as well as graphically in Figure 2.3. More specifically, the CO2/CH4 selectivity of the P1/P1F copolymer series increased from 5.7 to 9.5 (an increase of ~67%) as a function of increasing fluorinated comonomer incorporation, and displaying only marginal decreases in CO2 permeability (i.e., 1026 → 920 Barrer, a decrease of ~10%) (Table 2.3, entries 1–5). For the copolymer series P2/P2F and P3/P3F, not only did CO2/CH4 selectivity increase, but these increases were accompanied by a corresponding increase in CO2 permeability. For example, the CO2/CH4 selectivity of the P2/P2F copolymer series increased from 4.7 to 5.7 (an increase 
	[bookmark: _Ref127706588][bookmark: _Toc132023667]Table 2.3. Ideal Permeability and Selectivity of the P1/P1F, P2/P2F and P3/P3F Polymer Series.

	Entry
	Polymer
	P (Barrer)a
	α (CO2/CH4)b

	
	
	CO2
	CH4
	

	1
	P1
	1026 (±51)
	180 (±8)
	5.7 (±0.0)

	2
	P184P1F16
	1217 (±65)
	199 (±16)
	6.1 (±0.2)

	3
	P167P1F33
	1156 (±104)
	177 (±19)
	6.6 (±0.1)

	4
	P148P1F52
	  910 (±55)
	119 (±11)
	7.7 (±0.3)

	5
	P1F
	  920 (±101)
	  97 (±13)
	9.5 (±0.2)

	6
	P2
	  510 (±27)
	109 (±5)
	4.7 (±0.0)

	7
	P287P2F13
	  660 (±13)
	131 (±4)
	5.0 (±0.1)

	8
	P272P2F28
	  763 (±67)
	133 (±12)
	5.7 (±0.0)

	9
	P3
	  550 (±51)
	139 (±13)
	4.0 (±0.0)

	10
	P387P3F13
	  665 (±28)
	154 (±8)
	4.3 (±0.0)


aPermeability values of free-standing polymer films were obtained using the constant-volume variable-pressure gas flux method at 20 psi upstream pressure. 
bIdeal selectivity was calculated as a ratio of pure gas P(CO2)/P(CH4).
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[bookmark: _Ref127707467][bookmark: _Ref127706613][bookmark: _Ref127706825][bookmark: _Toc132023684]Figure 2.3. Robeson plot of polymers tested in this study. Grey, blue, and red symbols represent P1/P1F, P2/P2F, P3/P3F polymer series, respectively. Error bars are included for each data point, but in some cases, the error bars are smaller than the data marker.


of ~21%) and CO2 permeability increased from 510 to 763 Barrer (an increase of ~50%) (Table 2.3, entries 6–8). Comparatively, the increases in selectivity and permeability for the P3/P3F copolymer series were relatively small, which we attribute to lower incorporation ratios of fluorinated comonomer that were synthetically accessible, with CO2/CH4 selectivity increasing from 4.0 to 4.3 (an increase of ~7%) and CO2 permeability increasing from 550 to 665 Barrer (an increase of ~21%) (Table 2.3, entries 9–10).
As can be seen in Figure 2.3, the increase in CO2/CH4 selectivity observed for the P1/P1F copolymer series, along with a negligible change in CO2 permeability, manifests as a near vertical approach towards the 2008 upper bound. For the P2/P2F and P3/P3F copolymer series, simultaneous increases in CO2/CH4 selectivity and CO2 permeability leads to trends moving almost perpendicular to the bound. Each of these observations defy traditional permeability-selectivity trade-off behavior. Because CO2/CH4 gas separation performance generally improves as a function of increasing fluorinated comonomer incorporation ratio, this suggests that increasing weight percent (wt%) of fluorine may be critical to optimal membrane performance. However, when comparing copolymers with similar molar ratios of nonfluorinated:fluorinated comonomers across multiple copolymer series (e.g. P184P1F16, P287P2F13, and P387P3F13), CO2/CH4 selectivity and CO2 permeability both generally decrease as the wt% of fluorine content becomes greater, with P184P1F16, P287P2F13, and P387P3F13 having 9.7, 11.1, and 13.3 wt% fluorine content, respectively. These results suggest that while simply increasing the wt% fluorinated content within a structurally analogous series of polymers (e.g. P1 versus P1F) may prove a useful strategy to improve membrane performance, similar conclusions may not be drawn across polymer series that differ in their molecular size of design, even when structurally related (e.g. P1F versus P3F), likely due to differences in polymer chain packing and intermolecular interactions. 
These data are consistent with prior observations regarding gas transport in addition type alkoxysilyl polynorbornenes. For example, Bermeshev and coworkers observed a proportional decrease in gas permeation for a series of vinyl addition tricyclononene polymers as the bulk of the alkoxysilyl substituent increased from methoxy to butoxy groups.38 While a similar trend can be seen in the present work (i.e. for P1, P2, and P3, PCO2 = 1026, 510, and 550 Barrer respectively), the incorporation of fluorinated substituents in the P2/P2F series and P3/P3F series not only increase CO2 permeability (PCO2 = 510 → 763 Barrer, and 550 → 665 Barrer for P2/P2F and P3/P3F series, respectively) but also enhances CO2/CH4 separation performance (PCO2/PCH4 = 4.7 → 5.7, and 4.0 → 4.3 for P2/P2F and P3/P3F series, respectively). This demonstrates a promising avenue to enhance the CO2/CH4 separation capacity for alkoxysilyl containing polynorbornenes with longer alkoxy substituents. 
In addition, the observed increase in CO2/CH4 selectivity with the increase in fluorinated content is similar to previous literature where similar structural analogs were compared. For example, both a slightly increase in CO2 permeability and CO2/CH4 selectivity was observed in direct fluorination of the double bond along the backbone of metathesis polynorbornene.39 In another example, according to Jansen, McKeown and coworkers, the incorporation of trifluoromethyl groups in PIMs had two different observations: in one case, the addition of trifluoromethyl group resulted in a slightly increase in both CO2 permeability and CO2/CH4 selectivity, which is similar to what we observed; while in another case, the polymers with trifluoromethyl groups had higher CO2 permeability but lower CO2/CH4 selectivity compared to their non-fluorinated analogs,40 which is similar to that observed in polyimide with 6FDA units as discussed in the introduction.25, 26 
Encouraged by the promising permselectivity results described above, we sought to interrogate the origins of these fluorinated VAPNB’s gas separation behavior through a detailed analysis of pure gas sorption parameters. As described by the solution-diffusion model of gas transport in dense polymeric membranes, gas permeability (P) is the product of the concentration-averaged effective diffusion coefficient (D) and solubility coefficient (S). To obtain S, pure gas sorption isotherms were generated by measuring the concentration of sorbed gas as a function of pressure using the dual-volume pressure-decay method.41 As shown in Figure 2.4, the resulting sorption isotherms were then fit using a custom Python script to either the dual-mode sorption model or linearly, achieving good correlation factors (R2 ≥0.999 for CO2 and ≥0.998 for CH4). Pure gas solubility coefficients (S) were then extracted from these isotherms by solving eq 3 as pressure approaches 0 atm. The diffusion coefficients (D) were then determined algebraically using the experimentally determined P and S coefficients using the equation D = P/S 
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[bookmark: _Ref127706917][bookmark: _Ref127706842][bookmark: _Toc132023685]Figure 2.4. (A) CO2 sorption isotherms for the P1/P1F copolymer series. (B) CO2 sorption isotherms for the P2/P2F and P3/P3F copolymer series. (C) CH4 sorption isotherms for the P1/P1F copolymer series and (D) CH4 sorption isotherms for the P2/P2F and P3/P3F copolymer series. All isotherms were generated at 35 °C. P1/P1F copolymer series isotherms were fit using the dual-mode sorption model, whereas P2/P2F and P3/P3F series (with no observable Langmuir contributions) were fit linearly to provide the highest possible R2. Trend lines are included to guide the reader’s eye.


Through detailed analysis of sorption isotherms and the calculated D and S parameters, several notable trends were observed. First, the diffusion coefficients of CO2 and CH4 (DCO2 and DCH4) decrease consistently with increased incorporation of fluorinated repeat units for each copolymer series. This is particularly notable for the P1/P1F copolymer series in which DCO2 (DCO2 = 3.62 to 1.80) and DCH4 (DCH4 = 1.70 to 0.96) each decrease by ~50% (Table 2.4, entries 1–5). Although both diffusion coefficients for CO2 and CH4 decrease as a function of fluorine content, the diffusivity selectivity (DCO2/DCH4) of each copolymer series is relatively constant (DCO2/DCH4 = 2.13–1.87 for the P1/P1F series, 1.88–1.91 for the P2/P2F series, and 1.51–1.49 for the P3/P3F series) (Table 2.4). Thus, the observed overall increase of permselectivity (PCO2/PCH4) with increasing fluorinated comonomer incorporation for each copolymer series is a direct consequence of changes in solubility selectivity. 
[bookmark: _Hlk90367462]Indeed, analysis of individual solubility selectivity (SCO2/SCH4) values across each copolymer series demonstrate this relationship, wherein SCO2/SCH4 increases by 90% for the P1/P1F copolymer series (SCO2/SCH4 = 2.67–5.06) (Table 2.4, entries 1–5), 20% for the P2/P2F copolymer series (SCO2/SCH4 = 2.50–3.01) (Table 2.4, entries 6–8), and 10% for the P3/P3F copolymer series (SCO2/SCH4 = 2.63–2.90) (Table 2.4, entries 9–10), respectively. In contrast, analysis of copolymers across two or more copolymers with similar molar incorporation ratios of fluorinated monomers (e.g. P184P1F16 versus P287P2F13) reveals that the observed decrease in CO2/CH4 selectivity as a function of increasing fluorine wt% may result from a combination of factors.
	[bookmark: _Ref127706972][bookmark: _Toc132023668][bookmark: _Ref127637607]Table 2.4. Diffusion and Solubility Coefficients of the P1/P1F, P2/P2F, and P3/P3F Copolymer Series, as well as Individual Henry’s Law and Langmuir Sorption
Parameters.

	Entry
	polymer
	Da ((cm2 /s)
×10−6)
	
	Sb (cm3 [STP]/ (cm3 atm))
	
	CO2
	
	CH4

	
	
	CO2
	CH4
	DCO2/ DCH4
	CO2
	CH4
	SCO2/ SCH4
	kd
	C’H∙b
	
	kd
	C’H∙b

	1
	P1
	3.62
	1.70
	2.13
	2.16
	0.81
	2.67
	1.43
	0.72
	
	0.44
	0.36

	2
	P184P1F16
	3.61
	1.70
	2.12
	2.57
	0.89
	2.88
	1.65
	0.92
	
	0.37
	0.52

	3
	P167P1F33
	3.28
	1.74
	1.89
	2.68
	0.77
	3.47
	1.77
	0.91
	
	0.45
	0.32

	4
	P148P1F52
	2.28
	1.21
	1.89
	3.03
	0.75
	4.06
	2.01
	1.02
	
	0.46
	0.28

	5
	P1F
	1.80
	0.96
	1.87
	3.88
	0.77
	5.06
	2.01
	1.87
	
	0.43
	0.34

	6
	P2
	3.22
	1.71
	1.88
	1.20
	0.48
	2.50
	1.20
	-c
	
	0.48
	-c

	7
	P287P2F13
	3.14
	1.65
	1.90
	1.59
	0.60
	2.65
	1.59
	-c
	
	0.60
	-c

	8
	P272P2F28
	3.11
	1.63
	1.91
	1.87
	0.62
	3.01
	1.87
	-c
	
	0.62
	-c

	9
	P3
	4.43
	2.94
	1.51
	0.94
	0.36
	2.63
	0.94
	-c
	
	0.36
	-c

	10
	P387P3F13
	3.98
	2.67
	1.49
	1.27
	0.44
	2.90
	1.27
	-c
	
	0.44
	-c


aDiffusion coefficients (D) were determined algebraically using the equation D = P/S. bSolubility coefficient (S) were measured using the dual-volume pressure decay method and reported as pressure approaches to 0. cNot applicable as these isotherms were fit linearly.


Therein, both diffusivity and solubility selectivity decrease as fluorine wt% is increased. For example, the diffusivity selectivity of P184P1F16 and P287P2F13 are DCO2/DCH4 = 2.12 and 1.90, respectively, whereas their solubility selectivities are SCO2/SCH4 = 2.88 and 2.65 for P184P1F16 and P287P2F13, respectively.
Analysis of individual solubility coefficients reveals that SCO2 increases consistently with increasing in fluorinated monomer content for each copolymer series while SCH4 is relatively consistent (Table 2.4, entries 1–5, 6–8, and 9–10). This observation suggests that the observed enhancements in CO2/CH4 separation performance by incorporation of fluorinated monomer units arises via increased CO2 solubility in the polymer matrix rather than inhibition of CH4 solubility, which contrasts our initial hypothesis. In addition, though DCO2 decreases within each series, the observed increase in SCO2 appears to dominate overall permselectivity, potentially explaining why PCO2 only slightly decreases for the P1/P1F copolymer series, or increased in the case of the P2/ P2F and P3/P3F copolymer series.
Though analysis of individual D and S coefficients offer insight into why PCO2 is maintained across each copolymer series, and reveal the source of each CO2/CH4 selectivity enhancement, the fundamental rationale governing why increasing fluorine content increases SCO2, while SCH4 is relatively constant, was unclear. To better understand this, sorption isotherm fits were used to extract individual sorption components, including Henry’s Law dependent dissolution (kd) and Langmuir contributions (where C’H and b are the Langmuir capacity parameter and Langmuir affinity parameter, respectively). Therein, we observed that both Henry’s Law (kd) and Langmuir (C’H∙b) sorption of CO2 increased continuously as a function of increasing fluorine content within the P1/P1F copolymer series (kd = 1.43 – 2.01, C’H∙b = 0.72 – 1.87) (Table 2.4, entries 1–5). This suggests that the observed increase in CO2 sorption as a function of increasing fluorine content are a consequence of both increased dissolution of CO2 into the densified polymer matrix (kd, Henry’s law dissolution) and dissolution into nonequilibrium excess free volume elements (C’H∙b, Langmuir contributions). In contrast to our initial hypothesis that CH4 sorption would decrease as a function of increasing fluorine content, the Henry’s Law and Langmuir contributions to CH4 sorption for the P1/P1F copolymer series is relatively constant (kd = 0.37–0.46, C’H∙b = 0.36 – 0.34) (Table 2.4, entry 1–5).
In contrast to the P1/P1F copolymer series that exhibits nonlinear sorption isotherms (dual–mode sorption behavior), the P2/P2F and P3/P3F copolymer series showed no observable Langmuir contributions to either CO2 or CH4 sorption, and thus the sorption isotherms were fit linearly to elucidate the parameter kd. Though P2/P2F and P3/P3F copolymers containing higher molar incorporation ratios of fluorinated repeat units were not synthetically accessible, two general trends were observed. First, Henry’s law sorption of CO2 increased as a function of increasing fluorine content for both the P2/P2F copolymer series (kd = 1.20 – 1.87) and the P3/P3F copolymer series (kd = 0.94 – 1.27) (Table 2.4, entries 6–10). Second, the Henry’s Law contributions to CH4 sorption for the P2/P2F and P3/P3F copolymer series also increased, albeit only slightly, as a function of increasing fluorine content (kd = 0.48–0.62 for P2/P2F series, and kd = 0.36–0.44 for P3/P3F series). Ultimately, this minor increase in Henry’s Law contributions to CH4 sorption is relatively small compared to their significantly increased Henry’s law contribution to CO2 sorption, thus resulting in the observed increases in SCO2/SCH4 solubility selectivity for the P2/P2F and P3/P3F copolymer series. 
Because these results suggest that the observed CO2/CH4 pure gas selectivities measured within these fluorinated VAPNBs are largely dominated by Henry’s law contributions to gas dissolution, despite minimal Langmuir contributions present in some copolymers, deeper insight into specific polymer–polymer and polymer–gas interactions are critical to understanding overall membrane performance.42 This importance is amplified as our experimental evidence suggests that our observed increases in CO2/CH4 selectivity as a function of increasing fluorine content are a result of enhanced SCO2, which suggests more favorable interactions of fluorinated polymers with CO2, as opposed to unfavorable interactions of fluorinated polymers with CH4 as originally hypothesized. 
In addition to the general immiscibility of hydrocarbons and fluorocarbons that initially motivated this work, other explanations may contribute to our observed trends in membrane performance. For example, it was proposed through simulation that CO2–fluorocarbon interactions may be improved compared to CO2–hydrocarbon, due to potentially enhanced quadrupoleCO2-dipoleC–F and induced dipoleCO2-dipoleC–F interactions.43 In this case, fluorinated polymers may be expected to have strengthened CO2 interaction energies as compared to non-fluorinated analogs. To test this hypothesis for the fluorinated VAPNBs described herein, we performed electronic structure theory computations. Here, saturated analogues of monomers 1–3 and 1F–3F were used as small molecule surrogates for polymers P1–P3, and P1F–P3F, respectively, and monomer−gas and monomer−monomer interactions were computed.
The DFT analysis reveal that the strength of interactions for the nonfluorinated VAPNBs P1–P3 series agrees with the experimental findings. In detail, all polymers P1–P3 are expected to have similar interactions with both CO2 and CH4, as their substituents are alkoxy analogs to each other which does not introduce additional interactions with either CO2 or CH4 gas molecules. As shown in Figure 2.5, the monomer–gas interaction ∆E is relatively consistent for both monomer–CO2 interactions (-4.75 to -4.79 kcal/mol) and monomer–CH4 interactions (-2.48 to -3.11 kcal/mol). In addition, as shown in Figure 2.6, the ∆∆E corresponds to a metric of the energy that is required to have one gas molecule perturb the monomer–monomer interaction and then form gas–monomer interaction defined as: 
	(Equation 2.1.)
where  represents the interaction energy between two monomer units and  the interaction energy between a simulated polymer repeat unit I and a gas molecule (CO2 or CH4). It is expected that a lower energy difference ∆∆E between gas–monomer interactions and monomer–monomer interactions correlate to relatively easier Henry’s law dissolution (kd) of gas molecules into the polymer matrix. In regards to CO2–monomer and monomer–monomer interactions, ∆∆E increased from 4.75 to 6.33 kcal/mol from 1 to 3, which is in good agreement with the experimentally determined kd that decreased from 1.43 to 0.94. 
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[bookmark: _Ref127707229][bookmark: _Ref127707136][bookmark: _Toc132023686]Figure 2.5. Calculated ΔE of gas–monomer interactions. Calculations were performed on saturated analogs of polymer repeat units 1–3 and 1F–3F.
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[bookmark: _Ref127707177][bookmark: _Toc132023687]Figure 2.6. Calculated ∆∆E values for CO2 and CH4 for all nonfluorinated and fluorinated polymer series. Calculations were performed on saturated analogs of polymer repeat units 1–3 and M1F–M3F.


For CH4–monomer and monomer–monomer interactions, ∆∆E remains virtually similar for 2 to 3 (8.58 and 7.97 kcal/mol, respectively), which is in fair agreement with the experimentally measured values of kd = 0.48 and 0.36, respectively. This correlation is also in fair agreement for P1, if it is taken into consideration that P1 has a significant Langmuir component that does not allow a direct comparison between P1 and P2/P3.
Though the homopolymers P2F and P3F are not experimentally accessible, the computational analysis shows a decreasing ∆E for both CO2 and CH4 as fluorine content is increased from 1F to 3F (Figure 2.5), suggesting that favorable gas–monomer interactions are expected as the wt% of fluorinated content in the homopolymer is increased. ∆∆E (Figure 2.6), for both CO2–monomer as well as CH4–monomer interactions, and monomer–monomer interactions also increase from 1F to 3F, suggesting that the energy penalty required for both CO2 and CH4 molecules to disturb monomer–monomer interaction is increased. Therefore, a decreased kd would be expected. 
Though a comparison between DFT data and experimental results for P1 and P1F can still be analyzed, these data do not align as well as that obtained for the nonfluorinated VAPNBs P1–P3. For CO2–monomer interactions, it was previously reported that improved interactions may be observed due to the increase quadrupole-dipole/induced dipole-dipole interaction of CO2 with fluorinated species; however, the ∆E observed in this case is similar (-4.79 and -4.80 kcal/mol for CO2–1 and CO2–1F, respectively, Figure 2.5). For CH4–monomer interactions, our initial hypothesis based on mutual immiscibility of fluorocarbon and hydrocarbon small molecules suggested that a decrease in ∆E may be expected; however, the observed ∆E is also similar (-2.58 and -2.61 kcal/mol for CH4–1 and CH4–1F, respectively, Figure 2.5). Looking at ∆∆E (Figure 2.6), CO2–monomer and monomer–monomer interactions increased from 4.75 kcal/mol for 1 to 6.21 kcal/mol for 1F, suggesting that the energy penalty is higher for CO2 to be inserted between two 1F monomers and thus less likely to occur. However, the experimentally determined kd values increase from 1.43 for P1 to 2.01 for P1F, which show the opposite behavior predicted at the computational level. Similarly, looking at ∆∆E for CH4–monomer and monomer–monomer interactions, these values increase from 6.96 kcal/mol for M1 to 8.40 kcal/mol for M1F, which suggest that the energy penalty is higher for CH4 to insert between two M1F monomers (kd values are 0.44 for P1 to 0.43 for P1F). Though the presence of Langmuir component in both P1 and P1F may influence a direct comparison of kd and ∆∆E values, these results indicate that this simple simulation model may not be ideal when comparing across nonfluorinated and fluorinated polymeric materials and modeling at the mesoscale can further elucidate these phenomena.
[bookmark: _Toc133235197]CONCLUSIONS
A series of nonfluorinated and fluorinated VAPNB homo- and copolymers (P1/P1F–P3/P3F series) were designed and synthesized. These fluorinated motifs were introduced into the membranes with the goal of improving CO2/CH4 selectivity utilizing the “hydrocarbon-phobicity” exhibited by many fluorinated materials. Pure gas permeation results revealed that as the molar ratio of fluorinated monomer increased, the CO2/CH4 selectivity increased for each (co)polymer series. The highest performing membrane, P1F, achieves a CO2 permeability of 920 Barrer with a CO2/CH4 selectivity of 9.5. This represents a 67% increase in CO2/CH4 selectivity with only a 10% decrease in CO2 permeability as compared to its non-fluorinated VAPNB analog, P1. Though we initially hypothesized that selectivity would be enhanced via depressed CH4 sorption, sorption experiments reveal that the enhanced selectivity of P1F arose from increased CO2 solubility. Individual analysis of diffusion and sorption coefficients reveal that each polymer’s diffusivity selectivity remained relatively unchanged within each series, whereas sorption selectivity was increased as a function of increasing molar incorporation of fluorinated comonomers (MXF). To better understand the cause of this behavior, computational DFT analyses were employed. These calculations corelate well with our experimental observations for the nonfluorinated VAPNB series and suggest that CO2 and CH4 transport through the membrane are likely controlled via a delicate balance between polymer-polymer and polymer-gas interaction energies. However, some deviations computational and experimental results are observed when comparing across nonfluorinated and fluorinated polymeric materials, suggesting that this simple computational model may not fully capture all essential features of this complex process.
[bookmark: _Toc133235198]EXPERIMENTAL SECTION
[bookmark: _Toc133235199]Materials and Methods. 
All air-sensitive reactions were conducted under an inert atmosphere using an Mbraun glovebox filled with nitrogen gas. All monomers were synthesized using standard laboratory techniques and worked up in air. Synthesized monomers were dried using CaH2, purified by vacuum distillation, degassed via iterative freeze-pump-thaw cycles (3), and stored over 3 Å molecular sieves in the glovebox prior to use. Triethoxyvinylsilane and vinyltrichlorosilane were purchased from Gelest. Vinyltrichlorosilane was cannula transferred to Schlenk glassware for storage and air-free handling to minimize exposure to adventitious water. 2,2,2-Trifluoro-1-ethanol, 2,2,3,3,3-pentafluoro-1-propanol, 2,2,3,3,4,4,4-heptafluoro-1-butanol, and CaH2 were purchased from Oakwood Chemical and used as received. Dicyclopentadiene was purchased from Acros Organics and used as received. Imidazole was purchased from Beantown Chemical and used as received. Dichloromethane was purchased from Fisher Scientific, dried via passage through an Innovative Technologies PureSolv solvent purification system, and degassed via iterative freeze-pump-thaw cycles (3) prior to use. N-Hexanes and methanol for polymer precipitation, as well as tetrahydrofuran for film casting were purchased from Fisher Scientific and used as received. Triphenylantimony, and nickel (II) bromide dimethoxyethane adduct were purchased from Strem and stored in the glovebox prior to use. N-Butyllithium (1.6 M in hexanes) was purchased from Fisher Scientific and cannula transferred to Schlenk glassware for storage and air-free handling. The catalyst, trans-[Ni(C6F5)2(SbPh3)2] was synthesized following literature procedures.34 The monomers 5-triethoxysilyl-2-norbornene (M1)42 and 5-tripropoxysilyl-2-norbornene (M2)44, 45 were synthesized via Diels-Alder reaction following established literature procedures.
[bookmark: _Toc133235200]Monomer and Polymer Characterization.
1H and 13C NMR spectra of all monomers and their respective vinyl precursors were obtained in CDCl3 using a Varian 600 MHz or 300MHz spectrometer. 1H NMR spectra of polymers were obtained using a Varian 500 MHz spectrometer. All NMR spectra were referenced to the residual CHCl3 peaks at δ = 7.26 ppm for 1H spectra, and δ = 77.00 ppm for 13C spectra. High-resolution mass spectrometry (HRMS) was performed using a JEOL AccuTOF equipped with a DART source. Polymer molecular weights were measured relative to polystyrene standards using a Tosoh EcoSEC GPC system with tetrahydrofuran eluent at 40 °C. Polymer densities were determined via Archimedes principle using a Mettler Toledo MS-DNY-43 density kit interfaced with a Mettler Toledo MS204S analytical balance. 
[bookmark: _Hlk127530978][bookmark: _Toc133235201]Permeation Analysis.
Pure gas flux was measured using a custom-built, constant-volume, variable-pressure permeation instrument. Flux measurements were used to calculate permeability coefficients according to Equation 2.2. 
	
	(Equation 2.2.)


Downstream volumes (Vd) were determined through sequential Burnett expansions using He gas, as reported in the literature.46 Membrane thicknesses (l) were directly measured using a Mitutoyo 293-832-30 digital micrometer, and typically ranged between 80 μm and 150 μm. Upstream pressure (Pu) was recorded as a time weighted average for the duration of steady state flux measurement. Effective membrane surface area (A) was measured using the open-source image analysis software platform ImageJ, using images generated with an Epson Perfection V19 flatbed scanner. An example of membrane surface area measurement using ImageJ can be found in the Supplemental Information. . Temperature (T) was recorded using an analog alcohol thermometer mounted directly outside the permeation cell. 
[bookmark: _Toc133235202]Determination of Diffusivity and Solubility Coefficients.
According to the solution-diffusion model of gas transport in dense polymeric membranes, membrane permeability is the product of its solubility and diffusivity coefficients, as described by Equation 2.3. To determine individual solubility and diffusivity coefficients, sorption isotherms were generated for each membrane material using a custom-built dual-volume dual-transducer pressure decay instrument. Concentration of absorbed gas was calculated as described by Koros and Paul.41 Sorption isotherms were fit to Equation 2.4 using a custom python script utilizing a truncated Newton curve fitting method. Solubility coefficients were then calculated as p → 0 using the kd, CꞌH, and b parameters determined through curve fitting. With both P and S measured directly, diffusivity coefficients D were determined algebraically using Equation 2.3.
	
	(Equation 2.3.)

	
	(Equation 2.4.)


[bookmark: _Toc133235203]Synthesis of tris(2,2,2-trifluoroethoxy)vinylsilane (V1F).
To a 1000 mL round bottom flask equipped with a magnetic stir bar was added 2,2,2-trifluoro-1-ethanol (60 g, 0.600 mol), imidazole (40.83 g, 0.600 mol), and DCM (500 mL). The resulting solution was cooled to 0 °C before adding vinyltrichlorosilane (24.20 g, 0.150 mol) dropwise over 30 min. After complete addition, the reaction mixture was stirred for an additional 16 h at room temperature. The reaction flask was then equipped with a reflux condenser and refluxed at 60 °C for 2 h. The crude reaction mixture was filtered, passed through a silica gel plug to remove residual imidazolium chloride salt, and concentrated in-vacuo to afford 46.08 g of V1F as a clear colorless liquid (88% isolated yield). 1H NMR (CDCl3, 600 MHz) δ (ppm) = 6.34 (1H, dd, J = 15.11, 3.23 Hz), 6.18 (1H, dd, J = 20.54, 3.23 Hz), 5.86 (1H, dd, J = 20.66, 15.18 Hz), 4.12 (6H, q, J = 8.33). 13C{1H} NMR (CDCl3, 151 MHz) δ (ppm) = 141.3 (s), 124.0 (s), 123.5 (q, J = 279.4 Hz), 61.3 (q, J = 36.9 Hz).
[bookmark: _Toc133235204]Synthesis of tris(2,2,3,3,3-pentafluoropropoxy)vinylsilane (V2F).
V2F was synthesized using the general procedure outlined for the synthesis of V1F. Isolated yield = 73%. 1H NMR (CDCl3, 600 MHz) δ (ppm) = 6.35 (1H, dd, J = 15.19, 3.15 Hz), 6.17 (1H, dd, J = 20.61, 3.15 Hz), 5.83 (1H, dd, J = 20.62, 15.18 Hz), 4.20 (6H, t, J = 12.67 Hz). 13C{1H} NMR (CDCl3, 151 MHz) δ (ppm) = 141.6 (s), 123.9 (s), 118.9 (qt, J = 285.5, 35.1 Hz), 112.7 (tq, J = 254.4, 37.3Hz), 60.6 (t, J = 28.6 Hz).
[bookmark: _Toc133235205]Synthesis of tris(2,2,3,3,4,4,4-heptafluorobutoxy)vinylsilane (V3F).
V3F was synthesized using the general procedure outlined for the synthesis of V1F. Isolated yield = 60%. 1H NMR (CDCl3, 600 MHz) δ (ppm) = 6.35 (1H, dd, J = 15.11, 3.23 Hz), 6.18 (1H, dd, J = 20.61, 3.15 Hz), 5.84 (1H, dd, J = 20.63, 15.17 Hz), 4.24 (6H, tt, J = 13.35, 1.42 Hz). 13C{1H} NMR (CDCl3, 151 MHz) δ (ppm) = 141.2 (s), 123.7 (s), 117.6 (qt, J = 286.7, 33.61 Hz), 114.2 (tt, J = 256.0, 30.2 Hz), 108.8 (tqt, J = 265.8, 38.6, 34.0 Hz), 60.4 (t, J = 27.7 Hz).
[bookmark: _Toc133235206]Synthesis of tributoxyvinylsilane (V3).
V3 was synthesized using the general procedure outlined for the synthesis of V1F. Isolated yield = 63%. 1H NMR (CDCl3, 300 MHz) δ (ppm) = 6.11 (1H, dd, J = 13.84, 5.05 Hz), 6.00 (1H, dd, J = 20.58, 5.05 Hz), 5.87 (1H, dd, J = 20.61, 13.84 Hz), 4.75 (6H, t, J = 6.60 Hz), 1.54 (6H, m), 1.37 (6H, m), 0.91 (3H, t, J = 7.31 Hz). 13C{1H} NMR (CDCl3, 75 MHz) δ (ppm) = 136.9 (s), 129.3 (s), 62.6 (s), 34.5 (s), 18.9 (s), 13.8 (s).
[bookmark: _Toc133235207]Synthesis of 5-tris(2,2,2-trifluoroethoxy)silyl-2-norbornene (M1F).
To a 150 mL pressure-rated round bottom flask equipped with a magnetic stir bar was added tris(2,2,2-trifluoroethoxy)vinylsilane (17.38 g, 0.049 mol), dicyclopentadiene (3.26 g, 0.025 mol), and hydroquinone (15 mg, 0.136 mmol). The flask was sealed and heated to 180 °C for 12 h. The crude reaction mixture was then purified and dried by vacuum distillation from CaH2 to afford 11.38 g of M1F as a clear colorless liquid (55% yield) as a mixture of exo- and endo-isomers (exo:endo = 54:46), b.p. 48 °C (0.5 mmHg). 1H NMR (CDCl3, 600 MHz, endo isomer) δ (ppm) = 6.07 (1H, dd, J = 5.74, 3.06 Hz), 6.00 (1H dd, J = 5.71, 2.90 Hz), 4.05 (6H, q, J = 8.36 Hz), 3.07 (1H, br s), 2.96 (1H, br s), 1.93 (1H, ddd, J = 11.41, 9.82, 3.69 Hz), 1.44 (1H, dq, J = 8.09, 1.81 Hz), 1.35 (1H, ddd, J = 9.80, 5.39, 3.05 Hz), 1.27-1.10 (2H, m, overlapped with exo-isomer resonance). 13C{1H} NMR (CDCl3, 151 MHz, exo/endo mixture) δ (ppm). 137.2 (s), 136.3 (s), 134.2 (s), 134.0 (s), 123.60 (q, J = 278.0 Hz), 123.57 (q, J =278.0 Hz), 61.3 (q, J = 37.0 Hz), 61.1 (q, J = 37.0 Hz), 50.6 (s), 46.9 (s), 43.9 (s), 42.44 (s), 42.37 (s), 42.1 (s), 26.2 (s), 25.6 (s), 20.2 (s), 19.5 (s). HRMScalc C13H15F9O3Si (H+ adduct) = 419.0725 m/z. HRMSexpt C13H15F9O3Si (H+ adduct) = 419.0834 m/z.
[bookmark: _Toc133235208]Synthesis of 5-tris(2,2,3,3,3-pentafluoropropoxy)silyl-2-norbornene (M2F).
Monomer M2F was synthesized using the general procedure outlined for the synthesis of M1F. Isolated yield = 47%. Exo:endo = 52:48. Boiling point = 55 °C (0.3 mmHg). 1H NMR (CDCl3, 600 MHz, endo isomer) δ (ppm) = 6.08 (1H, dd, J = 5.73, 3.07 Hz) 5.99 (1H, dd, overlapped with exo-isomer resonance), 4.13 (6H, t, J = 12.68 Hz), 3.06 (1H, br s), 2.98 (1H, br s), 1.93 (1H, ddd, J = 11.43 Hz), 1.45 (1H, dq, J = 8.20, 1.88 Hz), 1.35 (1H, ddd, J = 9.94, 5.40, 3.06 Hz), 1.28-1.08 (2H, m, overlapped with exo-isomer resonance). 13C{1H} NMR (CDCl3, 151 MHz, exo/endo mixture) δ (ppm). 137.2 (s), 136.3 (s), 134.2 (s), 134.0 (s), 118.63 (qt, J = 285.4, 34.8 Hz), 118.62 (qt, J = 285.4, 34.8 Hz), 112.5 (tq, J = 254.5, 37.1 Hz), 60.3 (q, J = 28.3 Hz), 50.6 (s), 46.9 (s), 43.8 (s), 42.4 (s), 42.3 (s), 42.0 (s), 26.0 (s), 25.5 (s), 20.1 (s), 19.4 (s). HRMScalc C16H15F15O3Si (H+ adduct) = 569.0629 m/z. HRMSexpt C16H15F15O3Si (H+ adduct) = 569.0824 m/z.
[bookmark: _Toc133235209]Synthesis of 5-tris(2,2,3,3,4,4,4-heptafluorobutoxy)silyl-2-norbornene (M3F).
Monomer M3F was synthesized using the general procedure outlined for the synthesis of M1F. Isolated yield = 68%. Exo:endo = 50:50. Boiling point = 65 °C (0.35 mmHg). 1H NMR (CDCl3, 600 MHz, endo isomer) δ (ppm) = 6.08 (1H, dd, J = 5.73, 3.04 Hz) 5.99 (1H, dd, overlapped with exo-isomer resonance), 4.18 (6H, t, J = 13.34 Hz), 3.07 (1H, br s), 2.98 (1H, br s), 1.94 (1H, ddd, J =11.38, 9.76, 3.67 Hz), 1.45 (1H, dq, J = 8.15, 1.95 Hz), 1.36 (1H, ddd, J = 9.91, 5.43, 3.03 Hz), 1.28-1.08 (2H, m, overlapped with exo-isomer resonance). 13C{1H} NMR (CDCl3, 151 MHz, exo/endo mixture) δ (ppm). 137.3 (s), 136.6 (s), 134.4 (s), 134.2 (s), 117.8 (qt, J = 278.1, 33.8 Hz), 114.4 (tt, J = 256.0, 30.0 Hz), 109.0 (tqt, J = 264.3, 38.7, 34.3 Hz), 60.6 (q), 50.7 (s), 47.0 (s), 44.0 (s), 42.6 (s), 42.5 (s), 42.2 (s), 26.2 (s), 25.7 (s), 20.3 (s), 19.6 (s). HRMScalc C19H15F21O3Si (H+ adduct) = 719.0533 m/z. HRMSexpt C19H15F21O3Si (H+ adduct) = 719.0714 m/z.
[bookmark: _Toc133235210]Synthesis of 5-tributoxysilyl-2-norbornene (M3).
Monomer M3 was synthesized using the general procedure outlined for the synthesis of M1F. Isolated yield = 62%. Exo:endo = 64:36. Boiling point = 85 °C (0.2 mmHg). 1H NMR (CDCl3, 600 MHz, endo isomer) δ (ppm) = 6.00 (1H, dd, J = 5.55, 2.89 Hz), 5.97 (1H, dd, J = 5.65, 2.93 Hz) 3.69 (6H, t, J = 6.61 Hz), 3.01 (1H, br s), 2.87 (1H, br s), 1.85 (1H, ddd, J = 10.75, 9.54, 3.72 Hz), 1.58-1.47 (6H, m, overlapped with exo-isomer resonance), 1.42-1.30 (6H, m, overlapped with exo-isomer resonance), 1.19 (1H, ddd, J = 13.84, 6.50, 3.76 Hz), 1.17-1.04 (3H, m, overlapped with exo-isomer resonance) 0.88-0.94 (9H, m, overlapped with exo-isomer resonance). 13C{1H} NMR (CDCl3, 151 MHz, exo/endo mixture) δ (ppm). 137.7 (s), 135.1 (s), 134.7 (s), 133.7 (s), 62.6 (s), 62.3 (s), 50.7 (s), 47.0 (s), 44.2 (s), 42.8 (s), 42.4 (s), 42.2 (s), 34.69 (s), 34.66 (s), 26.9 (s), 26.3 (s), 20.7 (s), 20.2 (s), 18.9 (s), 13.8 (s). HRMScalc C19H36O3Si (H+ adduct) = 341.2512 m/z. HRMSexpt C19H36O3Si (H+ adduct) = 341.2611 m/z.
[bookmark: _Toc133235211]General Homopolymer Synthesis.
All homopolymerizations were conducted in an Mbraun glovebox using trans-[Ni(C6F5)2(SbPh3)2] as the vinyl-addition catalyst in dry and degassed DCM. For example, homopolymer P1 was synthesized by adding 800 μL of catalyst solution in DCM (4.9 mM) to a stirred solution of 5-triethoxysilyl-2-norbornene (M1) (1.0 g, 3.9 mmol) in DCM (3.1 mL). The polymerization was stirred for 16 h before being removed from the glovebox, diluted with 3 mL of additional DCM, and precipitated into methanol. The resultant polymer was isolated via vacuum filtration and dried in-vacuo to constant weight (isolated yield = 62%, Mn = 217.0 kg/mol, Ð = 1.2). Homopolymers P2 and P3 were synthesized using this general procedure. Homopolymer P1F was synthesized via a similar procedure but using a higher monomer concentration (5 M), as 1 M polymerizations only afforded low molecular weight polymers with insufficient mechanical integrity for membrane fabrication. Polymer P1F was precipitated into hexane. Each polymer’s isolated yield, molecular weight, and dispersity can be found in the results and discussion section of this chapter.
[bookmark: _Toc133235212]General Copolymer Synthesis.
All copolymerizations were conducted in an Mbraun glovebox using trans-[Ni(C6F5)2(SbPh3)2] in dry and degassed DCM. For example, copolymer P184P1F16 was synthesized by adding 800 μL of a DCM catalyst solution (4.9 mM) to a stirred solution of 5-triethoxysilyl-2-norbornene (M1) (0.75 g, 2.93 mmol), 5-tris(2,2,2-trifluoroethoxy)silyl-2-norbornene (M1F) (0.41 g, 0.97 mmol), and DCM (3.1 mL). The polymerization was stirred for 16 h before being removed from the glovebox, and precipitated into methanol. The resultant polymer was Isolated via vacuum filtration and dried in-vacuo to constant weight (isolated yield = 49%, Mn = 114.6 kg/mol, Ð = 2.1). All copolymers discussed herein were synthesized using this general procedure. However, copolymers targeting higher fluorinated monomer contents (i.e. P148P1F52, and P387P3F13) used higher initial monomer concentrations (5 M), as 1 M polymerizations only afforded low molecular weight polymers with insufficient mechanical integrity for membrane fabrication. Lastly, we found that polymers containing higher fluorinated monomer incorporation (e.g. P148P1F52) ratios precipitated poorly into methanol, and were therefore precipitated into hexanes prior to filtration and drying. Their isolated yield, molecular weight, and dispersity can be found in the results and discussion section of this chapter.
[bookmark: _Toc133235213]Membrane Preparation.
Membranes of all polymers discussed herein were prepared through solution casting 5.3 wt% polymer solutions in THF. As an example, 10 mL of THF was added to a vial containing 0.501 g of polymer and a PTFE coated magnetic stir bar. This mixture was stirred until the polymer was fully dissolved. The resulting polymer solution was filtered through a 0.45 μm PTFE syringe filter into a freshly cleaned, 6.5 cm diameter, flat-form PTFE dish. The PTFE dishes containing polymer solutions were covered with aluminum foil to slow the evaporation of solvent. Fabricated membranes were removed from the casting dishes after slowly evaporating for 48–72 h. Polymers with higher fluorine content exhibited strong adhesion to glass substrates, and as-such could not be cast using glass dishes. Therefore, PTFE dishes were used in all membrane preparation to maintain consistent membrane fabrication conditions across all materials studied herein.
[bookmark: _Toc133235214]Wide angle X-ray scattering.
Polymers were illuminated at normal incidence (transmission through the film thickness) using A Xenocs GeniX 3D microfocus source with a copper target (wavelength λ = 0.154 nm) under ambient conditions. The sample–detector distance was 0.045 m. A Pilatus3 R_300 K detector (Dectris) was used with pixel size of 172 μm × 172 μm. The data acquisition time was 5 min. The two-dimensional images from each measurement were azimuthally-integrated to yield a one-dimensional scattering profile of intensity I (a.u.) versus scattering vector q (Å−1). Interchain distances were calculated via Braggs law (Equation 2.5) to give dB or a modified form of the Bragg law (Equation 2.6) in which a correction factor of 1.22 is applied to give dic. This correction factor has been proposed to reflect interchain spacing more accurately for polymeric materials.47, 48
	
	(Equation 2.5.)

	
	(Equation 2.6.)


[bookmark: _Toc133235215]Computational Details.
Quantum chemical calculations were performed for the elucidation of the noncovalent interaction strength between individual repeat units of these functionalized VAPNBs P1–P3 and P1F–P3F, and the respective gas molecules CO2, and CH4 (monomer–gas interactions), as well as interactions between individual repeat units (monomer–monomer interactions). Due to the large number of degrees of freedom and the different interaction motifs between the gas molecules and the functionalized VAPNB repeat units, a hybrid molecular dynamics/quantum chemical scheme was applied to screen a large number of near-isoenergetic conformers. The computational protocol implemented is shown schematically in Figure 2.7, and allowed us to perform density functional theory (DFT) calculations with unbiased initial structures. All molecular geometries were first optimized with DFT using the PBE049 functional, a small basis set (def2-SVP)50, and Grimme’s D3 dispersion correction51 with the Becke-Johnson damping function52 as implemented within the TURBOMOLE 7.2 program package.53 Force-field input structures were generated from the preoptimized structures using LigParGen54 for simulations using the LAMMPS55 software package. The OPLS-AA force field56 was used with a periodic box at 200 K in a NVT ensemble with a Nosé-Hoover thermostat using a 1.0 ps time constant and a 1.0 fs time step. For each system, 50,000 time steps were used to reduce the bias produced by the MD dependence on the initial structure and still provide 
[bookmark: _Ref127532473][image: ]
[bookmark: _Ref127707527][bookmark: _Hlk127705575][bookmark: _Hlk127705655][bookmark: _Toc132023688]Figure 2.7. Computational methodology used for this study.


a structure that is not trapped on a local minimum on the potential energy surface (PES).42 The thirty lowest energy structures were acquired and then optimized with DFT at the PBE0-D3(BJ)/def2-TZVPP level of theory. Tight convergence and the resolution identity for the two-electron integrals were also implemented for all DFT calculations. 
The interaction energies (ΔΕΑΒ) between two structures, A and B, were computed as demonstrated by Equation 2.7.
	
	(Equation 2.7.)


where EAB represents the energy of the interacting supersystem, and EA and EB represent the energies of the isolated systems. For calculations on monomer–gas interactions, A corresponds to a saturated monomer analog of the repeat unit of P1, P2, P3, P1F, P2F or P3F, and B to either CO2 or CH4. For the monomer–monomer examination A = B and correspond to a saturated monomer analog of the repeat unit of P1, P2, P3, P1F, P2F or P3F. 
Due to the large number of degrees of freedom of the monomer-monomer superstructures, an additional set of geometry optimizations was performed for the further validation of the computational results. Initial geometries of the monomers with short chains were generated from the most stable structures by manually removing atoms from the monomeric units that incorporate lengthier chains, which were further optimized by the 
same level of theory (PBE0-D3(BJ)/def2-TZVPP).
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[bookmark: _Toc133235218]ABSTRACT
Herein, we describe the design, synthesis, and fabrication of self-assembled diblock copolynorbornenes designed —in conjunction with a statistical copolymer control series— to span a compositional gradient between two chemically disparate homopolymers (i.e. poly(hexyl norbornene) and poly(trimethoxysilyl norbornene)). Each copolymer series (statistical and diblock) as well as the associated homopolymers were subjected to a suite of characterization techniques to demonstrate phase separated structure (in the case of the diblock copolymers), absence of phase separated structure (in the case of the homo- and statistical copolymers), chemical composition, molecular weight, and finally, gas transport behavior. At low Trimethoxysilyl norbornene (Trimeth) mol fractions (i.e. <50%), membranes exhibited the highest degree of self-assembled structure, with negligible differences in transport behavior. However, at Trimeth mol fractions greater than 50%, membranes exhibited disordered network-like structures, while gas permeability accelerated relative to the statistical copolymer controls. We hypothesize that this accelerated permeation is the consequence of preferential transport through the interconnected Trimeth domains. Detailed sorption investigations revealed a solubility-selectivity driven increase in separation capacity across both the statistical and diblock copolymer series, while this behavior is less pronounced in the diblock copolymers whose Trimeth mol fractions exceed 50%.
[bookmark: _Toc133235219]INTRODUCTION
In the current design of norbornene (NB) based membrane materials, most of the contemporary literature has focused on the design and synthesis of homopolymer materials with modifications applied to the bulk material —almost exclusively— through alterations in substituent chemistry. Conversely, an emerging subset of membrane literature involves investigating the role of micro- or nano-structure in self-assembled block copolymer systems on overall transport behavior.1-7 This paradigm shift was highlighted by a recent editorial published in Macromolecules by Moon, Freeman, Hawker, and Segalman that discusses the potential of self-assembly to address the permeability/selectivity tradeoff behavior known to exist in polymer membranes.8 While academic interest is shifting towards meaningfully corelating microstructure and gas transport, it is worth noting that many high performance commercial membrane systems utilize segmented block copolymer materials (i.e. PEBAX®, Polaris®, PolyActive®).4, 9-18 While these materials have experienced commercial success due to their attractive mechanical and molecular transport properties, the irregular nature of their block segments and ill-defined microphase structure convolute  direct correlation of microstructure and transport behavior.
Most of the membrane literature involving NB derived block copolymers focus on polymers synthesized through ring opening metathesis polymerization (ROMP), as ROMP catalysts are commercially available, are highly active in the polymerization of norbornyl monomers, and exhibit tolerance to a variety of functional groups and polymerization conditions. However, recent advances in catalyst design have enabled living vinyl-addition polymerization (AP) of a variety of substituted norbornenes using activated cationic palladium complexes.19, 20 These advances have been subsequently applied to the development of a variety of  vinyl-addition block copolynorbornenes (A-b-PNBs) that have been used to corelate microstructure with molecular transport in both: pervaporation, and ion-exchange membranes21-23 However, to the best of our knowledge, these advances in the synthesis of A-b-PNBs s have yet to be applied to the fabrication of membranes for the separation of gaseous mixtures, despite A-b-PNBs exhibiting: more robust thermomechanical properties, greater chemical stability, and higher fractional free volume (which often translates to higher gas permeability), relative to their metathesis analogous.24-26
To address this gap in current literature, we herein report the synthesis and characterization of two independent copolymer series (one diblock and one statistical) spanning a compositional gradient between poly(hexyl norbornene) (Hex) and poly(trimethoxysilyl norbornene) (Trimeth) (Figure 3.1) designed to probe the impact of microphase separated


[bookmark: _Ref130156676][bookmark: _Toc128143330][bookmark: _Toc132023689]Figure 3.1. A) Activation of tBu3PPdMeCl precatalyst using Li[B(C6F5)4]. B) Generalized synthetic scheme for homopolymers, statistical copolymers, and diblock copolymers.
structure on CO2/N2 transport and separation efficiency. The statistical copolymer series was synthesized through dropwise addition of pre-mixed monomer solutions, while synthesis of the diblock copolymer series utilized sequential monomer addition, as shown schematically in Figure 3.1. These repeat unit chemistries were chosen for several reasons: 1) The tBu3PPdMeCl catalyst system is known to polymerize hexyl norbornene to completion, thereby enabling the synthesis of diblock copolymers through sequential addition of monomers,23 2) The respective homopolymer materials exhibit markedly different transport behavior in CO2/N2 separations which we hypothesized would provide a performance “window” sufficiently wide to compare each of the copolymer materials, and 3) the chemically distinct substituents (hexyl and trimethoxysilyl) provide considerable thermodynamic potential to phase separate according to the Flory-Huggins interaction parameter (χ). 
[bookmark: _Toc133235220]RESULTS AND DISCUSSION
While the controlled vinyl addition polymerization of Hex —and other alkyl norbornenes— have been reported previously,21-23 we used the polymerization of Hex as a benchmark to validate our experimental protocol and confirm that we were able to achieve living character with our equiptment. The activated catalyst species (Figure 3.1A) was found to polymerize hexyl norbornene in a living manner, as indicated by: 1) a linear dependence of Mn on monomer conversion (Figure 3.2A), 2) the polymerization yielding increasingly narrow dispersity as conversion proceeds (Figure 3.2C), and 3) the complete conversion of Hex monomer (Figure 3.2E).27
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[bookmark: _Ref130156785][bookmark: _Toc128143331][bookmark: _Toc132023690]Figure 3.2. Mn vs. conversion plots, associated GPC traces, and conversion vs. time plots for polymerization of Hex (A, C, and E, respectively), and Trimeth (B, D, and F, respectively).
Encouraged by the results seen in the living polymerization of Hex, we conducted an analogous living study utilizing Trimeth, as —to the best of our knowledge— there are no reports of living vinyl addition polymerization of alkoxysilane substituted monomers. While Trimeth polymerization did demonstrate a linear dependence of Mn on monomer conversion (Figure 3.2B) and provided increasingly narrow dispersity (Figure 3.2D); upon complete conversion of the exo-Trimeth isomer, the conversion of endo-Trimeth slowed to rates that made complete conversion experimentally impractical (i.e. 73% endo consumption after 196 hours) (Figure 3.2F). This behavior has been reported previously for other silyl substituted norbornenes, and is hypothesized be due to the inability of endo- isomers to homopropagate.28 The incomplete consumption of residual endo-Trimeth limits the synthesis of diblock copolymers containing Trimeth, as sequential monomer addition should begin with a monomer capable of achieving full conversion (e.g., Hex) to mitigate copolymerization of residual endo-Trimeth upon addition of block 2 monomer. 
Polymerizations of Hex at varying molecular weights were successfully extended with Trimeth to yield hexx-b-trimethy diblock copolymers of similar molecular weight (i.e. ~110 kg/mol) (Table 3.1, entries 7-10). Diblock extension was achieved by first analyzing small aliquots of the block 1 polymer (B1) by 1H-NMR to confirm complete consumption of Hex (Figure B.1), followed by the addition of stoichiometrically controlled quantities of Trimeth as solutions in toluene to initiate the propagation of block 2 (B2). Successful chain extension was confirmed by comparing the Mn values of B1 aliquots to the Mn values of the overall diblock copolymer isolated by precipitation into methanol 24 hours after the
	[bookmark: _Ref130159987][bookmark: _Toc132023669]Table 3.1. Synthesis and characterization of all Homopolymers, Statistical Copolymers, and Diblock Copolymers.

	entry
	polymer
	DP
(Hex-Trimeth)
	feed mol ratio (Hex:Trimeth)
	actual mol ratioa (Hex:Trimeth)
	Yield (%)
	Mn (Kg/mol)b
	Ð

	1
	Hex100
	748-0
	100:0
	100:0
	96
	115.5
	1.3

	2
	Trimeth100
	0-502
	0:100
	0:100
	56
	108.7
	1.5

	3
	Hex⁸⁵-s-Trimeth¹⁵
	709c
	84:16
	85:15
	94
	130.5
	1.5

	4
	Hex⁵⁶-s-Trimeth⁴⁴
	590c
	60:40
	56:44
	68
	114.6
	1.4

	5
	Hex³⁸-s-Trimeth⁶²
	610c
	40:60
	38:62
	56
	122.5
	1.4

	6
	Hex²³-s-Trimeth⁷⁷
	517c
	23:77
	23:77
	57
	106.5
	1.9

	7
	Hex⁸⁴-b-Trimeth¹⁶
	495-63
	78:22
	84:16
	55
	101.6
	1.3

	8
	Hex⁵⁹-b-Trimeth⁴¹
	375-194
	48:52
	59:41
	71
	108.5
	1.4

	9
	Hex⁴¹-b-Trimeth⁵⁹
	242-334
	28:72
	41:59
	71
	114.8
	1.4

	10
	Hex²³-b-Trimeth⁷⁷
	120-418
	12:88
	23:77
	69
	111.0
	1.5

	aDetermined by 1H-NMR. NMR spectra for all polymers can be found in the Supplimental Information. 
bDetermined by gel permeation chromatography at 40°C, relative to polystyrene standards using THF as eluent.
cTotal DP. Calculated using a weighted average of the repeat unit molecular weights of hex100 and trimeth100.




onset of extension (Figure B.20 - Figure B.27). This extension is depicted graphically in the diblock copolymer GPC traces shown in Figure 3.3 where red traces represent each respective B1 aliquot, and the purple traces represent the isolated diblock copolymer.
In addition to homopolymers Hex100 and Trimeth100, and the aforementioned diblock copolymers, a series of statistical copolymers with functionally identical compositions (determined by 1H-NMR) to those of the diblocks was synthesized by dropwise addition of Hex and Trimeth in solution. As an example of this compositional control: Table 3.1 entries 5 and 9 demonstrate Hex:Trimeth observed molar incorporations of 38:62 and 41:59, respectively. All 1H-NMR spectra with associated integrations are shown in Figure B.2 - Figure B.11. Dropwise addition was used to limit potential sequence distribution of Hex and Trimeth repeat units due to possible reactivity ratios of the two monomers and was adopted following the methods of Register and co-workers.19, 21 The compositional control of diblock and statistical copolymers allows for comparison between entries of each series by normalizing out influence of polymer composition on gas transport.
Membranes fabricated of all polymers reported herein were characterized by wide angle X-ray scattering, and small angle X-ray scattering (WAXS and SAXS, respectively) using a Xeoncs Xeuss 3.0 instrument operating in a transmission geometry. WAXS revealed broad amorphous halos for all homo-, statistical, and diblock copolymers which is consistent with prior reports of analogous materials.29-33
As shown graphically in Figure 3.4A and numerically in Table B.1, WAXS profiles of Hex100, the statistical copolymer series, and Trimeth100 show three primary 
[image: ]
[bookmark: _Ref130166576][bookmark: _Toc128143332][bookmark: _Toc132023691]Figure 3.3. GPC traces for homopolymers Hex100 (red) and Trimeth100 (blue), 4 statistical copolymers (purple), and 4 diblock copolymers (B1 aliquots in red, diblock copolymers in purple) 
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[bookmark: _Ref130167032][bookmark: _Toc128143334][bookmark: _Toc132023692]Figure 3.4. azimuthally integrated 1D WAXS profiles for: statistical copolymer films (A), and diblock copolymer films (B) with homopolymers included in both overlays. Note the bimodality of the scattering profile between 1.0 q and 1.5 q in the block copolymer samples, while the d2 peak in the statistical copolymer samples appears as a unimodal peak.


scattering peaks at approximate q values of 0.4, 1.2, and 2.7 Å-1 with a minor peak at q ~ 1.6 Å-1 appearing at increasing intensity in Hex³⁸-s-Trimeth⁶², Hex²³-s-Trimeth⁷⁷, and Trimeth¹⁰⁰. Scattering in the WAXS profiles of the diblock copolymer series occur at practically identical length-scales (Figure 3.4B), suggesting the angstrom-scale structure of each copolymer series (statistical vs. diblock) is largely consistent.
Additional structural insight can be gained by comparing the scattering profiles of the statistical and diblock series between 1.0 and 1.5 Å-1. The statistical copolymer series shows a uniform —and unimodal— transition in the scattering peak starting at 1.33 Å-1 in Hex100  to increasingly small angles (higher d-spacings) through the series until reaching 
a q value of 1.04 Å-1 for Trimeth100 (Table B.1). Conversely, in the diblock copolymer series (Figure 3.4B), the scattering peak at ~1.33 Å-1 persists through the series with increasing Trimeth content giving rise to an additional scattering peak at ~1.1 Å-1. These data suggest the existence of two discrete polymer phases co-existing within the diblock copolymer (this interpretation is further supported by SAXS and TEM results). Additionally, given the length-scale of ordering at ~1.0 -1.3 Å-1 (d-spacing ~6-7 Å), this structural regime is likely representative of intrachain repeat unit spacing with the scattering peaks occurring at ~0.4 Å-1 (d-spacing ~17 Å) correlating to tube-like coils of the addition polynorbornene chains.34
[bookmark: _Hlk132713969]1D SAXS diffractograms reveal microphase structuring for all diblock copolymer materials reported herein, with broad scattering profiles indicative of poor long-range order. Figure 3.5 shows azimuthally integrated SAXS profiles for all studied diblock 
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[bookmark: _Ref130167187][bookmark: _Toc128143333][bookmark: _Toc132023693]Figure 3.5. Azimuthally integrated 1D small angle X-ray scattering profiles for diblock copolymer films (black - Hex⁸⁴-b-Trimeth¹⁶, yellow - Hex⁵⁹-b-Trimeth⁴¹, cyan - Hex⁴¹-b-Trimeth⁵⁹, and green - Hex²³-b-Trimeth⁷⁷). Solid inverted triangles denote directly observed scattering peaks. 
copolymers where inverted triangles denote either: the primary Bragg scattering vector q* with associated d-spacing, or higher order peaks indexed to q* according to structural hypotheses developed in conjunction with TEM images. All diffractograms are shown with inverted triangles denoting directly observed scattering peaks. This is the case for Hex⁵⁹-b-Trimeth⁴¹ with index peaks occurring at q√4, q√9, q√16, and q√25, which is highly suggestive of a lamellar phase structure (LAM). Interestingly, in the diffractogram of Hex⁵⁹-b-Trimeth⁴¹, near extinction is observed in the scattering of the evenly indexed peaks q√4 and q√16. This phenomenon is a consequence of equal volume form factor lamellae, and has been observed previously in the literature.35 Alternately, in the case of 
Hex⁸⁴-b-Trimeth¹⁶, Hex⁴¹-b-Trimeth⁵⁹, Hex²³-b-Trimeth⁷⁷ where phase structure was not readily evident through interpretation of the diffractograms, the primary scattering vectors demonstrate d-spacings occurring in the poorly ordered bulk matrix
[bookmark: _Hlk132714039][bookmark: _Hlk132724322]These data demonstrate d-spacings for Hex⁸⁴-b-Trimeth¹⁶, Hex⁵⁹-b-Trimeth⁴¹, Hex⁴¹-b-Trimeth⁵⁹, and Hex²³-b-Trimeth⁷⁷ occurring at 71.6 nm, 82.6 nm, 68.5 nm, and 48.7 nm, respectively (Figure 3.5). Indexing of the Bragg scattering in these 1D profiles suggests the compositional gradient of the diblock copolymer series results in a variety of nano-phase structured materials. In conjunction with real-space TEM micrographs (Figure 3.6), these microstructures have been classified as: CYL for Hex⁸⁴-b-Trimeth¹⁶  LAM for Hex⁵⁹-b-Trimeth⁴¹   and finally, disordered structures (DIS) for Hex⁴¹-b-Trimeth⁵⁹, and Hex²³-b-Trimeth⁷⁷ (Figure 3.5 and 3.6).
As expected, small angle Bragg scattering is entirely absent in both: the statistical

[bookmark: _Ref133234551]Figure 3.6. TEM micrographs of all diblock copolymer materials reported herein. Hex⁸⁴-b-Trimeth¹⁶ (top left), Hex⁵⁹-b-Trimeth⁴¹ (top right), Hex⁴¹-b-Trimeth⁵⁹ (bottom left), and Hex²³-b-Trimeth⁷⁷ (bottom right). All samples were imaged without staining.


copolymer series, as well as the homopolymers Hex100 and Trimeth100 (Figure B.34). These data, in conjunction with the observed differences in WAXS profiles of the diblock and statistical copolymer series, further support an absence of microphase structuring in the statistical copolymer series. Furthermore, as the chemical composition of the diblock copolymer series and statistical copolymer series are practically identical (as evidenced through 1H-NMR analysis (Figure B.2 - Figure B.13)), it is likely that any differences in gas transport behavior between the two copolymer series are a consequence of microphase structuring within the diblock copolymer series, as opposed to differences in chemical composition. 
[bookmark: _Hlk132724468]Real space morphologies of microphase structuring in the diblock copolymer membranes were visualized using transmission electron microscopy (TEM). Membranes were embedded in two-part epoxy and sectioned in ~70 - 100 nm thin sections perpendicular to the normal direction using a Leica EM UC7 ultramicrotome. Thin sections were then supported on 200 mesh copper TEM grids prior to imaging on a JEOL JEM 1400-Flash TEM. In conjunction with the SAXS data discussed above, TEM micrographs (Figure 3.6) show ordering on moderate length scales with Hex⁸⁴-b-Trimeth¹⁶, Hex⁵⁹-b-Trimeth⁴¹, Hex⁴¹-b-Trimeth⁵⁹, and Hex²³-b-Trimeth⁷⁷ each adopting phase-separated structure at nanometer length-scales. 
Pure gas N2 and CO2 permeabilities of all membranes were determined in triplicate via the constant volume – variable pressure technique using home-built instruments. The resulting permeation data is compiled in Table 3.2, and depicted visually on a log-log plot 
	[bookmark: _Ref130167385][bookmark: _Toc132023670]Table 3.2. Ideal Permeability, Selectivity and Densities of all Homopolymers, Statistical Copolymers, and Diblock Copolymers.

	 
	 
	P(Barrer)
	 
	

	entry
	polymer
	CO2
	N2
	α (CO2/N2)a
	density (g/cm3)b

	1
	Hex¹⁰⁰
	70 (± 4)
	5 (± 0.2)
	14.9 (± 0.3)
	0.981 

	2
	Trimeth¹⁰⁰
	1331 (± 63)
	47 (± 2)
	28.5 (± 1.2)
	1.215

	3
	Hex⁸⁵-s-Trimeth¹⁵
	110 (± 2)
	6 (± 0.2)
	17.1 (± 0.3)
	1.018

	4
	Hex⁵⁶-s-Trimeth⁴⁴
	244 (± 3)
	11 (± 0.3)
	21.5 (± 0.4)
	1.082

	5
	Hex³⁸-s-Trimeth⁶²
	445 (± 14)
	18 (± 0.5)
	24.3 (± 0.1)
	1.124

	6
	Hex²³-s-Trimeth⁷⁷
	568 (± 11)
	26 (± 0.2)
	26.4 (± 0.2)
	1.152

	7
	Hex⁸⁴-b-Trimeth¹⁶
	109 (± 5)
	7 (± 0.4)
	16.1 (± 0.4)
	1.024

	8
	Hex⁵⁹-b-Trimeth⁴¹
	251 (± 14)
	14 (± 1)
	18.2 (± 1.3)
	1.082

	9
	Hex⁴¹-b-Trimeth⁵⁹
	515 (± 26)
	23 (± 1)
	22.4 (± 2.2)
	1.099

	10
	Hex²³-b-Trimeth⁷⁷
	860 (± 29)
	33 (± 2)
	26.4 (± 1.3)
	1.138

	aIdeal selectivity calculated as P(CO2)/P(N2)
bDensity values determined via Archimedes’ principle using a Mettler Toledo density kit.





of ideal CO2/N2 selectivity (α CO2/N2) versus CO2 permeability (P CO2) in Figure 3.7. Relative to Hex100, both the P CO2 and α CO2/N2 of Trimeth100 are markedly higher ((Trimeth100: P CO2 = 1331, α CO2/N2 = 28.5) vs. (Hex100: P CO2 = 70, α CO2/N2 = 14.9)). Sufficient contrast in the gas transport properties of these two homopolymer materials allow the viewer to reasonably resolve the gas transport behavior of each of the entries spanning the compositional gradient between the two homopolymer endpoints through both: the statistical copolymer series (Table 3.2 entries 3-6, Figure 3.7 circles), and the diblock copolymer series (Table 3.2 entries 7-10, Figure 3.7 squares).
The separation performance of the statistical and diblock copolymers follow similar trends towards higher permeability and selectivity as the molar incorporation of Trimeth increases (Figure 3.7 circles vs. squares). However, the diblock copolymers trend toward lower α CO2/N2 and virtually identical permeability (for both CO2 and N2) at low to moderate Trimeth incorporation (i.e. 62 mol% and below) when compared to their statistical copolymer analogs (Figure 3.7 black, yellow, and cyan: circles vs. squares). Conversely, on the Trimeth enriched end of the series this observed relation reverses, such that the α CO2/N2 of Hex²³-s-Trimeth⁷⁷, Hex²³-b-Trimeth⁷⁷, and Trimeth100 are virtually identical while the P CO2 of Hex²³-b-Trimeth⁷⁷ is ~300 Barrer higher than its statistical copolymer analog Hex²³-s-Trimeth⁷⁷. 
Perhaps most interestingly, the observed differences in permeability (between statistical and diblock copolymers) appear most prominently in copolymer materials exceeding 50 mol% Trimeth, as shown in Figure 3.8. In correlating this observation with 

[image: ]
[bookmark: _Ref130167425][bookmark: _Toc128143335][bookmark: _Toc132023695]Figure 3.7. Robeson plot for all polymers investigated herein. Red and blue triangles are Hex100 and Trimeth100, respectively. Black, yellow, blue, and green data-points convey varying compositions of Hex-Trimeth copolymers with circles representing statistical copolymers and squares representing diblock copolymers.
[image: ]
[bookmark: _Ref130167510][bookmark: _Toc132023696]Figure 3.8. CO2 permeation (A) and N2 permeation (B) vs. Mol% Trimeth incorporation for all polymers reported herein. Legend on left plot applies to both plots.
statistical copolymers Hex⁸⁵-s-Trimeth¹⁵, and Hex⁵⁶-s-Trimeth⁴⁴ when compared to their diblock copolymer analogs Hex⁸⁴-b-Trimeth¹⁶, and Hex⁵⁹-b-Trimeth⁴¹ (see Figure 3.8).
[bookmark: _Hlk132725166]The observed acceleration of gas permeation in Hex⁴¹-b-Trimeth⁵⁹, and Hex²³-b-Trimeth⁷⁷ relative to the analogous statistical copolymers Hex³⁸-s-Trimeth⁶², and Hex²³-s-Trimeth⁷⁷ —within the context of microphase separated structure— suggests that permeation in the diblock copolymer materials is taking place preferentially through the Trimeth enriched matrix, with the DIS network becoming increasingly interconnected as the volume fraction of Trimeth increases. This results in markedly higher permeability 
values for the diblock copolymers relative to their statistical copolymer analogs. Conversely, preferential permeation is not possible in the statistical copolymers Hex³⁸-s-Trimeth⁶², and Hex²³-s-Trimeth⁷⁷ (evidenced by their significantly lower permeability relative to their diblock analogs (Figure 3.8)) as penetrant molecules have no alternative to interaction with Hex content in the spatially homogeneous polymer matrix of the statistical copolymer.
To develop a more comprehensive mechanistic understanding of the discrepancies in gas transport behavior discussed above, a detailed analysis of pure gas sorption and diffusion parameters was performed. As described by the dual-mode sorption model of gas transport in dense polymer membranes, the permeability (P) of a given penetrant species is the product of the concentration averaged diffusion coefficient (D), and solubility coefficient (S) (see Equation 3.2). Solubility parameters of all polymers reported herein were determined experimentally through detailed analysis of pure gas sorption isotherms generated using the dual-volume pressure-decay method. As shown in Figure 3.9, these isotherms were fit using a custom Python script to either the dual-mode sorption model or linearly, achieving good regression factors (R2 ≥ 0.995 for N2, and R2 ≥ 0.999 for CO2). These isotherms were then used to determine solubility coefficients (S) by solving Equation 3.3 as pressure approaches 0 atm. Diffusion coefficients were then calculated through algebraic manipulation of Equation 3.2 using the experimentally determined P and S parameters (Table 3.3).
Several trends were observed through a detailed analysis of sorption isotherms and calculated D and S parameters. First, the diffusivity of N2 and CO2 increases through both series (block and statistical) from Hex100 to Trimeth100 (DN₂ = 0.32 to 1.28) and (DCO₂ = 
0.62 to 2.22) as shown numerically in Table 3.3 and graphically in Figure 3.10A and 3.10C. This observation is consistent with the WAXS data where the scattering vector q2 shifts to increasingly small angles (1.33 to 1.04 Å-1) which translates to increasingly wide (dB/dic)2 spacings (4.8/5.8 to 6.1/7.4 Å). This observation suggests that the structural regime occurring at the 5-8 angstrom length-scale is operative in diffusion of gaseous species in addition type polynorbornenes. While the incorporation of Trimeth content increases diffusivity of CO2 and N2 in both the statistical and block copolymer series, the increase in DN₂ is directly proportional to the increase in DCO₂, such that overall diffusivity selectivity (DCO₂/DN₂) is largely unchanged across both series (1.92 to 1.73) (Figure 3.10E). 
Analysis of individual solubility parameters reveals a direct proportionality between Trimeth content and both SN₂ and SCO₂ in the statistical copolymer series
	[bookmark: _Ref130167587][bookmark: _Toc132023671]Table 3.3. Diffusivity and Solubility Coefficients, as well as individual Henry’s Law and Langmuir Sorption Parameters of Homopolymers Hex100 and Trimeth100 (entries 1 and 2), the statistical copolymer series (entries 3-6), and the diblock copolymer series (entries 7-10).

	 
	 
	Da ((cm2ꞏs-1)ꞏ10-6)
	 
	Sb (cm3[STP]ꞏcm-3ꞏatm-1)
	 
	CO2
	 
	N2

	entry
	polymer
	CO2
	N2
	
	CO2
	N2
	
	kd
	C'Hb
	 
	kd
	C'Hb

	1
	Hex¹⁰⁰
	0.61
	0.32
	1.92
	0.86
	0.11
	7.77
	0.86
	-c
	
	0.11
	- c

	2
	Trimeth¹⁰⁰
	2.22
	1.28
	1.73
	4.56
	0.28
	16.48
	1.53
	3.03
	
	0.28
	- c

	3
	Hex⁸⁵-s-Trimeth¹⁵
	0.62
	0.37
	1.67
	1.35
	0.13
	10.25
	0.92
	0.43
	
	0.13
	- c

	4
	Hex⁵⁶-s-Trimeth⁴⁴
	0.78
	0.48
	1.65
	2.36
	0.18
	13.05
	1.28
	1.08
	
	0.18
	- c

	5
	Hex³⁸-s-Trimeth⁶²
	1.10
	0.65
	1.69
	3.07
	0.21
	14.39
	1.45
	1.62
	
	0.26
	- c

	6
	Hex²³-s-Trimeth⁷⁷
	1.20
	0.69
	1.73
	3.61
	0.24
	14.87
	1.44
	2.17
	
	0.24
	- c

	7
	Hex⁸⁴-b-Trimeth¹⁶
	0.45
	0.27
	1.65
	1.86
	0.19
	9.74
	0.98
	0.88
	
	0.19
	- c

	8
	Hex⁵⁹-b-Trimeth⁴¹
	0.93
	0.62
	1.48
	2.06
	0.17
	12.18
	1.08
	0.98
	
	0.17
	- c

	9
	Hex⁴¹-b-Trimeth⁵⁹
	1.32
	0.77
	1.71
	2.96
	0.23
	13.00
	1.32
	1.64
	
	0.23
	- c

	10
	Hex²³-b-Trimeth⁷⁷
	1.83
	0.93
	1.97
	3.58
	0.27
	13.35
	1.44
	2.14
	
	0.27
	- c

	aDiffusivity (D) coefficients were determined algebraically using equation 2. 
bSolubility coefficients (S) were measured using the dual-volume pressure decay method and reported as pressure approaches 0 atm. 
cIsotherms had no observable Langmuir sorption and therefore were fit linearly. 



[image: ]
[bookmark: _Ref130167564][bookmark: _Toc132023697]Figure 3.9. N2 sorption ((A) and (C)) and CO2 sorption ((B) and (D)) isotherms for all polymers discussed herein. Red and blue solid lines represent isotherms for Hex100 and Trimeth100, respectively and are included on each plot as they represent the compositional endpoint of both the statistical and diblock series. Black, yellow, cyan, and green solid lines represent isotherms for the statistical copolymer series ((A) and (B)). Black, yellow, cyan, and green dashed lines represent isotherms for the diblock copolymer series ((C) and (D)).


[image: ]
[bookmark: _Ref130167637][bookmark: _Toc132023698]Figure 3.10. Calculated D and S coefficients for all polymers reported herein. Legend in plot (A) applies to all plots. Triangles denote homopolymers, circles denote statistical copolymers, and squares denote block copolymers. 

(Figure 3.10B and 3.10D, circles). While increased Trimeth content in the diblock copolymer series results in an overall increase in SN₂ and SCO₂ (Figure 3.10B and Figure 3.10D, squares), the relationship is not nearly as linear as in the statistical copolymer series. Furthermore, while the solubility of N2 and CO2 increases across both the statistical and diblock series, the increase in CO2 solubility is much more prominent. This results in a marked increase in SCO₂/SN₂ across both series, with SCO₂/SN₂ increasing 112% from Hex100 to Trimeth100 (7.77 to 17.48). While the solubility selectivity of both 
series increases as a function of increased Trimeth100 content, the enhanced solubility selectivity of the diblock copolymer series appears to taper off at higher Trimeth mol percentages such that the SCO₂/SN₂ of Hex³⁸-s-Trimeth⁶², and Hex²³-s-Trimeth⁷⁷ are 10.7% and 11.4% higher respectively than their diblock copolymer analogs Hex⁴¹-b-Trimeth⁵⁹, and Hex²³-b-Trimeth⁷⁷ (Figure 3.10F).
[bookmark: _Toc133235221]CONCLUSIONS
Two independent copolymer series (statistical and diblock) were synthesized and used to probe the influence of nanophase separated structure on gas transport behavior. Each copolymer (as well as the associated homopolymers Hex100 and Trimeth100 were cast into free standing films, and their CO2/N2 permselectivity, solubility and diffusivity were measured. These transport parameters were correlated to observed differences in phase separated structures observed in the diblock copolymer series. The apparent lack of phase separation in the statistical copolymer series (as shown through SAXS), enabled direct comparisons between the statistical and diblock copolymers such that observed differences in transport behavior were the consequence of phase separation. The diblock copolymers exhibited lower permselectivity and comparable permeability at low Trimeth mol percentages when compared to their statistical copolymer analogs. At higher Trimeth mol percentages, the diblock copolymers exhibited slightly higher permeability and virtually identical permselectivity.
The diblock copolymers with lower Trimeth mol percentages (i.e., where phase separated structure consists of discontinuous Trimeth regions surrounded by a continuous Hex matrix) exhibit practically identical gas transport behavior to their statistical copolymer controls (Figure 3.8). However, the diblock copolymers whose Trimeth mol percentages exceed 50% (i.e., where phase separated structure consists of discontinuous Hex regions surrounded by a continuous Trimeth matrix) exhibit markedly higher permeabilities than their statistical copolymer controls (Figure 3.8). We hypothesize that this observed acceleration in permeability as a function of Trimeth mol% is the consequence of preferential permeation through the more permeable Trimeth phase present in the diblock copolymers Hex⁴¹-b-Trimeth⁵⁹ and Hex²³-b-Trimeth⁷⁷. Conversely, this proposed preferential permeation is not possible in the diblock copolymers Hex⁸⁴-b-Trimeth¹⁶ and Hex⁵⁹-b-Trimeth⁴¹, as their Trimeth-rich phases are distributed discontinuously through a continuous Hex matrix. In this way, the permeation of a gaseous species through the diblock copolymers discussed herein is governed largely by its transport properties through a limiting body.
[bookmark: _Toc133235222]EXPERIMENTAL SECTION
[bookmark: _Toc133235223]Materials and Methods
Air sensitive reactions were conducted under a nitrogen atmosphere using either: an MBraun Unilab glovebox, or standard air-free technique utilizing Schlenk glassware. Once synthesized or received, monomers were purified by iterative vacuum distillation, dried using CaH2, degassed via successive freeze-pump-thaw cycles (3x), and stored over 3Å molecular sieves in the glovebox prior to use. 5-Trimethoxysilyl-2-norbornene was synthesized according to literature procedure.31 5-Hexyl-2-norbornene was generously provided by Promerus, LLC. Trimethoxyvinylsilane was purchased from Gelest and used as received. Dicyclopentadiene was purchased from Acros Organics and used as received. Chloromethyl (1,5-cyclooctadiene)palladium(II) and tri-tert-butylphosphine were purchased from Strem and used as received. Toluene for polymerizations was purchased from Fisher Scientific, dried and deoxygenated via passage through an Innovative Technologies PureSolv solvent purification system, and stored in the glovebox prior to use. Methanol for polymer precipitation was purchased from Fisher Scientific and used as received. Toluene for film casting was purchased from Fisher Scientific and used as received.
[bookmark: _Toc133235224]General Homopolymer Synthesis
Homopolymers were synthesized at room temperature inside the glovebox using standard laboratory procedure. Homopolymers discussed herein are designated either Hex100 or Trimeth100 where “Hex” and “Trimeth” indicate poly(hexyl norbornene) and poly(trimethoxysilyl norbornene), respectively. A standardized initial monomer concentration of 0.4 M was utilized for all homopolymerizations. The following procedure was used in the preparation of Trimeth100 (Table 3.1, Entry 2): inside the glovebox, trimethoxysilyl norbornene (4.5 g, 0.021 mol) and toluene (51 mL) were added to a large Schlenk tube equipped with a magnetic stirring bar. To a separate 20 mL scintillation vial equipped with a magnetic stirring bar, tBu3PPdMeCl (5.4 mg, 14.9 μmol), Li[B(C6F5)4]∙2.5Et2O (14 mg, 15.7 μmol), and toluene (1.0 mL) were added and stirred for 15 minutes to ensure complete formation of the active catalytic species. The solution of activated catalyst was rapidly injected into the Schlenk flask containing the trimethoxysilyl norbornene solution. The reaction vessel was then sealed, removed from the glovebox, mounted above a magnetic stir plate, and cycled onto positive N2 pressure using a Schlenk line. After 22 h, the polymer was isolated by precipitation into MeOH, vacuum filtered, and finally dried in vacuo to constant weight (2.3800 g, 53% yield).
[bookmark: _Toc133235225]Determination of Living Character of Vinyl Addition Polymerization
Time resolved 100 μL aliquots were taken directly from the polymerization mixture and quenched by rapid addition to a vial containing 100 μL of acetonitrile. Monomer solutions were spiked with 1 mol equivalent of anisole per 4 mol equivalents of monomer prior to initiation of polymerization, such that monomer conversion could be determined through 1H-NMR by weighing the integration of the methoxy protons of anisole relative to the integration of the olefin protons of the monomer. Quenched aliquots were dissolved in 600 μL of deuterated chloroform for 1H-NMR analysis. Following collection of NMR spectra, the samples were concentrated in vacuo to isolate polymer residues whose molecular weights were characterized by GPC.
[bookmark: _Toc133235226]General Diblock Copolymer Synthesis
Diblock copolymers were synthesized and isolated using a similar procedure to that used in homopolymer synthesis, but instead, using sequential monomer addition to control the sequence distribution of the Hex and Trimeth repeat units. All diblock copolymers discussed herein are designated using the generalized nomenclature Hexx-b-Trimethy where "b” denotes a blocky polymer architecture, and the superscripts “x” and “y” denote mol percentages —as determined by 1H-NMR— of the Hex and Trimeth repeat units, respectively. The following example procedure was used in the synthesis of Hex⁵⁹-b-Trimeth⁴¹ (Table 3.1, Entry 8): inside the glovebox, hexyl norbornene (1.5 g, 8.41 mmol) and toluene (21 mL) were added to a large Schlenk tube equipped with a magnetic stirring bar. To a separate 20 mL scintillation vial equipped with a magnetic stirring bar, tBu3PPdMeCl (6.7 mg, 18.7 μmol), Li[B(C6F5)4]∙2.5Et2O (17 mg, 19.6 μmol), and toluene (1.0 mL) were added and stirred for 15 minutes to ensure complete formation of the active catalytic species. Polymerization was initiated by rapidly injecting the activated catalyst solution into the Schlenk flask containing the hexyl norbornene solution. The reaction vessel was then sealed, removed from the glovebox, mounted above a magnetic stir plate, and cycled onto positive N2 pressure using a Schlenk line. After 1 h of elapsed time, the reaction vessel was sampled using an air-free needle, and complete conversion of the hexyl norbornene was confirmed by 1H-NMR (sample spectra of these aliquots are shown in Figure B.1). Inside the glovebox, a solution of trimethoxysilyl norbornene (1.92 g, 8.97 mmol) and toluene (22 mL) was prepared, and subsequently transferred to the ongoing polymerization using standard air-free technique. The reaction mixture was stirred for an additional 24 h to allow for complete extension of the trimethoxysilyl block. The polymer was then isolated by precipitation into MeOH, vacuum filtered, and finally dried in vacuo to constant weight (2.7479 g, 80% yield). 
[bookmark: _Toc133235227]General Statistical Copolymer Synthesis
Hex-s-trimeth copolymers were synthesized through dropwise addition of 0.4 M monomer solutions into Schlenk glassware containing a pre-activated catalyst solution. This technique was adopted following the methods of Register and co-workers21 and was utilized to mitigate any potential sequence distribution of Hex and Trimeth repeat units due to differences in reactivity ratios. All statistical copolymers discussed herein are designated using the generalized nomenclature Hexx-s-Trimethy where "s” denotes a statistical distribution of repeat units, and the superscripts “x” and “y” denote mol percentages —as determined by 1H-NMR— of the hexyl and trimethoxysilyl repeat units, respectively. The following example procedure was used in the synthesis of Hex⁵⁶-s-Trimeth⁴⁴ (Table 3.1, Entry 4): Inside the glovebox, to a 100 ml Schlenk flask equipped with a magnetic stirring bar, tBu3PPdMeCl (9.0 mg, 25.1 μmol), Li[B(C6F5)4]∙2.5Et2O (23.0 mg, 26.4 μmol), and toluene (1.0 mL) were added and stirred for 15 minutes to ensure complete formation of the active catalytic species. In a separate 100 mL round bottom flask, hexyl norbornene (2.5 g, 14.0 mmol), trimethoxysilyl norbornene (2.0 g, 9.35 mmol), and toluene (58 mL) were added and mechanically stirred. The resulting solution was drawn into a 100 mL Hamilton Gastight® syringe equipped with a 12” stainless-steel luer lock needle. The tip of the stainless-steel needle was then pierced into a small piece of butyl rubber to prevent air contamination upon removal from the glovebox. The Schlenk flask containing the activated catalyst solution and the syringe containing the monomer solution were then removed from the glovebox. The Schlenk flask was mounted above a magnetic stir plate and cycled onto positive N2 pressure using a Schlenk line, while the Gastight® syringe was mounted on an Aladdin AL-1000 syringe pump. The tip of the stainless-steel needle was then pierced fully through the protective rubber tip and directly through the septa of the Schlenk flask containing the activated catalyst solution. The syringe pump was then programmed to add the entire 64 mL volume evenly over a 18 h period (66 μLꞏmin-1). After complete addition of monomer solution, the polymerization was stirred for an additional 6 h to ensure maximum conversion of the monomer mixture. The polymer was then isolated by precipitation into MeOH, vacuum filtered, and finally dried in vacuo to constant weight (3.0622 g, 68% yield)
[bookmark: _Toc133235228]Membrane Preparation
Membranes were fabricated by applying a drawdown bar (BYK Gardner 20 MIL) to concentrated polymer-toluene solutions (~200 mg/mL) on temperature-controlled glass plates. Glass plates were heated to a standardized temperature of 50 °C to mitigate environmental variability in temperature over the course of the study. As an example, Hex⁸⁴-b-Trimeth¹⁶ (2.0g) was dissolved in toluene (10 mL), filtered through a 0.45micron syringe filter into a freshly cleaned glass vial, and stayed for approximately 1 hour to allow bubbles to dissipate. The polymer solution was then heated to 50 °C, poured onto a temperature controlled (50 °C) glass surface and pulled into 20 MIL wet film using a drawdown bar. The wet film was covered with a large recrystallization dish to prevent dust infiltration and stayed for approximately 2 hours. The membrane was further dried in a vacuum oven at 50 °C overnight, before floating the membrane off the glass plate with a small volume of water. The isolated membrane was pat dried with a Kimwipe and then stored in a vacuum oven until further characterization. 
[bookmark: _Toc133235229]Polymer Characterization
[bookmark: _Ref126852954]1H NMR of all polymers were obtained in CDCl3 using a Varian 500MHz spectrometer. All 1H NMR spectra were referenced to the residual CHCl3 peak at δ = 7.26 ppm. Monomer incorporation ratios were determined by comparing the integration of the methoxy protons from the trimethoxysilyl repeat unit (3.700 ppm – 3.350 ppm, 9H) to the methyl protons from the terminus of the hexyl repeat unit (0.920 ppm – 0.800 ppm, 3H) (Figure B.2 - Figure B.13). Polymer molecular weights were determined relative to polystyrene standards using a Tosoh EcoSEC GPC system running tetrahydrofuran eluent at 40 °C. Polymer densities were determined via Archimedes principle using a Mettler Toledo MS-DNY-43 density kit interfaced to a Mettler Toledo MS204S analytical balance.
[bookmark: _Toc133235230]Permeation Analysis
Pure gas flux was measured using a custom-built, constant-volume, variable-pressure permeation instrument. Flux measurements were used to calculate permeability coefficients according to Equation 3.1.
[bookmark: _Ref126852719]	(Equation 3.1)
Downstream volumes (Vd) were determined through sequential Burnett expansions using He gas, as reported in the literature.36 Membrane thicknesses (l) were directly measured using a Mitutoyo 293−832−30 digital micrometer, and typically ranged between 80-110 μm. Upstream pressure (Pu) was recorded as a time weighted average for the duration of steady state flux measurement. Effective membrane surface area (A) was measured using the open-source image analysis software platform ImageJ, using images generated with an Epson Perfection V19 flatbed scanner. R = 0.278 . Temperature (T) was recorded using an analog alcohol thermometer mounted directly outside the permeation cell.
[bookmark: _Toc133235231]Determination of Diffusivity and Solubility Coefficients
According to the solution-diffusion model of gas transport in dense polymeric membranes, membrane permeability is the product of its solubility and diffusivity coefficients, as described by Equation 3.2. To determine individual solubility and diffusivity coefficients, sorption isotherms were generated for each membrane material using a custom-built dual-volume dual-transducer pressure decay instrument. Concentration of absorbed gas was calculated as described by Koros and Paul.37 Sorption isotherms were fit either linearly or to Equation 3.3. using a custom python script utilizing a truncated Newton curve fitting method. Solubility coefficients were then calculated as p → 0 using the kd, C′H, and b parameters determined through curve fitting. With both P and S measured directly, diffusivity coefficients D were determined algebraically using Equation 3.2.
	(Equation 3.2.)
	(Equation 3.3.)
[bookmark: _Toc133235232]Wide and Small Angle X-ray Scattering
Polymer films were illuminated at normal incidence (transmission through the film thickness) using A Xenocs GeniX 3D microfocus source with a copper target (wavelength λ = 0.154 nm) under ambient conditions. The sample−detector distance was 0.045 m for WAXS and 1.8 m for SAXS. A Pilatus3 R 300 K detector (Dectris) operating in “line eraser” mode was used with pixel size of 172 μm × 172 μm. Total exposure time was 5 min. The two-dimensional images from each measurement were azimuthally integrated to yield a one-dimensional scattering profile of intensity I (a.u.) versus scattering vector q (Å−1). Interchain distances were calculated via Bragg’s law (Equation 3.4.) to give dB or a modified form of the Bragg law (Equation 3.5.) in which a correction factor of 1.22 is applied to give dic. This correction factor has been proposed to reflect interchain spacing more accurately for polymeric materials.25, 38
	
	(Equation 3.4.)

	
	(Equation 3.5.)


[bookmark: _Toc133235233]Transmission Electron Microscopy
Membranes were embedded laterally in Devcon 14255 black epoxy inside gelatin capsules. After the epoxy was fully cured (~24 h), the gelatin capsule was removed by soaking the assembly in hot water for ~10 min. The epoxy embedded sample was cut to expose an epoxy-sample-epoxy monolith (~1 mm2) at the top of the epoxy cylinder. The entire sample was mounted in a Leica EM UC7 ultramicrotome, and sectioned to flatness using a glass knife, followed by the preparation of 70-100 nm thin sections using a DiATOME diamond knife with cut sections floated onto de-ionized water. Cut sections were mounted on 200 mesh copper TEM grids and imaged without further sample preparation using a JEOL JEM 1400-Flash TEM operated at an acceleration voltage of 120 kV. Micrographs were recorded on a 4k x 4k Gatan OneView CMOS Camera with 15 µm pixels. 
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Chapter IV [bookmark: _Toc133235235]: CONCLUSIONS AND OUTLOOK


In summary, the central objective of the work discussed herein is to develop a mechanistic understanding of the principles that govern gas transport in dense polymer membranes. Polynorbornenes are uniquely suited to enable this understanding, as the inherently modular nature of their synthesis enables a great degree of structural variation through facile chemical transformations. This structural diversity enables structural modifications to substituent chemistry while maintaining a common polymer backbone thereby simplifying interpretation of observed transport phenomena. The diversity of these materials is highlighted by the plethora of materials discussed in Chapter 1, although these Chapter 1 materials represent only a small fraction of all norbornene derived materials in the literature.
Chapter II outlines our efforts to investigate the role of fluorine incorporation on CO2/CH4 separation performance. Our initial hypothesis centered around prior observations that hydrocarbon gasses tend to have very low solubility in fluorinated polymer matrices. If incorporation of fluorine could be attained without deleterious effects on CO2 permeability, then separation may be achieved solely through decreased CH4 permeability. While the incorporation of fluorine did enhance CO2/CH4 separation capacity, detailed sorption experiments revealed that this enhanced separation capacity was due to increased sorption of CO2, while CH4 solubility remained virtually unchanged. While this is likely due to favorable interactions between the polarity of the fluorinated substituent with the quadrupole of the CO2 molecule, computational modeling fell short in demonstrating this favorable interaction. It is likely that more sophisticated computational approach is warranted in to accurately model the differences between fluorocarbon polymer  gas and hydrocarbon  gas interactions. 
Chapter III outlined the systematic design, synthesis, and characterization of a series of diblock copolynorbornenes, a statistical copolymer control series, as well as associated homopolymer materials. The chemistry of this system was designed to provide insight into the role of microstructure on gas transport behavior. We found that ordered membranes tend to exhibit transport behavior similar to their statistical copolymer analogs, while disordered networks tend to exhibit accelerated permeability of both CO2 and N2. We hypothesize that this accelerated permeation is the result of preferential permeation through interconnected phase domains of the more permeable trimethoxysilyl substituted polynorbornene block. While the differences in transport behavior are less dramatic than we had initially envisioned, a more sophisticated approach in guiding self-assembly may yield better results. For example, self-assembly and nonsolvent induced phase separation (SNIPS) could enable access to membrane structures with ultra-thin block copolymer assemblies supported on an asymmetric membrane structure. These materials may exhibit greater differences in transport behavior, as gas molecules would have a much shorter diffusion lengths making the differential permeation seen in our own work more pronounced.
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[bookmark: _Toc132023699]Figure A.1. 1H NMR spectrum of V1F.
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[bookmark: _Toc132023700]Figure A.2. 13C {1H} NMR spectrum of V1F.
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[bookmark: _Toc132023701]Figure A.3. 1H NMR spectrum of M1F.
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[bookmark: _Toc132023702]Figure A.4. 13C {1H} NMR spectrum of M1F.
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[bookmark: _Toc132023703]Figure A.5. 1H NMR spectrum of V2F.



[image: A picture containing background pattern

Description automatically generated]
[bookmark: _Toc132023704]Figure A.6. 13C {1H} NMR spectrum of V2F.
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[bookmark: _Toc132023705]Figure A.7. 1H NMR spectrum of M2F.
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[bookmark: _Toc132023706]Figure A.8. 13C {1H} NMR spectrum of M2F.
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[bookmark: _Toc132023707]Figure A.9. 1H NMR spectrum of V3F.



[image: ]
[bookmark: _Toc132023708]Figure A.10. 13C {1H} NMR spectrum of V3F.
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[bookmark: _Toc132023709]Figure A.11. 1H NMR spectrum of M3F.
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[bookmark: _Toc132023710]Figure A.12. 13C {1H} NMR spectrum of M3F.
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[bookmark: _Toc132023711]Figure A.13. 1H NMR spectrum of V3.
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[bookmark: _Toc132023712]Figure A.14. 13C {1H} NMR spectrum of V3.
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[bookmark: _Toc132023713]Figure A.15. 1H NMR spectrum of M3.
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[bookmark: _Toc132023714]Figure A.16. 1H NMR spectrum of M3.
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[bookmark: _Toc132023715]Figure A.17. 1H NMR spectrum of P1.
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[bookmark: _Toc132023716]Figure A.18. 1H NMR spectrum of P184P1F16.
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[bookmark: _Toc132023717]Figure A.19. 1H NMR spectrum of P167P1F33.
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[bookmark: _Toc132023718]Figure A.20. 1H NMR spectrum of P148P1F52.
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[bookmark: _Toc132023719]Figure A.21. Stacked 1H NMR spectra of P1 series copolymers. Homopolymer P1F is not shown due to limited solubility in CDCl3
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[bookmark: _Toc132023720]Figure A.22. 1H NMR spectrum of P2.
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[bookmark: _Toc132023721]Figure A.23. 1H NMR spectrum of P287P2F13.
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[bookmark: _Toc132023722]Figure A.24. 1H NMR spectrum of P272P2F28.
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[bookmark: _Toc132023723]Figure A.25. Stacked 1H NMR spectra of P2 series copolymers.
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[bookmark: _Toc132023724]Figure A.26. 1H NMR spectrum of P3.
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[bookmark: _Toc132023725]Figure A.27. 1H NMR spectrum of P387P3F13.
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[bookmark: _Toc132023726]Figure A.28. 1H NMR spectra of P3 series copolymers.

[image: ]
[bookmark: _Toc132023727]Figure A.29. GPC analysis of P1.
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[bookmark: _Toc132023728]Figure A.30. GPC analysis of P184P1F16.
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[bookmark: _Toc132023729]Figure A.31. GPC analysis of P167P1F33.
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[bookmark: _Toc132023730]Figure A.32. GPC analysis of P148P1F52. NOTE: the high molar mass portion of this sample exceed the calibration standards used for this GPC and hence the molecular weight and dispersity values are likely inaccurate.
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[bookmark: _Toc132023731]Figure A.33. GPC analysis of P1F.
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[bookmark: _Toc132023732]Figure A.34. GPC analysis of P2.
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[bookmark: _Toc132023733]Figure A.35. GPC analysis of P287P2F13.
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[bookmark: _Toc132023734]Figure A.36. GPC analysis of P272P2F28.
[image: ]
[bookmark: _Toc132023735]Figure A.37. GPC analysis of P3.
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[bookmark: _Toc132023736]Figure A.38. GPC analysis of P387P3F13.
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[bookmark: _Toc132023737]Figure A.39. Example surface area measurement of permeation sample using ImageJ.



[bookmark: _Toc132023738]Figure A.40. WAXS spectra of the P1/P1F copolymer series. 



Table S1: Calculated d-spacing (dB and dic) for P1/P1F copolymer series.
	
	
	
	
	d-spacing (Å)a

	Polymer
	(2ϴ₁)(deg)
	(2ϴ₂)(deg)
	(2ϴ₃)(deg)
	(dB/dic)₁
	(dB/dic)₂
	(dB/dic)₃

	P1
	6.13
	13.78
	21.23
	14.4/17.6
	6.4/7.8
	4.2/5.1

	P1⁸⁴P1F¹⁶
	6.05
	13.78
	20.92
	14.6/17.8
	6.4/7.8
	4.2/5.1

	P1⁶⁷P1F³³
	5.85
	13.81
	20.53
	15.1/18.4
	6.4/7.8
	4.3/5.2

	P1⁴⁸P1F⁵²
	5.76
	-
	20.37
	15.3/18.7
	-
	4.3/5.3

	P1F
	5.29
	-
	20.06
	16.7/20.4
	-
	4.4/5.4


aMeasured using WAXS and dB is calculated using Bragg’s Law (Equation 2.5) while dic is calculated using the correction factor expressed in Equation 2.6

[bookmark: _Toc132023739]Figure A.41. WAXS spectra of the P2/P2F copolymer series.



Table S2: Calculated d-spacing (dB and dic) for P2/P2F copolymer series.
	
	
	
	
	d-spacing (Å)a

	Polymer
	(2ϴ₁)(deg)
	(2ϴ₂)(deg)
	(2ϴ₃)(deg)
	(dB/dic)₁
	(dB/dic)₂
	(dB/dic)₃

	P2
	6.54
	14.87
	32.09
	13.5/16.5
	5.9/7.2
	3.8/4.7

	P2⁸⁷P2F¹³
	6.42
	-
	22.41
	13.7/16.8
	-
	3.9/4.8

	P2⁷²P2F²⁸
	6.38
	-
	21.81
	13.8/16.9
	-
	4.1/4.9


aMeasured using WAXS and dB is calculated using Bragg’s Law (Equation 2.5) while dic is calculated using the correction factor expressed in Equation 2.6


[bookmark: _Toc132023740]Figure A.42. WAXS spectra of the P3/P3F copolymer series.



Table S3: Calculated d-spacing (dB and dic) for the P3/P3F copolymer series.
	
	
	
	
	d-spacing (Å)a

	Polymer
	(2ϴ₁)(deg)
	(2ϴ₂)(deg)
	(2ϴ₃)(deg)
	(dB/dic)₁
	(dB/dic)₂
	(dB/dic)₃

	P2
	6.28
	-
	22.84
	14.1/17.1
	-
	3.9/4.7

	P3⁸⁷P3F¹³
	6.12
	-
	21.67
	14.4/17.6
	-
	4.1/5.0


aMeasured using WAXS and dB is calculated using Bragg’s Law (Equation 2.5) while dic is calculated using the correction factor expressed in Equation 2.6

[bookmark: _Toc132023741]Figure A.43. SAXS spectra of the P1/P1F copolymer series. 



[bookmark: _Toc132023742]Figure A.44. SAXS spectra of the P2/P2F copolymer series. 



[bookmark: _Toc132023743]Figure A.45. SAXS spectra of the P3/P3F copolymer series. 
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[bookmark: _Ref130167884][bookmark: _Toc132023744]Figure B.1. Stacked 1H-NMR spectra of polymerization aliquots taken prior to addition of block 2 monomer (trimethoxy silylnorbornene). The absence of olefinic protons (5.85 ppm – 6.20 ppm) demonstrates complete conversion of block 1 monomer (hexyl norbornene).
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[bookmark: _Toc132023746]Figure B.3. 1H-NMR of Trimeth100
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[bookmark: _Ref128669113][bookmark: _Toc132023747]Figure B.4. 1H-NMR of Hex⁸⁵-s-Trimeth¹⁵
[image: ]
[bookmark: _Toc132023748]Figure B.5. 1H-NMR of Hex⁵⁶-s-Trimeth⁴⁴
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[bookmark: _Toc132023749]Figure B.6. 1H-NMR of Hex³⁸-s-Trimeth⁶²
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[bookmark: _Toc132023750]Figure B.7. 1H-NMR of Hex²³-s-Trimeth⁷⁷
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[bookmark: _Toc132023751]Figure B.8. 1H-NMR of Hex⁸⁴-b-Trimeth¹⁶
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[bookmark: _Toc132023752]Figure B.9. 1H-NMR of Hex⁵⁹-b-Trimeth⁴¹
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[bookmark: _Toc132023753]Figure B.10. 1H-NMR of Hex⁴¹-b-Trimeth⁵⁹
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[bookmark: _Ref130170981][bookmark: _Toc132023754]Figure B.11. 1H-NMR of Hex²³-b-Trimeth⁷⁷
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[bookmark: _Toc132023755]Figure B.12. Stacked 1H-NMR spectra of statistical copolymer series (black, yellow, cyan, and green) as well as homopolymers Hex100 and Trimeth100 (red and blue, respectively)
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[bookmark: _Ref130167318][bookmark: _Toc132023756][bookmark: _Toc126746599][bookmark: _Toc126746739][bookmark: _Toc126855238]Figure B.13. Stacked 1H-NMR spectra of diblock copolymer series (black, yellow, cyan, and green) as well as homopolymers Hex100 and Trimeth100 (red and blue, respectively)
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[bookmark: _Toc126855239][bookmark: _Toc132023757]Figure B.14. GPC chromatogram of Hex¹⁰⁰

[image: Graphical user interface, chart, line chart

Description automatically generated]
[bookmark: _Toc126855252][bookmark: _Toc132023758]Figure B.15. GPC chromatogram of Trimeth100
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[bookmark: _Toc126855240][bookmark: _Toc132023759]Figure B.16. GPC chromatogram of statistical copolymer Hex⁸⁵-s-Trimeth¹⁵
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[bookmark: _Toc126855241][bookmark: _Toc132023760]Figure B.17. GPC chromatogram of statistical copolymer Hex⁵⁶-s-Trimeth⁴⁴
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[bookmark: _Toc126855242][bookmark: _Toc132023761]Figure B.18. GPC chromatogram of statistical copolymer Hex³⁸-s-Trimeth⁶²
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[bookmark: _Toc126855243][bookmark: _Toc132023762]Figure B.19. GPC chromatogram of statistical copolymer Hex²³-s-Trimeth⁷⁷
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[bookmark: _Ref130166534][bookmark: _Toc126855244][bookmark: _Toc132023763]Figure B.20. GPC chromatogram of block 1 aliquot collected in the synthesis of Hex⁸⁴-b-Trimeth¹⁶
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[bookmark: _Toc126855245][bookmark: _Toc132023764]Figure B.21. GPC chromatogram of diblock copolymer Hex⁸⁴-b-Trimeth¹⁶
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[bookmark: _Toc126855246][bookmark: _Toc132023765]Figure B.22. GPC chromatogram of block 1 aliquot collected in the synthesis of Hex⁵⁹-b-Trimeth⁴¹
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[bookmark: _Toc126855247][bookmark: _Toc132023766]Figure B.23. GPC chromatogram of diblock copolymer Hex⁵⁹-b-Trimeth⁴¹
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[bookmark: _Toc126855248][bookmark: _Toc132023767]Figure B.24. GPC chromatogram of block 1 aliquot collected in the synthesis of Hex⁴¹-b-Trimeth⁵⁹

[image: Graphical user interface, chart, histogram

Description automatically generated]
[bookmark: _Toc126855249][bookmark: _Toc132023768]Figure B.25. GPC chromatogram of diblock copolymer Hex⁴¹-b-Trimeth⁵⁹
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[bookmark: _Toc126855250][bookmark: _Toc132023769]Figure B.26. GPC chromatogram of block 1 aliquot collected in the synthesis of Hex²³-b-Trimeth⁷⁷
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[bookmark: _Ref130166547][bookmark: _Toc126855251][bookmark: _Toc132023770]Figure B.27. GPC chromatogram of diblock copolymer Hex²³-b-Trimeth⁷⁷
A)
B)

[bookmark: _Toc126855253][bookmark: _Toc132023771]Figure B.28. WAXS 2D detector images of homopolymers Hex100 and Trimeth100
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[bookmark: _Toc132023772]Figure B.29. WAXS 2D detector images of statistical copolymers Hex⁸⁵-s-Trimeth¹⁵, Hex⁵⁶-s-Trimeth⁴⁴, Hex³⁸-s-Trimeth⁶², and Hex²³-s-Trimeth⁷⁷.
A)
B)
C)
D)

[bookmark: _Toc132023773]Figure B.30.WAXS 2D detector images of diblock copolymers Hex⁸⁴-b-Trimeth¹⁶, Hex⁵⁹-b-Trimeth⁴¹, Hex⁴¹-b-Trimeth⁵⁹, and Hex²³-b-Trimeth⁷⁷.
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[bookmark: _Toc132023774]Figure B.31. SAXS 2D detector images of homopolymers Hex100 and Trimeth100
A)
B)
C)
D)

[bookmark: _Toc132023775]Figure B.32. SAXS 2D detector images of statistical copolymers Hex⁸⁵-s-Trimeth¹⁵, Hex⁵⁶-s-Trimeth⁴⁴, Hex³⁸-s-Trimeth⁶², and Hex²³-s-Trimeth⁷⁷.
A)
B)
C)
D)

[bookmark: _Toc132023776]Figure B.33. SAXS 2D detector images of diblock copolymers Hex⁸⁴-b-Trimeth¹⁶, Hex⁵⁹-b-Trimeth⁴¹, Hex⁴¹-b-Trimeth⁵⁹, and Hex²³-b-Trimeth⁷⁷.
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[bookmark: _Ref132021975][bookmark: _Toc132023777]Figure B.34. 1D SAXS profiles of homopolymers and statistical copolymers. The lack of diagnostic scattering profiles indicates these polymers lack the microphase separated structure seen in the diblock copolymer series (Figure 3.5).
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[bookmark: _Toc132023778]Figure B.35. 1D WAXS diffractograms for homopolymers Hex100 and Trimeth100 (left), as well as the statistical copolymer (left) and diblock copolymer series (right). 


Table B.1. Scattering vectors (reported in Å-1) for all membranes reported herein, as well as d-spacing values calculated through both: the Bragg equation (dB), and using a wavelength correction factor common in the dense membrane literature (dic).1-5
	
	
	scattering vector q (Å-1)
	 
	
	d-spacing (Å)a

	Entry
	Polymer
	q1
	q2
	q3
	q4
	q5
	 
	(dB/dic)1
	(dB/dic)2
	(dB/dic)3
	(dB/dic)4
	(dB/dic)5

	1
	Hex¹⁰⁰
	0.43
	—
	1.33
	—
	2.83
	 
	14.7/17.9
	—
	4.8/5.8
	—
	2.3/2.8

	2
	Trimeth¹⁰⁰
	0.46
	—
	1.04
	1.60
	2.76
	
	13.7/16.7
	—
	6.1/7.4
	4.0/4.8
	2.4/2.9

	3
	Hex²³-s-Trimeth⁷⁷
	0.44
	—
	1.10
	1.58
	2.64
	
	14.1/17.3
	—
	5.8/7.0
	4.0/4.9
	2.5/3.0

	4
	Hex³⁸-s-Trimeth⁶²
	0.44
	—
	1.14
	1.55
	2.73
	
	14.1/17.3
	—
	5.5/6.7
	4.1/5.0
	2.4/2.9

	5
	Hex⁵⁶-s-Trimeth⁴⁴
	0.43
	—
	1.18
	—
	2.72
	
	14.7/17.9
	—
	5.4/6.6
	—
	2.4/2.9

	6
	Hex⁸⁵-s-Trimeth¹⁵
	0.41
	—
	1.30
	—
	2.80
	
	15.2/18.6
	—
	4.9/6.9
	—
	2.3/2.8

	7
	Hex²³-b-Trimeth⁷⁷
	0.44
	1.09
	1.32
	1.65
	2.70
	
	14.1/17.2
	5.8/7.0
	4.8/5.9
	3.9/4.7
	2.4/2.9

	8
	Hex⁴¹-b-Trimeth⁵⁹
	0.44
	1.08
	1.32
	1.72
	2.75
	
	14.1/17.3
	5.9/7.2
	4.8/5.9
	3.7/4.5
	2.4/2.9

	9
	Hex⁵⁹-b-Trimeth⁴¹
	0.43
	1.04
	1.32
	—
	2.75
	
	14.7/17.9
	6.0/7.4
	4.8/5.9
	—
	2.4/2.9

	10
	Hex⁸⁴-b-Trimeth¹⁶
	0.41
	1.02
	1.32
	—
	2.80
	
	15.2/18.6
	6.2/7.5
	4.8/5.9
	—
	2.3/2.8

	aMeasured using wide-angle X-ray scattering, with dB calculated using Braggs’s Law (λ = 1.54 nm) and dic calculated using a wavelength correction factor of 1.22λ that is common in dense polymer membrane literature. 
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Intensity Offset (Arbitratry Units) 
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Intensity Offset (Arbitratry Units) 
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Intensity Offset (Arbitratry Units) 
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Intensity Offset (Arbitratry Units) 




P2⁷²P2F²⁸	0.16595699999999999	0.17720859999999999	0.1884603	0.1997119	0.2109635	0.2222151	0.2334667	0.2447184	0.25596999999999998	0.2672216	0.27847329999999998	0.28972490000000001	0.30097649999999998	0.31222820000000001	0.32347979999999998	0.33473150000000002	0.34598309999999999	0.35723480000000002	0.36848639999999999	0.37973810000000002	0.3909897	0.40224140000000003	0.4134931	0.42474479999999998	0.43599640000000001	0.44724809999999998	0.45849980000000001	0.46975149999999999	0.48100320000000002	0.4922549	0.50350660000000003	0.5147583	0.52601010000000004	0.53726180000000001	0.54851349999999999	0.55976519999999996	0.571017	0.58226869999999997	0.59352050000000001	0.60477219999999998	0.61602400000000002	0.62727569999999999	0.63852750000000003	0.64977929999999995	0.66103109999999998	0.67228290000000002	0.68353470000000005	0.69478649999999997	0.70603830000000001	0.71729010000000004	0.72854189999999996	0.73979379999999995	0.75104559999999998	0.76229749999999996	0.7735493	0.78480119999999998	0.79605300000000001	0.80730489999999999	0.81855679999999997	0.82980869999999995	0.84106060000000005	0.85231250000000003	0.86356440000000001	0.87481629999999999	0.88606830000000003	0.89732020000000001	0.90857220000000005	0.91982410000000003	0.93107609999999996	0.9423281	0.95358010000000004	0.96483200000000002	0.97608410000000001	0.98733610000000005	0.99858809999999998	1.0098400000000001	1.0210920000000001	1.0323439999999999	1.043596	1.054848	1.0661	1.077353	1.088605	1.0998570000000001	1.1111089999999999	1.1223609999999999	1.133613	1.144865	1.1561170000000001	1.16737	1.1786220000000001	1.1898740000000001	1.2011259999999999	1.212378	1.2236309999999999	1.234883	1.246135	1.257388	1.26864	1.279892	1.2911440000000001	1.302397	1.3136490000000001	1.3249010000000001	1.3361540000000001	1.3474060000000001	1.3586590000000001	1.3699110000000001	1.3811629999999999	1.3924160000000001	1.4036679999999999	1.4149210000000001	1.4261729999999999	1.4374260000000001	1.4486779999999999	1.4599310000000001	1.4711829999999999	1.4824360000000001	1.4936879999999999	1.5049410000000001	1.5161929999999999	1.5274460000000001	1.538699	1.5499510000000001	1.561204	1.5724560000000001	1.583709	1.594962	1.6062149999999999	1.617467	1.6287199999999999	1.6399729999999999	1.6512249999999999	1.6624779999999999	1.6737310000000001	1.684984	1.696237	1.70749	1.718742	1.7299949999999999	1.7412479999999999	1.7525010000000001	1.763754	1.775007	1.78626	1.7975129999999999	1.8087660000000001	1.8200190000000001	1.831272	1.842525	1.8537779999999999	1.8650310000000001	1.8762840000000001	1.887537	1.89879	1.9100440000000001	1.921297	1.93255	1.9438029999999999	1.9550559999999999	1.96631	1.977563	1.9888159999999999	2.00007	2.011323	2.0225759999999999	2.03383	2.045083	2.0563359999999999	2.06759	2.078843	2.0900970000000001	2.1013500000000001	2.1126040000000001	2.1238570000000001	2.1351110000000002	2.1463640000000002	2.1576179999999998	2.1688710000000002	2.1801249999999999	2.191379	2.2026319999999999	2.213886	2.2251400000000001	2.2363940000000002	2.2476470000000002	2.2589009999999998	2.2701549999999999	2.281409	2.2926630000000001	2.3039160000000001	2.3151700000000002	2.3264239999999998	2.3376779999999999	2.348932	2.3601860000000001	2.3714400000000002	2.3826939999999999	2.393948	2.4052020000000001	2.4164560000000002	2.4277099999999998	2.438965	2.4502190000000001	2.4614729999999998	2.4727269999999999	2.483981	2.4952359999999998	2.5064899999999999	2.517744	2.5289990000000002	2.5402529999999999	2.551507	2.5627620000000002	2.5740159999999999	2.5852710000000001	2.5965250000000002	2.60778	2.6190340000000001	2.6302889999999999	2.641543	2.6527980000000002	2.6640519999999999	2.6753070000000001	2.6865619999999999	2.697816	2.7090709999999998	2.720326	2.7315809999999998	2.7428360000000001	2.7540900000000001	2.7653449999999999	2.7766000000000002	2.787855	2.7991100000000002	2.810365	2.8216199999999998	2.832875	2.8441299999999998	2.8553850000000001	2.8666399999999999	2.8778950000000001	2.889151	2.9004059999999998	2.9116610000000001	2.9229159999999998	2.9341710000000001	2.945427	2.9566819999999998	2.967937	2.979193	2.9904480000000002	3.0017040000000001	3.0129589999999999	3.0242149999999999	3.0354700000000001	3.046726	3.0579809999999998	3.0692370000000002	3.0804930000000001	3.0917479999999999	3.1030039999999999	3.1142599999999998	3.1255160000000002	3.136771	3.1480269999999999	3.1592829999999998	3.1705390000000002	3.1817950000000002	3.1930510000000001	3.204307	3.2155629999999999	3.2268189999999999	3.2380749999999998	3.2493310000000002	3.2605870000000001	3.2718430000000001	3.2831000000000001	3.2943560000000001	3.305612	3.3168679999999999	3.328125	3.3393809999999999	3.350638	3.3618939999999999	3.3731499999999999	3.3844069999999999	3.3956629999999999	3.4069199999999999	3.418177	3.429433	3.44069	3.4519470000000001	3.463203	3.4744600000000001	3.4857170000000002	3.4969739999999998	3.5082309999999999	3.5194869999999998	3.5307439999999999	3.542001	3.553258	3.5645150000000001	3.5757720000000002	3.5870289999999998	3.598287	3.6095440000000001	3.6208010000000002	3.6320579999999998	3.643316	3.6545730000000001	3.6658300000000001	3.6770879999999999	3.688345	3.6996020000000001	3.7108599999999998	3.7221169999999999	3.7333750000000001	3.7446329999999999	3.75589	3.7671480000000002	3.7784059999999999	3.789663	3.8009210000000002	3.812179	3.8234370000000002	3.834695	3.8459530000000002	3.8572099999999998	3.868468	3.8797269999999999	3.8909850000000001	3.9022429999999999	3.9135010000000001	3.9247589999999999	3.9360170000000001	3.947276	3.9585340000000002	3.969792	3.9810509999999999	3.9923090000000001	4.0035670000000003	4.0148260000000002	4.026084	4.0373429999999999	4.0486019999999998	4.0598599999999996	4.0711190000000004	4.0823780000000003	4.0936360000000001	4.104895	4.1161539999999999	4.1274129999999998	4.1386719999999997	4.1499309999999996	4.1611900000000004	4.1724490000000003	4.1837080000000002	4.1949670000000001	4.206226	4.2174849999999999	4.228745	4.2400039999999999	4.2512629999999998	4.2625229999999998	4.2737819999999997	4.2850419999999998	4.2963009999999997	4.3075609999999998	4.3188199999999997	4.3300799999999997	4.3413389999999996	4.3525989999999997	4.3638589999999997	4.3751189999999998	4.3863789999999998	4.3976379999999997	4.4088979999999998	4.4201579999999998	4.4314179999999999	4.4426779999999999	4.453938	4.465198	4.4764590000000002	4.4877190000000002	4.4989790000000003	0.60342149999999994	0.56058140000000001	0.47008030000000001	0.4222688	0.33545390000000003	0.3139402	0.28389439999999999	0.25864320000000002	0.191021	0.18863740000000001	0.19352819999999998	0.16952849999999997	0.17431530000000001	0.1352102	0.12743119999999999	0.13251870000000002	0.1017246	0.1100375	9.8605729999999989E-2	0.10337350000000001	0.10681929999999999	9.6727540000000001E-2	8.8950910000000008E-2	6.8883119999999992E-2	7.9340980000000005E-2	7.783321E-2	7.0907510000000007E-2	6.8278829999999999E-2	7.0097019999999996E-2	5.4844919999999998E-2	6.2846650000000004E-2	6.8059049999999996E-2	6.2564339999999996E-2	6.0651650000000001E-2	5.9137990000000001E-2	5.5369870000000002E-2	4.9501199999999995E-2	4.9591650000000001E-2	4.6421259999999999E-2	6.4236170000000009E-2	6.5149180000000001E-2	6.630699000000001E-2	5.6896420000000003E-2	5.2361500000000005E-2	6.147942E-2	4.7991489999999998E-2	5.112473E-2	5.217136E-2	4.7376889999999998E-2	4.8922640000000003E-2	4.2021280000000001E-2	4.6804680000000001E-2	4.1859500000000001E-2	4.5622459999999997E-2	4.905996E-2	4.4088970000000005E-2	5.0751329999999997E-2	4.2510730000000004E-2	5.023652E-2	4.5214390000000007E-2	4.0156489999999996E-2	4.05977E-2	3.6612489999999998E-2	3.7758879999999995E-2	3.0405660000000001E-2	3.4723480000000001E-2	3.51758E-2	3.4778909999999996E-2	4.4554579999999996E-2	4.2743080000000003E-2	4.3828369999999998E-2	3.5859049999999996E-2	4.5568739999999996E-2	3.271462E-2	3.3131060000000004E-2	3.668246E-2	3.5077009999999999E-2	3.8942829999999998E-2	3.14807E-2	3.680916E-2	4.1369490000000002E-2	4.4023340000000001E-2	4.0649939999999996E-2	4.8491189999999997E-2	3.559698E-2	4.3484659999999994E-2	3.9819149999999998E-2	4.1543459999999997E-2	4.1826010000000004E-2	3.5808920000000001E-2	3.9322430000000005E-2	3.2586379999999998E-2	2.7372030000000002E-2	2.8811629999999998E-2	3.0744219999999999E-2	3.2436470000000002E-2	3.6637660000000002E-2	3.398251E-2	3.7459300000000001E-2	3.2788689999999995E-2	3.7894690000000002E-2	3.2161289999999995E-2	3.0545849999999999E-2	3.3520319999999999E-2	3.5537230000000003E-2	3.7275390000000005E-2	2.688832E-2	3.8386320000000002E-2	3.5394979999999999E-2	4.1716549999999998E-2	4.676396E-2	4.1877650000000002E-2	4.0346310000000003E-2	3.775104E-2	3.6847379999999999E-2	3.3039860000000004E-2	3.9262450000000004E-2	3.1870410000000002E-2	3.2348120000000001E-2	3.1216030000000002E-2	3.5311160000000001E-2	3.6254540000000002E-2	3.1537670000000004E-2	3.0439509999999999E-2	3.562651E-2	2.8603E-2	3.4083170000000003E-2	3.2550209999999996E-2	3.343049E-2	3.3710440000000001E-2	3.0339989999999997E-2	2.8871869999999997E-2	2.834337E-2	2.6056909999999999E-2	2.892865E-2	2.601177E-2	2.936124E-2	2.682087E-2	2.5067019999999999E-2	2.747583E-2	2.233135E-2	2.8850290000000001E-2	3.2221659999999999E-2	2.6393219999999998E-2	2.4840019999999997E-2	2.3880740000000001E-2	2.3388940000000004E-2	2.610819E-2	2.499415E-2	2.6092200000000003E-2	2.6337289999999999E-2	2.7199530000000003E-2	2.7101980000000001E-2	2.8596879999999998E-2	2.4993440000000002E-2	2.5639229999999999E-2	2.5905049999999999E-2	2.692342E-2	2.575552E-2	2.3542150000000001E-2	2.560465E-2	2.8692079999999998E-2	2.5109550000000001E-2	2.5149500000000002E-2	2.2902310000000002E-2	2.4418019999999999E-2	2.610854E-2	2.3024849999999999E-2	1.934837E-2	2.331662E-2	2.0805690000000002E-2	1.999124E-2	2.3765040000000001E-2	2.8675990000000002E-2	2.839701E-2	2.536563E-2	2.643881E-2	2.3009410000000001E-2	2.5132959999999999E-2	2.6211459999999999E-2	2.5553300000000001E-2	2.3186930000000001E-2	2.6876290000000001E-2	2.1187620000000001E-2	2.4254900000000003E-2	2.4502310000000003E-2	2.4365410000000001E-2	2.9453470000000002E-2	2.8604849999999998E-2	2.410462E-2	2.1636210000000003E-2	2.807842E-2	2.7294409999999998E-2	2.5856920000000002E-2	2.2202609999999998E-2	2.5158569999999998E-2	2.4432350000000002E-2	2.593844E-2	2.6725770000000003E-2	2.7221390000000002E-2	2.310071E-2	2.105046E-2	2.5697860000000003E-2	2.616079E-2	2.115587E-2	2.7557180000000001E-2	2.2416279999999997E-2	2.2848590000000002E-2	2.5540609999999998E-2	2.5674880000000001E-2	2.4063339999999999E-2	2.953706E-2	2.6346899999999999E-2	2.41741E-2	2.5815560000000001E-2	2.4297350000000002E-2	2.4526819999999998E-2	2.607334E-2	2.602438E-2	2.416714E-2	2.4890179999999998E-2	2.187132E-2	2.5594569999999997E-2	2.8481180000000002E-2	2.6614109999999996E-2	3.005938E-2	2.2227660000000003E-2	2.6402090000000003E-2	2.5005449999999999E-2	2.7172210000000002E-2	2.3827269999999998E-2	2.5763439999999999E-2	2.2920059999999999E-2	2.668359E-2	2.50417E-2	2.6599209999999998E-2	2.8536970000000002E-2	2.3971919999999997E-2	2.3175710000000002E-2	2.6251759999999999E-2	2.6789180000000003E-2	2.9225509999999996E-2	2.8976200000000001E-2	2.3895019999999999E-2	2.280985E-2	2.2024190000000003E-2	2.2283879999999999E-2	2.1135860000000003E-2	2.290435E-2	2.2531819999999998E-2	2.2764959999999997E-2	2.7587859999999999E-2	2.4528390000000001E-2	2.5182599999999999E-2	2.5484760000000002E-2	2.2716009999999998E-2	2.38208E-2	2.600388E-2	2.548075E-2	3.1189109999999999E-2	2.7027950000000002E-2	2.5110419999999998E-2	2.5469510000000001E-2	2.6423079999999998E-2	2.5039770000000003E-2	2.1472729999999999E-2	2.3264840000000002E-2	2.7036629999999999E-2	2.521232E-2	2.6239660000000001E-2	2.6190770000000002E-2	2.3212449999999999E-2	2.1582319999999999E-2	2.3042859999999998E-2	2.3806550000000003E-2	2.4781279999999999E-2	2.4149400000000001E-2	3.1574030000000003E-2	2.513346E-2	2.3896779999999999E-2	2.5123049999999997E-2	2.3039610000000002E-2	2.718696E-2	2.9222749999999999E-2	2.9339869999999997E-2	2.7278979999999998E-2	2.8264190000000002E-2	2.7100300000000001E-2	2.6745699999999997E-2	2.4125420000000002E-2	1.9687900000000001E-2	2.0633499999999999E-2	2.269409E-2	2.2278480000000003E-2	2.7439970000000001E-2	3.0436970000000001E-2	3.1710750000000003E-2	2.9024630000000003E-2	3.4355369999999996E-2	3.039362E-2	2.716002E-2	2.4128029999999998E-2	2.419704E-2	2.7432770000000002E-2	2.2597590000000001E-2	2.219645E-2	2.6138269999999998E-2	2.357938E-2	2.2623610000000002E-2	2.0114079999999999E-2	2.8180280000000002E-2	2.7362210000000001E-2	2.765215E-2	2.5858909999999999E-2	2.321028E-2	2.5272269999999999E-2	2.1744180000000002E-2	2.3004029999999998E-2	1.687698E-2	2.4483709999999999E-2	2.397051E-2	2.614089E-2	2.4245220000000001E-2	2.0303869999999998E-2	2.3593699999999999E-2	2.0311019999999999E-2	2.7958229999999997E-2	2.1417620000000002E-2	2.3243949999999999E-2	2.205963E-2	2.8777439999999998E-2	1.9991999999999999E-2	2.1838840000000002E-2	2.393004E-2	2.695351E-2	2.343483E-2	2.3644370000000001E-2	2.845261E-2	1.9098609999999999E-2	2.0658619999999999E-2	2.2606420000000002E-2	2.3519390000000001E-2	2.7573900000000002E-2	2.8201749999999998E-2	2.8928460000000003E-2	3.1317539999999998E-2	2.3558740000000002E-2	1.787008E-2	2.0875619999999998E-2	2.7887540000000002E-2	2.9884209999999998E-2	2.7882710000000002E-2	3.116387E-2	3.030588E-2	3.8805510000000001E-2	3.4110689999999999E-2	1.3558960000000002E-2	2.149003E-2	2.9995239999999999E-2	2.0714570000000002E-2	1.9314970000000001E-2	1.827086E-2	1.4873560000000001E-2	3.4165439999999998E-2	2.4430830000000001E-2	2.7510949999999999E-2	3.1141020000000002E-2	4.5129549999999999E-3	1.917694E-2	1.7144969999999999E-2	2.3549380000000002E-2	-3.4252389999999994E-4	2.368172E-2	3.1123209999999998E-2	-3.4257010000000003E-4	9.6982489999999991E-3	2.4268020000000001E-2	5.2017460000000001E-2	9.3846760000000001E-2	-3.4264789999999994E-4	-3.4266349999999995E-4	0	0	0	0	0	P2⁸⁷P2F¹³	0.16595699999999999	0.17720859999999999	0.1884603	0.1997119	0.2109635	0.2222151	0.2334667	0.2447184	0.25596999999999998	0.2672216	0.27847329999999998	0.28972490000000001	0.30097649999999998	0.31222820000000001	0.32347979999999998	0.33473150000000002	0.34598309999999999	0.35723480000000002	0.36848639999999999	0.37973810000000002	0.3909897	0.40224140000000003	0.4134931	0.42474479999999998	0.43599640000000001	0.44724809999999998	0.45849980000000001	0.46975149999999999	0.48100320000000002	0.4922549	0.50350660000000003	0.5147583	0.52601010000000004	0.53726180000000001	0.54851349999999999	0.55976519999999996	0.571017	0.58226869999999997	0.59352050000000001	0.60477219999999998	0.61602400000000002	0.62727569999999999	0.63852750000000003	0.64977929999999995	0.66103109999999998	0.67228290000000002	0.68353470000000005	0.69478649999999997	0.70603830000000001	0.71729010000000004	0.72854189999999996	0.73979379999999995	0.75104559999999998	0.76229749999999996	0.7735493	0.78480119999999998	0.79605300000000001	0.80730489999999999	0.81855679999999997	0.82980869999999995	0.84106060000000005	0.85231250000000003	0.86356440000000001	0.87481629999999999	0.88606830000000003	0.89732020000000001	0.90857220000000005	0.91982410000000003	0.93107609999999996	0.9423281	0.95358010000000004	0.96483200000000002	0.97608410000000001	0.98733610000000005	0.99858809999999998	1.0098400000000001	1.0210920000000001	1.0323439999999999	1.043596	1.054848	1.0661	1.077353	1.088605	1.0998570000000001	1.1111089999999999	1.1223609999999999	1.133613	1.144865	1.1561170000000001	1.16737	1.1786220000000001	1.1898740000000001	1.2011259999999999	1.212378	1.2236309999999999	1.234883	1.246135	1.257388	1.26864	1.279892	1.2911440000000001	1.302397	1.3136490000000001	1.3249010000000001	1.3361540000000001	1.3474060000000001	1.3586590000000001	1.3699110000000001	1.3811629999999999	1.3924160000000001	1.4036679999999999	1.4149210000000001	1.4261729999999999	1.4374260000000001	1.4486779999999999	1.4599310000000001	1.4711829999999999	1.4824360000000001	1.4936879999999999	1.5049410000000001	1.5161929999999999	1.5274460000000001	1.538699	1.5499510000000001	1.561204	1.5724560000000001	1.583709	1.594962	1.6062149999999999	1.617467	1.6287199999999999	1.6399729999999999	1.6512249999999999	1.6624779999999999	1.6737310000000001	1.684984	1.696237	1.70749	1.718742	1.7299949999999999	1.7412479999999999	1.7525010000000001	1.763754	1.775007	1.78626	1.7975129999999999	1.8087660000000001	1.8200190000000001	1.831272	1.842525	1.8537779999999999	1.8650310000000001	1.8762840000000001	1.887537	1.89879	1.9100440000000001	1.921297	1.93255	1.9438029999999999	1.9550559999999999	1.96631	1.977563	1.9888159999999999	2.00007	2.011323	2.0225759999999999	2.03383	2.045083	2.0563359999999999	2.06759	2.078843	2.0900970000000001	2.1013500000000001	2.1126040000000001	2.1238570000000001	2.1351110000000002	2.1463640000000002	2.1576179999999998	2.1688710000000002	2.1801249999999999	2.191379	2.2026319999999999	2.213886	2.2251400000000001	2.2363940000000002	2.2476470000000002	2.2589009999999998	2.2701549999999999	2.281409	2.2926630000000001	2.3039160000000001	2.3151700000000002	2.3264239999999998	2.3376779999999999	2.348932	2.3601860000000001	2.3714400000000002	2.3826939999999999	2.393948	2.4052020000000001	2.4164560000000002	2.4277099999999998	2.438965	2.4502190000000001	2.4614729999999998	2.4727269999999999	2.483981	2.4952359999999998	2.5064899999999999	2.517744	2.5289990000000002	2.5402529999999999	2.551507	2.5627620000000002	2.5740159999999999	2.5852710000000001	2.5965250000000002	2.60778	2.6190340000000001	2.6302889999999999	2.641543	2.6527980000000002	2.6640519999999999	2.6753070000000001	2.6865619999999999	2.697816	2.7090709999999998	2.720326	2.7315809999999998	2.7428360000000001	2.7540900000000001	2.7653449999999999	2.7766000000000002	2.787855	2.7991100000000002	2.810365	2.8216199999999998	2.832875	2.8441299999999998	2.8553850000000001	2.8666399999999999	2.8778950000000001	2.889151	2.9004059999999998	2.9116610000000001	2.9229159999999998	2.9341710000000001	2.945427	2.9566819999999998	2.967937	2.979193	2.9904480000000002	3.0017040000000001	3.0129589999999999	3.0242149999999999	3.0354700000000001	3.046726	3.0579809999999998	3.0692370000000002	3.0804930000000001	3.0917479999999999	3.1030039999999999	3.1142599999999998	3.1255160000000002	3.136771	3.1480269999999999	3.1592829999999998	3.1705390000000002	3.1817950000000002	3.1930510000000001	3.204307	3.2155629999999999	3.2268189999999999	3.2380749999999998	3.2493310000000002	3.2605870000000001	3.2718430000000001	3.2831000000000001	3.2943560000000001	3.305612	3.3168679999999999	3.328125	3.3393809999999999	3.350638	3.3618939999999999	3.3731499999999999	3.3844069999999999	3.3956629999999999	3.4069199999999999	3.418177	3.429433	3.44069	3.4519470000000001	3.463203	3.4744600000000001	3.4857170000000002	3.4969739999999998	3.5082309999999999	3.5194869999999998	3.5307439999999999	3.542001	3.553258	3.5645150000000001	3.5757720000000002	3.5870289999999998	3.598287	3.6095440000000001	3.6208010000000002	3.6320579999999998	3.643316	3.6545730000000001	3.6658300000000001	3.6770879999999999	3.688345	3.6996020000000001	3.7108599999999998	3.7221169999999999	3.7333750000000001	3.7446329999999999	3.75589	3.7671480000000002	3.7784059999999999	3.789663	3.8009210000000002	3.812179	3.8234370000000002	3.834695	3.8459530000000002	3.8572099999999998	3.868468	3.8797269999999999	3.8909850000000001	3.9022429999999999	3.9135010000000001	3.9247589999999999	3.9360170000000001	3.947276	3.9585340000000002	3.969792	3.9810509999999999	3.9923090000000001	4.0035670000000003	4.0148260000000002	4.026084	4.0373429999999999	4.0486019999999998	4.0598599999999996	4.0711190000000004	4.0823780000000003	4.0936360000000001	4.104895	4.1161539999999999	4.1274129999999998	4.1386719999999997	4.1499309999999996	4.1611900000000004	4.1724490000000003	4.1837080000000002	4.1949670000000001	4.206226	4.2174849999999999	4.228745	4.2400039999999999	4.2512629999999998	4.2625229999999998	4.2737819999999997	4.2850419999999998	4.2963009999999997	4.3075609999999998	4.3188199999999997	4.3300799999999997	4.3413389999999996	4.3525989999999997	4.3638589999999997	4.3751189999999998	4.3863789999999998	4.3976379999999997	4.4088979999999998	4.4201579999999998	4.4314179999999999	4.4426779999999999	4.453938	4.465198	4.4764590000000002	4.4877190000000002	4.4989790000000003	7.0255205700000004E-2	5.7886850699999999E-2	5.0400665999999997E-2	4.1586139200000004E-2	3.5193935999999995E-2	3.0303387599999999E-2	2.6170957200000001E-2	2.2106003999999999E-2	1.8737216099999999E-2	1.89920565E-2	1.6076373299999999E-2	1.32677523E-2	1.0900491E-2	1.334406E-2	9.7216409999999996E-3	1.0098725100000001E-2	9.0691322999999994E-3	9.2387648999999999E-3	8.3906871600000002E-3	8.4812706899999989E-3	6.3402380999999994E-3	6.5020598400000003E-3	6.6505636200000001E-3	6.5965487999999992E-3	5.5173468600000003E-3	4.3290582299999993E-3	4.9438158899999998E-3	5.4319119899999997E-3	4.7629663799999998E-3	4.4926730399999998E-3	4.1846599799999998E-3	3.9086811899999999E-3	4.2537971400000004E-3	4.0437834900000002E-3	3.6292058700000004E-3	4.5678871499999999E-3	3.7240306499999997E-3	3.8493480600000005E-3	4.1194238999999995E-3	4.6067404800000005E-3	4.2024236400000003E-3	3.9800864399999998E-3	4.01658642E-3	3.6748208399999998E-3	3.5210709599999999E-3	4.0133674199999995E-3	2.9977198500000003E-3	3.7114347900000003E-3	3.3396194099999999E-3	2.5286254200000001E-3	3.05106477E-3	3.73421922E-3	3.2564169599999999E-3	2.77619001E-3	3.0004673099999998E-3	2.89782558E-3	3.0422960400000002E-3	2.9104083899999999E-3	3.3747848099999998E-3	2.72320962E-3	2.8593602699999998E-3	2.6816375400000002E-3	3.0868878900000003E-3	3.0257181900000003E-3	2.58916437E-3	2.2509396900000003E-3	3.05324586E-3	3.2195272199999998E-3	3.6912603599999999E-3	3.2539652999999998E-3	3.5246945099999998E-3	2.9255751000000002E-3	3.54921459E-3	3.5166948599999995E-3	2.3100379200000003E-3	2.6872238100000001E-3	2.6368029599999998E-3	2.7599114399999999E-3	2.5007140799999999E-3	2.6962404900000001E-3	2.88557598E-3	2.9006426399999998E-3	2.38841535E-3	2.0987966999999998E-3	2.52574398E-3	2.3694249900000001E-3	2.1861542700000003E-3	2.327946E-3	2.8684404599999998E-3	2.3968717500000001E-3	2.0752727699999999E-3	2.4308043600000002E-3	2.5373958899999999E-3	2.2728654299999998E-3	2.4211873800000002E-3	2.1549412799999998E-3	2.3115778200000002E-3	2.6924107500000002E-3	2.3715643200000001E-3	1.8474536999999998E-3	2.2446121799999997E-3	2.6211882000000001E-3	1.92035709E-3	2.0796462599999999E-3	1.82235681E-3	2.0451698999999998E-3	2.4997501200000002E-3	2.4261864E-3	2.44592409E-3	2.28979215E-3	2.8773057600000001E-3	2.4455647799999998E-3	2.7620681700000001E-3	2.4398932499999997E-3	3.0185520000000003E-3	2.7574824E-3	2.6158690199999998E-3	2.5767703500000003E-3	2.1486068100000002E-3	2.3216846099999998E-3	2.7899595E-3	2.1863439300000001E-3	2.49633189E-3	2.2569418199999999E-3	2.28185514E-3	2.3545419000000002E-3	2.4750325499999998E-3	2.2695898800000002E-3	2.20433553E-3	2.5173493500000002E-3	2.3353053300000002E-3	2.5359978000000002E-3	2.3187187799999999E-3	2.3264391599999998E-3	2.04290007E-3	2.0994474599999998E-3	2.1584987100000002E-3	2.2669624799999998E-3	2.0950774500000002E-3	1.7831215500000001E-3	1.8694029300000002E-3	2.1676693799999999E-3	2.00911536E-3	2.1375082200000002E-3	2.0467167600000001E-3	2.5438147499999997E-3	2.3570222700000001E-3	2.7218080500000003E-3	2.2669703100000002E-3	2.3114534099999999E-3	2.3219777999999996E-3	2.0114939400000002E-3	2.1514795499999999E-3	2.2567469400000002E-3	1.8799151400000001E-3	1.8597119999999999E-3	1.9627382700000001E-3	2.0528215500000002E-3	2.0645848200000001E-3	1.88115402E-3	2.11626282E-3	1.9395849599999999E-3	2.0862843599999997E-3	2.1350095800000001E-3	1.7833138200000001E-3	2.0245430699999999E-3	1.8212684399999998E-3	1.9852851899999999E-3	1.92033099E-3	1.9208582099999999E-3	2.1162584699999996E-3	1.8961998000000002E-3	2.08269387E-3	2.8024526999999998E-3	2.1960165900000001E-3	2.2367830499999998E-3	2.3575512299999998E-3	2.1462143099999996E-3	2.0288417400000001E-3	1.9563916199999997E-3	2.1572546100000001E-3	2.2604775000000001E-3	1.8922769700000001E-3	2.2386144E-3	2.0619104400000001E-3	2.0249458800000002E-3	2.2571123400000003E-3	2.0466228E-3	2.1872530800000002E-3	2.3388027300000002E-3	2.1616368E-3	2.6634441000000001E-3	2.29186884E-3	2.2705025099999999E-3	2.2633624200000002E-3	2.31838557E-3	1.9733444400000001E-3	2.1246922499999999E-3	2.0128615800000002E-3	1.9145411400000002E-3	2.03317086E-3	1.9187458499999998E-3	1.9080117900000001E-3	1.8508649699999998E-3	1.8610483199999999E-3	1.9881596700000001E-3	1.9050911999999999E-3	2.1964620299999996E-3	1.9949291400000002E-3	2.20242936E-3	2.01648948E-3	2.2462947600000002E-3	2.3260076399999998E-3	2.49332778E-3	2.5975685699999996E-3	2.4218511900000001E-3	2.24544912E-3	1.97910123E-3	2.1806837099999999E-3	2.3127975599999996E-3	2.1305221200000001E-3	2.4201512099999998E-3	2.3313912E-3	2.4396226800000001E-3	2.4831801000000002E-3	2.3290944E-3	2.2501453799999996E-3	2.33626146E-3	1.99298382E-3	2.2420822199999998E-3	1.8174326099999998E-3	1.98418725E-3	2.2251346199999998E-3	2.15470464E-3	1.9784087099999998E-3	2.0408120700000001E-3	1.8024799200000001E-3	1.8844199999999999E-3	2.1516187500000001E-3	2.1445239E-3	1.9808281799999997E-3	1.9738046699999999E-3	1.88522562E-3	2.0793000000000001E-3	2.0953419299999999E-3	2.0611465800000001E-3	2.09385249E-3	2.07575127E-3	1.68759555E-3	2.1519719699999999E-3	2.0781394199999997E-3	2.0179528200000001E-3	1.92560058E-3	2.0752632E-3	1.86592815E-3	1.5692920799999998E-3	2.0349021599999997E-3	1.9279730700000001E-3	2.1415850399999999E-3	2.38158063E-3	2.3142522000000002E-3	2.0241237300000002E-3	1.9439401800000001E-3	2.0406224099999998E-3	2.10363129E-3	2.11429314E-3	2.1250576500000001E-3	2.2756616100000002E-3	2.0614415099999999E-3	1.7275807499999999E-3	2.1941460900000002E-3	1.80193617E-3	2.0995971E-3	2.39470458E-3	2.1979862700000001E-3	1.9067833499999999E-3	2.0590350899999999E-3	2.1191007600000001E-3	2.2351552800000001E-3	2.2887403199999996E-3	2.0616155100000003E-3	2.5369600199999999E-3	2.0818969499999999E-3	1.86251166E-3	2.1891531599999999E-3	2.5060993799999997E-3	2.4871855800000001E-3	2.3537075699999999E-3	2.2412252699999997E-3	2.28830793E-3	2.0808825300000001E-3	2.35927296E-3	2.1932752200000002E-3	2.35085745E-3	2.05087884E-3	1.8665232299999999E-3	1.7430310799999998E-3	1.8478043099999998E-3	2.0457075599999998E-3	2.7065682599999997E-3	2.7752469300000001E-3	2.42749923E-3	2.3431797000000002E-3	2.3579740499999999E-3	2.47402248E-3	2.1360501E-3	1.9403401199999998E-3	2.2434368099999999E-3	2.2971332099999998E-3	2.3177652600000001E-3	1.8420736200000002E-3	1.8143475900000003E-3	2.09543241E-3	2.4428982299999997E-3	2.76585267E-3	2.1320515800000001E-3	2.2324809000000001E-3	2.48118084E-3	2.0324670299999999E-3	1.8803014199999999E-3	1.9551240300000002E-3	2.0071856999999997E-3	2.07821511E-3	2.3361953400000001E-3	2.2545554100000002E-3	1.9346624999999999E-3	2.5953822599999996E-3	2.28841755E-3	2.78859795E-3	3.0611672100000001E-3	3.16821549E-3	3.2745790799999998E-3	2.96720634E-3	2.6692791899999998E-3	2.5866631200000003E-3	3.1219906500000003E-3	2.8023839699999999E-3	3.8618229899999999E-3	3.1834831199999999E-3	2.4448513799999998E-3	2.1850806900000001E-3	1.9188424199999999E-3	2.5505702999999999E-3	1.5249133799999999E-3	2.9610580500000002E-3	3.0807656999999999E-3	3.0814790999999998E-3	2.14983438E-3	2.54569482E-3	2.4399802499999999E-3	2.4147528600000001E-3	2.5877775899999997E-3	2.8905080099999999E-3	2.81603688E-3	2.60496183E-3	2.8665342899999997E-3	2.1100710300000001E-3	3.7390007399999998E-3	2.14595505E-3	3.54653934E-3	2.8380783299999999E-3	1.66318422E-3	3.3754982100000002E-3	1.1266499999999999E-3	1.1659331100000001E-3	1.9115892300000002E-3	1.5735672600000002E-3	8.1220085399999996E-4	2.1045239099999999E-3	4.52730687E-3	5.02294413E-4	5.69784228E-4	2.6236233299999998E-3	1.39492581E-3	2.5299826200000002E-3	3.5720529599999997E-3	3.2714288099999996E-3	1.5435322500000001E-3	-3.0099303E-5	2.78193027E-3	5.1180568800000001E-3	0	0	0	0	0	P2	0.16595699999999999	0.17720859999999999	0.1884603	0.1997119	0.2109635	0.2222151	0.2334667	0.2447184	0.25596999999999998	0.2672216	0.27847329999999998	0.28972490000000001	0.30097649999999998	0.31222820000000001	0.32347979999999998	0.33473150000000002	0.34598309999999999	0.35723480000000002	0.36848639999999999	0.37973810000000002	0.3909897	0.40224140000000003	0.4134931	0.42474479999999998	0.43599640000000001	0.44724809999999998	0.45849980000000001	0.46975149999999999	0.48100320000000002	0.4922549	0.50350660000000003	0.5147583	0.52601010000000004	0.53726180000000001	0.54851349999999999	0.55976519999999996	0.571017	0.58226869999999997	0.59352050000000001	0.60477219999999998	0.61602400000000002	0.62727569999999999	0.63852750000000003	0.64977929999999995	0.66103109999999998	0.67228290000000002	0.68353470000000005	0.69478649999999997	0.70603830000000001	0.71729010000000004	0.72854189999999996	0.73979379999999995	0.75104559999999998	0.76229749999999996	0.7735493	0.78480119999999998	0.79605300000000001	0.80730489999999999	0.81855679999999997	0.82980869999999995	0.84106060000000005	0.85231250000000003	0.86356440000000001	0.87481629999999999	0.88606830000000003	0.89732020000000001	0.90857220000000005	0.91982410000000003	0.93107609999999996	0.9423281	0.95358010000000004	0.96483200000000002	0.97608410000000001	0.98733610000000005	0.99858809999999998	1.0098400000000001	1.0210920000000001	1.0323439999999999	1.043596	1.054848	1.0661	1.077353	1.088605	1.0998570000000001	1.1111089999999999	1.1223609999999999	1.133613	1.144865	1.1561170000000001	1.16737	1.1786220000000001	1.1898740000000001	1.2011259999999999	1.212378	1.2236309999999999	1.234883	1.246135	1.257388	1.26864	1.279892	1.2911440000000001	1.302397	1.3136490000000001	1.3249010000000001	1.3361540000000001	1.3474060000000001	1.3586590000000001	1.3699110000000001	1.3811629999999999	1.3924160000000001	1.4036679999999999	1.4149210000000001	1.4261729999999999	1.4374260000000001	1.4486779999999999	1.4599310000000001	1.4711829999999999	1.4824360000000001	1.4936879999999999	1.5049410000000001	1.5161929999999999	1.5274460000000001	1.538699	1.5499510000000001	1.561204	1.5724560000000001	1.583709	1.594962	1.6062149999999999	1.617467	1.6287199999999999	1.6399729999999999	1.6512249999999999	1.6624779999999999	1.6737310000000001	1.684984	1.696237	1.70749	1.718742	1.7299949999999999	1.7412479999999999	1.7525010000000001	1.763754	1.775007	1.78626	1.7975129999999999	1.8087660000000001	1.8200190000000001	1.831272	1.842525	1.8537779999999999	1.8650310000000001	1.8762840000000001	1.887537	1.89879	1.9100440000000001	1.921297	1.93255	1.9438029999999999	1.9550559999999999	1.96631	1.977563	1.9888159999999999	2.00007	2.011323	2.0225759999999999	2.03383	2.045083	2.0563359999999999	2.06759	2.078843	2.0900970000000001	2.1013500000000001	2.1126040000000001	2.1238570000000001	2.1351110000000002	2.1463640000000002	2.1576179999999998	2.1688710000000002	2.1801249999999999	2.191379	2.2026319999999999	2.213886	2.2251400000000001	2.2363940000000002	2.2476470000000002	2.2589009999999998	2.2701549999999999	2.281409	2.2926630000000001	2.3039160000000001	2.3151700000000002	2.3264239999999998	2.3376779999999999	2.348932	2.3601860000000001	2.3714400000000002	2.3826939999999999	2.393948	2.4052020000000001	2.4164560000000002	2.4277099999999998	2.438965	2.4502190000000001	2.4614729999999998	2.4727269999999999	2.483981	2.4952359999999998	2.5064899999999999	2.517744	2.5289990000000002	2.5402529999999999	2.551507	2.5627620000000002	2.5740159999999999	2.5852710000000001	2.5965250000000002	2.60778	2.6190340000000001	2.6302889999999999	2.641543	2.6527980000000002	2.6640519999999999	2.6753070000000001	2.6865619999999999	2.697816	2.7090709999999998	2.720326	2.7315809999999998	2.7428360000000001	2.7540900000000001	2.7653449999999999	2.7766000000000002	2.787855	2.7991100000000002	2.810365	2.8216199999999998	2.832875	2.8441299999999998	2.8553850000000001	2.8666399999999999	2.8778950000000001	2.889151	2.9004059999999998	2.9116610000000001	2.9229159999999998	2.9341710000000001	2.945427	2.9566819999999998	2.967937	2.979193	2.9904480000000002	3.0017040000000001	3.0129589999999999	3.0242149999999999	3.0354700000000001	3.046726	3.0579809999999998	3.0692370000000002	3.0804930000000001	3.0917479999999999	3.1030039999999999	3.1142599999999998	3.1255160000000002	3.136771	3.1480269999999999	3.1592829999999998	3.1705390000000002	3.1817950000000002	3.1930510000000001	3.204307	3.2155629999999999	3.2268189999999999	3.2380749999999998	3.2493310000000002	3.2605870000000001	3.2718430000000001	3.2831000000000001	3.2943560000000001	3.305612	3.3168679999999999	3.328125	3.3393809999999999	3.350638	3.3618939999999999	3.3731499999999999	3.3844069999999999	3.3956629999999999	3.4069199999999999	3.418177	3.429433	3.44069	3.4519470000000001	3.463203	3.4744600000000001	3.4857170000000002	3.4969739999999998	3.5082309999999999	3.5194869999999998	3.5307439999999999	3.542001	3.553258	3.5645150000000001	3.5757720000000002	3.5870289999999998	3.598287	3.6095440000000001	3.6208010000000002	3.6320579999999998	3.643316	3.6545730000000001	3.6658300000000001	3.6770879999999999	3.688345	3.6996020000000001	3.7108599999999998	3.7221169999999999	3.7333750000000001	3.7446329999999999	3.75589	3.7671480000000002	3.7784059999999999	3.789663	3.8009210000000002	3.812179	3.8234370000000002	3.834695	3.8459530000000002	3.8572099999999998	3.868468	3.8797269999999999	3.8909850000000001	3.9022429999999999	3.9135010000000001	3.9247589999999999	3.9360170000000001	3.947276	3.9585340000000002	3.969792	3.9810509999999999	3.9923090000000001	4.0035670000000003	4.0148260000000002	4.026084	4.0373429999999999	4.0486019999999998	4.0598599999999996	4.0711190000000004	4.0823780000000003	4.0936360000000001	4.104895	4.1161539999999999	4.1274129999999998	4.1386719999999997	4.1499309999999996	4.1611900000000004	4.1724490000000003	4.1837080000000002	4.1949670000000001	4.206226	4.2174849999999999	4.228745	4.2400039999999999	4.2512629999999998	4.2625229999999998	4.2737819999999997	4.2850419999999998	4.2963009999999997	4.3075609999999998	4.3188199999999997	4.3300799999999997	4.3413389999999996	4.3525989999999997	4.3638589999999997	4.3751189999999998	4.3863789999999998	4.3976379999999997	4.4088979999999998	4.4201579999999998	4.4314179999999999	4.4426779999999999	1.5940727999999998E-2	1.2903E-2	1.0664511599999999E-2	9.4560479999999999E-3	8.0081148000000005E-3	6.0500435999999999E-3	6.2795327999999994E-3	5.2479719999999992E-3	4.2329448E-3	3.7874903999999998E-3	3.1299227999999997E-3	3.1291392E-3	2.6759015999999998E-3	2.3983367999999999E-3	2.3728128E-3	2.1075971999999998E-3	1.885512E-3	1.4946768E-3	1.5767687999999999E-3	1.4665163999999999E-3	1.2442511999999999E-3	1.1072581199999998E-3	9.4654091999999996E-4	1.0060746E-3	9.5942640000000001E-4	9.4143180000000001E-4	7.3988951999999996E-4	8.0818631999999993E-4	7.6694640000000004E-4	7.2214679999999996E-4	5.7955259999999998E-4	6.1447775999999999E-4	6.4720572000000003E-4	6.7942331999999999E-4	5.8637183999999992E-4	6.6447071999999995E-4	6.1838460000000002E-4	6.6641484000000005E-4	4.8541643999999999E-4	5.0284584000000003E-4	4.5314303999999998E-4	5.9595551999999999E-4	5.1663107999999993E-4	5.0494704E-4	5.4779568E-4	6.4886711999999997E-4	5.0082132000000006E-4	4.9291067999999993E-4	5.4691127999999993E-4	4.1815176000000001E-4	4.1239763999999999E-4	4.8725544E-4	3.2865263999999996E-4	4.3871531999999997E-4	4.5319512E-4	4.2816563999999998E-4	3.7442771999999998E-4	4.0867667999999995E-4	4.6245215999999998E-4	4.4972075999999997E-4	3.4959204000000003E-4	3.8506211999999999E-4	3.5562719999999998E-4	3.6406272000000001E-4	2.9025707999999999E-4	2.6295347999999999E-4	3.0905747999999999E-4	3.6462791999999997E-4	3.5604540000000001E-4	3.6262775999999997E-4	3.8133227999999998E-4	3.9237647999999998E-4	3.4602323999999995E-4	3.2941871999999999E-4	2.8733315999999998E-4	2.9372424E-4	2.9311787999999997E-4	3.463416E-4	2.7575183999999997E-4	2.8705547999999996E-4	3.1987811999999996E-4	2.8428635999999999E-4	3.0941843999999997E-4	2.5819175999999995E-4	2.4801419999999997E-4	3.2068667999999998E-4	3.0314099999999999E-4	2.7110123999999995E-4	3.129192E-4	2.5994796000000002E-4	2.556522E-4	2.7619476E-4	3.3310823999999995E-4	2.7810108E-4	2.4305291999999996E-4	2.3343828E-4	2.6975111999999999E-4	3.0709931999999999E-4	2.5965659999999997E-4	2.4974315999999998E-4	2.1029879999999999E-4	2.2733855999999998E-4	2.4552419999999996E-4	2.297724E-4	2.9585928000000001E-4	2.6416259999999996E-4	3.1192463999999998E-4	2.688492E-4	3.0192047999999999E-4	3.3287855999999998E-4	2.9735376000000004E-4	2.7650255999999996E-4	2.6857163999999999E-4	2.5352159999999998E-4	2.2810535999999998E-4	2.1129167999999997E-4	1.9504643999999999E-4	2.1028559999999998E-4	1.9434467999999999E-4	1.9797755999999999E-4	2.3846976E-4	1.9881407999999999E-4	1.6992972E-4	1.9032083999999998E-4	1.7694131999999998E-4	1.9416312E-4	2.0650884E-4	2.0631299999999999E-4	1.8664596E-4	1.9768524000000001E-4	1.8613595999999999E-4	2.1049944000000001E-4	1.9579259999999999E-4	1.727616E-4	2.0417075999999999E-4	1.5857651999999999E-4	1.7806667999999999E-4	1.6118112E-4	1.9411247999999998E-4	1.7752068000000001E-4	1.6536359999999998E-4	1.8371387999999999E-4	1.7447423999999997E-4	1.7547624E-4	1.6101108E-4	2.1540348E-4	2.1748163999999999E-4	2.7857460000000001E-4	2.9889455999999995E-4	2.8521743999999997E-4	2.1815796E-4	2.4030324E-4	2.4500496000000001E-4	2.06064E-4	1.6095551999999999E-4	1.4775672E-4	1.4486208E-4	1.3634028000000001E-4	1.4878272E-4	1.4103323999999998E-4	1.8030479999999997E-4	1.7771603999999999E-4	1.7419572E-4	2.0887871999999998E-4	2.2552451999999999E-4	2.2340627999999999E-4	2.1866604000000001E-4	2.3291111999999999E-4	2.2494624E-4	1.7784672E-4	2.0866152E-4	1.9346891999999998E-4	1.9189104E-4	1.666176E-4	1.9891608E-4	2.0269848E-4	1.9302887999999999E-4	1.5585864E-4	1.8825948000000001E-4	1.7581163999999999E-4	1.8510911999999999E-4	1.6833131999999999E-4	1.6888379999999999E-4	2.1544368E-4	1.7306135999999999E-4	1.8628043999999999E-4	1.8848796E-4	1.437594E-4	2.2099235999999999E-4	1.8917772E-4	2.2512995999999998E-4	2.2141656000000001E-4	1.9664652000000001E-4	1.7458944000000001E-4	1.940946E-4	1.9970148E-4	1.7093568000000001E-4	1.9348836000000001E-4	2.0091707999999998E-4	2.2176095999999998E-4	2.0233728000000002E-4	1.7987339999999999E-4	1.4825759999999999E-4	1.6624308000000001E-4	1.9853639999999997E-4	1.8819864000000001E-4	1.6898687999999999E-4	1.9456859999999999E-4	2.0858615999999998E-4	1.8420576E-4	1.8372756E-4	1.7943372E-4	1.6139520000000001E-4	1.6686035999999998E-4	1.703454E-4	1.9936031999999998E-4	2.165682E-4	2.2439364E-4	1.8713819999999998E-4	1.8356892000000001E-4	2.0637864E-4	1.9580459999999999E-4	1.8207959999999999E-4	1.7913395999999998E-4	1.8717551999999999E-4	1.6339824E-4	1.5947195999999999E-4	1.7550659999999998E-4	2.1254796000000001E-4	2.2749779999999998E-4	1.8031511999999999E-4	1.9757172000000001E-4	1.6673364000000001E-4	2.0628671999999999E-4	1.6958927999999998E-4	1.8484403999999998E-4	2.1266448E-4	2.1427775999999999E-4	2.0146319999999999E-4	2.14878E-4	2.1262068E-4	1.7334024000000001E-4	2.2822992E-4	2.474334E-4	2.6642687999999995E-4	2.2740803999999999E-4	2.0440355999999999E-4	2.0073815999999999E-4	2.1548111999999999E-4	2.2330848E-4	2.3085984000000001E-4	1.7863404E-4	1.9259987999999998E-4	2.1619931999999998E-4	2.1601272000000001E-4	2.2781111999999997E-4	1.8528047999999999E-4	2.0080415999999999E-4	2.1130224000000001E-4	2.1176651999999999E-4	1.6528212E-4	1.9884659999999999E-4	1.8649871999999997E-4	2.1230027999999998E-4	2.0583384E-4	2.2580915999999998E-4	1.9380552E-4	2.0838119999999998E-4	1.8506927999999999E-4	1.6365276E-4	2.0180183999999999E-4	1.7033615999999997E-4	1.8546683999999999E-4	2.1384995999999999E-4	2.3295431999999997E-4	2.1074099999999999E-4	1.8884615999999998E-4	2.1115967999999998E-4	2.0209391999999999E-4	2.0375052E-4	2.0005380000000001E-4	1.6222439999999998E-4	2.1242244000000001E-4	2.0074439999999999E-4	1.8425736000000001E-4	1.9139004E-4	1.9702835999999997E-4	1.8737855999999999E-4	1.8383795999999999E-4	1.8707051999999999E-4	2.3084003999999998E-4	2.0320355999999998E-4	2.1626579999999999E-4	2.1622872E-4	2.5278828000000001E-4	2.0977392E-4	1.7312735999999997E-4	2.2396055999999998E-4	2.3965812E-4	2.3155895999999997E-4	2.3643528E-4	2.4075624E-4	2.1362915999999999E-4	2.2211063999999999E-4	1.8889824E-4	1.7484083999999998E-4	2.2812731999999997E-4	2.1221015999999999E-4	2.6448120000000002E-4	2.0317404000000001E-4	2.0577023999999999E-4	1.7506991999999998E-4	2.0849183999999997E-4	1.9156872E-4	2.1590244E-4	2.4976559999999998E-4	2.3372471999999998E-4	2.421894E-4	1.7789004E-4	2.3122943999999998E-4	2.2500659999999999E-4	2.6535444000000001E-4	3.0351491999999996E-4	3.6386124000000001E-4	2.6867507999999996E-4	2.2968852000000001E-4	2.1280343999999999E-4	2.7232535999999999E-4	2.5019316000000002E-4	1.8566675999999999E-4	3.0029808000000001E-4	2.3669568E-4	2.0528315999999999E-4	2.2400892E-4	2.57247E-4	3.5403179999999999E-4	2.502774E-4	2.5686467999999998E-4	3.3163428E-4	2.6562323999999995E-4	2.9758043999999996E-4	3.5814564000000003E-4	2.9244096E-4	2.1546408000000001E-4	2.3237520000000001E-4	2.0090532E-4	1.7905404E-4	1.8343968E-4	3.1043219999999999E-4	3.3388739999999997E-4	3.1261979999999998E-4	2.8652495999999998E-4	3.2116655999999999E-4	2.9538719999999994E-4	2.4880847999999997E-4	3.4810043999999998E-4	2.3010876E-4	3.4367364000000001E-4	1.9761527999999999E-4	3.1158491999999996E-4	4.2796955999999998E-4	2.1467940000000001E-4	1.6962948E-4	2.6982600000000003E-4	2.1122591999999998E-4	1.7418012E-4	2.1237348E-4	2.2531499999999999E-4	3.4065216E-4	3.4746803999999998E-4	3.5502084E-4	1.5077664E-4	1.8070607999999999E-4	1.9730351999999997E-4	2.2849835999999999E-4	2.340102E-4	-4.1149847999999995E-6	2.0219663999999999E-4	4.4465543999999999E-4	-4.1155463999999996E-6	-4.1157348000000003E-6	0	0	0	0	0	2 Theta (Degrees)


Intensity Offset (Arbitratry Units) 




P3⁸⁷P3F¹³	0.16595699999999999	0.17720859999999999	0.1884603	0.1997119	0.2109635	0.2222151	0.2334667	0.2447184	0.25596999999999998	0.2672216	0.27847329999999998	0.28972490000000001	0.30097649999999998	0.31222820000000001	0.32347979999999998	0.33473150000000002	0.34598309999999999	0.35723480000000002	0.36848639999999999	0.37973810000000002	0.3909897	0.40224140000000003	0.4134931	0.42474479999999998	0.43599640000000001	0.44724809999999998	0.45849980000000001	0.46975149999999999	0.48100320000000002	0.4922549	0.50350660000000003	0.5147583	0.52601010000000004	0.53726180000000001	0.54851349999999999	0.55976519999999996	0.571017	0.58226869999999997	0.59352050000000001	0.60477219999999998	0.61602400000000002	0.62727569999999999	0.63852750000000003	0.64977929999999995	0.66103109999999998	0.67228290000000002	0.68353470000000005	0.69478649999999997	0.70603830000000001	0.71729010000000004	0.72854189999999996	0.73979379999999995	0.75104559999999998	0.76229749999999996	0.7735493	0.78480119999999998	0.79605300000000001	0.80730489999999999	0.81855679999999997	0.82980869999999995	0.84106060000000005	0.85231250000000003	0.86356440000000001	0.87481629999999999	0.88606830000000003	0.89732020000000001	0.90857220000000005	0.91982410000000003	0.93107609999999996	0.9423281	0.95358010000000004	0.96483200000000002	0.97608410000000001	0.98733610000000005	0.99858809999999998	1.0098400000000001	1.0210920000000001	1.0323439999999999	1.043596	1.054848	1.0661	1.077353	1.088605	1.0998570000000001	1.1111089999999999	1.1223609999999999	1.133613	1.144865	1.1561170000000001	1.16737	1.1786220000000001	1.1898740000000001	1.2011259999999999	1.212378	1.2236309999999999	1.234883	1.246135	1.257388	1.26864	1.279892	1.2911440000000001	1.302397	1.3136490000000001	1.3249010000000001	1.3361540000000001	1.3474060000000001	1.3586590000000001	1.3699110000000001	1.3811629999999999	1.3924160000000001	1.4036679999999999	1.4149210000000001	1.4261729999999999	1.4374260000000001	1.4486779999999999	1.4599310000000001	1.4711829999999999	1.4824360000000001	1.4936879999999999	1.5049410000000001	1.5161929999999999	1.5274460000000001	1.538699	1.5499510000000001	1.561204	1.5724560000000001	1.583709	1.594962	1.6062149999999999	1.617467	1.6287199999999999	1.6399729999999999	1.6512249999999999	1.6624779999999999	1.6737310000000001	1.684984	1.696237	1.70749	1.718742	1.7299949999999999	1.7412479999999999	1.7525010000000001	1.763754	1.775007	1.78626	1.7975129999999999	1.8087660000000001	1.8200190000000001	1.831272	1.842525	1.8537779999999999	1.8650310000000001	1.8762840000000001	1.887537	1.89879	1.9100440000000001	1.921297	1.93255	1.9438029999999999	1.9550559999999999	1.96631	1.977563	1.9888159999999999	2.00007	2.011323	2.0225759999999999	2.03383	2.045083	2.0563359999999999	2.06759	2.078843	2.0900970000000001	2.1013500000000001	2.1126040000000001	2.1238570000000001	2.1351110000000002	2.1463640000000002	2.1576179999999998	2.1688710000000002	2.1801249999999999	2.191379	2.2026319999999999	2.213886	2.2251400000000001	2.2363940000000002	2.2476470000000002	2.2589009999999998	2.2701549999999999	2.281409	2.2926630000000001	2.3039160000000001	2.3151700000000002	2.3264239999999998	2.3376779999999999	2.348932	2.3601860000000001	2.3714400000000002	2.3826939999999999	2.393948	2.4052020000000001	2.4164560000000002	2.4277099999999998	2.438965	2.4502190000000001	2.4614729999999998	2.4727269999999999	2.483981	2.4952359999999998	2.5064899999999999	2.517744	2.5289990000000002	2.5402529999999999	2.551507	2.5627620000000002	2.5740159999999999	2.5852710000000001	2.5965250000000002	2.60778	2.6190340000000001	2.6302889999999999	2.641543	2.6527980000000002	2.6640519999999999	2.6753070000000001	2.6865619999999999	2.697816	2.7090709999999998	2.720326	2.7315809999999998	2.7428360000000001	2.7540900000000001	2.7653449999999999	2.7766000000000002	2.787855	2.7991100000000002	2.810365	2.8216199999999998	2.832875	2.8441299999999998	2.8553850000000001	2.8666399999999999	2.8778950000000001	2.889151	2.9004059999999998	2.9116610000000001	2.9229159999999998	2.9341710000000001	2.945427	2.9566819999999998	2.967937	2.979193	2.9904480000000002	3.0017040000000001	3.0129589999999999	3.0242149999999999	3.0354700000000001	3.046726	3.0579809999999998	3.0692370000000002	3.0804930000000001	3.0917479999999999	3.1030039999999999	3.1142599999999998	3.1255160000000002	3.136771	3.1480269999999999	3.1592829999999998	3.1705390000000002	3.1817950000000002	3.1930510000000001	3.204307	3.2155629999999999	3.2268189999999999	3.2380749999999998	3.2493310000000002	3.2605870000000001	3.2718430000000001	3.2831000000000001	3.2943560000000001	3.305612	3.3168679999999999	3.328125	3.3393809999999999	3.350638	3.3618939999999999	3.3731499999999999	3.3844069999999999	3.3956629999999999	3.4069199999999999	3.418177	3.429433	3.44069	3.4519470000000001	3.463203	3.4744600000000001	3.4857170000000002	3.4969739999999998	3.5082309999999999	3.5194869999999998	3.5307439999999999	3.542001	3.553258	3.5645150000000001	3.5757720000000002	3.5870289999999998	3.598287	3.6095440000000001	3.6208010000000002	3.6320579999999998	3.643316	3.6545730000000001	3.6658300000000001	3.6770879999999999	3.688345	3.6996020000000001	3.7108599999999998	3.7221169999999999	3.7333750000000001	3.7446329999999999	3.75589	3.7671480000000002	3.7784059999999999	3.789663	3.8009210000000002	3.812179	3.8234370000000002	3.834695	3.8459530000000002	3.8572099999999998	3.868468	3.8797269999999999	3.8909850000000001	3.9022429999999999	3.9135010000000001	3.9247589999999999	3.9360170000000001	3.947276	3.9585340000000002	3.969792	3.9810509999999999	3.9923090000000001	4.0035670000000003	4.0148260000000002	4.026084	4.0373429999999999	4.0486019999999998	4.0598599999999996	4.0711190000000004	4.0823780000000003	4.0936360000000001	4.104895	4.1161539999999999	4.1274129999999998	4.1386719999999997	4.1499309999999996	4.1611900000000004	4.1724490000000003	4.1837080000000002	4.1949670000000001	4.206226	4.2174849999999999	4.228745	4.2400039999999999	4.2512629999999998	4.2625229999999998	4.2737819999999997	4.2850419999999998	4.2963009999999997	4.3075609999999998	4.3188199999999997	4.3300799999999997	4.3413389999999996	4.3525989999999997	4.3638589999999997	4.3751189999999998	4.3863789999999998	4.3976379999999997	4.4088979999999998	4.4201579999999998	4.4314179999999999	4.4426779999999999	4.453938	4.465198	4.4764590000000002	4.4877190000000002	4.4989790000000003	0.39993580000000001	0.35585939999999999	0.29740879999999997	0.25227240000000001	0.206952	0.16775532000000001	0.17434336	0.14904922000000001	0.13246868000000001	0.12223446	0.1081886	0.10132362	8.3596959999999998E-2	7.9455040000000005E-2	8.3712880000000003E-2	7.0763740000000006E-2	6.7454780000000006E-2	5.6561100000000003E-2	6.1771319999999998E-2	5.798408E-2	5.0468520000000003E-2	5.0795060000000003E-2	4.8389059999999998E-2	4.5480239999999998E-2	4.2787659999999998E-2	4.0552339999999999E-2	4.4944659999999997E-2	3.9089720000000001E-2	3.6271680000000001E-2	3.7834199999999998E-2	3.9530219999999998E-2	3.3014780000000001E-2	3.5002360000000003E-2	3.570678E-2	3.4581580000000001E-2	3.0400420000000001E-2	3.5098839999999999E-2	3.291152E-2	2.8743500000000002E-2	2.8567479999999999E-2	2.9882100000000002E-2	2.8520799999999999E-2	2.8975440000000002E-2	3.0811600000000001E-2	2.823144E-2	2.7204860000000001E-2	2.9087600000000002E-2	2.5826060000000001E-2	2.6682520000000001E-2	2.6114700000000001E-2	2.7104699999999999E-2	2.571362E-2	2.6740739999999999E-2	2.2990279999999998E-2	2.476428E-2	2.4977300000000001E-2	2.7406380000000001E-2	2.395576E-2	2.495416E-2	2.4193920000000001E-2	2.5825859999999999E-2	2.3371380000000001E-2	2.584904E-2	2.2560119999999999E-2	2.3541780000000002E-2	2.2503120000000001E-2	2.5818959999999998E-2	2.1557840000000002E-2	2.3684440000000001E-2	2.1636119999999998E-2	2.163646E-2	2.1715519999999999E-2	1.9438543999999999E-2	2.1321980000000001E-2	2.061994E-2	2.207924E-2	2.126484E-2	1.9347268000000001E-2	2.0320060000000001E-2	1.7969188000000001E-2	2.1124560000000001E-2	1.9226701999999998E-2	1.9736785999999999E-2	2.032494E-2	2.1744280000000001E-2	1.9064144000000002E-2	2.0620719999999999E-2	2.141492E-2	1.9477746000000001E-2	2.1343620000000001E-2	1.8289871999999999E-2	2.1708939999999999E-2	1.9874664E-2	2.0301980000000001E-2	1.9092830000000002E-2	1.912316E-2	2.0826020000000001E-2	1.8761905999999998E-2	1.7369361999999999E-2	1.7476186000000001E-2	1.7403933999999999E-2	1.7649054000000001E-2	1.8272231999999999E-2	1.8421422E-2	1.5230766E-2	2.0433320000000001E-2	1.8313044000000001E-2	1.8321612000000001E-2	1.6995072E-2	1.8380628E-2	1.7054552000000001E-2	1.7741784E-2	1.7037455999999999E-2	1.7020090000000002E-2	1.6518998E-2	1.7605114000000002E-2	1.6982924E-2	1.6252696000000001E-2	1.7007886E-2	1.5679459999999999E-2	1.6158929999999998E-2	1.4871326000000001E-2	1.6189622000000001E-2	1.5929800000000001E-2	1.550876E-2	1.6834996000000001E-2	1.5794774000000001E-2	1.6231797999999999E-2	1.7695435999999998E-2	1.5889924E-2	1.6082458000000001E-2	1.6958612000000001E-2	1.5932106000000001E-2	1.5387848000000001E-2	1.5443472E-2	1.6343601999999999E-2	1.5941339999999998E-2	1.6197897999999999E-2	1.655819E-2	1.7815325999999999E-2	1.6552852E-2	1.6143582E-2	1.6368316000000001E-2	1.6095696E-2	1.5931069999999999E-2	1.6125914000000002E-2	1.6916898E-2	1.552571E-2	1.6335375999999999E-2	1.7033704E-2	1.54618E-2	1.6866389999999998E-2	1.5249432E-2	1.4930376E-2	1.5529806E-2	1.6522258000000001E-2	1.6956197999999999E-2	1.4554895999999999E-2	1.5081916000000001E-2	1.5851291999999999E-2	1.5448460000000001E-2	1.6214343999999999E-2	1.4390834E-2	1.571417E-2	1.6252877999999998E-2	1.6495251999999998E-2	1.4801170000000001E-2	1.45799E-2	1.4723104000000001E-2	1.4503522E-2	1.410435E-2	1.5194406000000001E-2	1.3851281999999999E-2	1.5098614E-2	1.4445714E-2	1.448459E-2	1.4748172E-2	1.405197E-2	1.3170948E-2	1.2448163999999999E-2	1.4437122E-2	1.4208426E-2	1.3774168E-2	1.305364E-2	1.4411442E-2	1.3671391999999999E-2	1.3683168000000001E-2	1.2731444E-2	1.2858134E-2	1.3906978E-2	1.4152368E-2	1.3745736E-2	1.341823E-2	1.437827E-2	1.234495E-2	1.3631358E-2	1.4230944000000001E-2	1.4389392000000001E-2	1.1873974000000001E-2	1.2212732E-2	1.250448E-2	1.3767734E-2	1.3399243999999999E-2	1.3688814000000001E-2	1.3314812000000001E-2	1.3808058E-2	1.3133654E-2	1.2118772E-2	1.2763343999999999E-2	1.2943188E-2	1.2326824E-2	1.3046462E-2	1.3136182E-2	1.3447992000000001E-2	1.1424942E-2	1.3647177999999999E-2	1.3356882E-2	1.2214408E-2	1.2814799999999999E-2	1.2004707999999999E-2	1.2895264E-2	1.2104284E-2	1.1756904E-2	1.2219404E-2	1.3168605999999999E-2	1.1677656E-2	1.1617392000000001E-2	1.213374E-2	1.1364457999999999E-2	1.2068021999999999E-2	1.3012848E-2	1.185286E-2	1.2184214000000001E-2	1.2419294000000001E-2	1.324125E-2	1.1390454E-2	1.2008514E-2	1.2740654000000001E-2	1.2069078E-2	1.2985353999999999E-2	1.216452E-2	1.181399E-2	1.1032202E-2	1.2604672000000001E-2	1.2332696000000001E-2	1.1565786E-2	1.131968E-2	1.1946942E-2	1.2025986000000001E-2	1.2349822E-2	1.2584359999999999E-2	1.2141658E-2	1.2022405999999999E-2	1.2145688E-2	1.2632604E-2	1.2527297999999999E-2	1.2210712E-2	1.2943666E-2	1.2408014E-2	1.141669E-2	1.2973208E-2	1.202715E-2	1.0498688000000001E-2	1.2034974E-2	1.1322468E-2	1.1545522000000001E-2	1.0456526000000001E-2	1.1317417999999999E-2	1.1611402E-2	1.1180992000000001E-2	1.1949154E-2	1.0372352E-2	1.1309624000000001E-2	1.2234906E-2	1.115232E-2	1.1025470000000001E-2	1.2461944000000001E-2	1.2032292E-2	1.2798926E-2	1.19604E-2	1.2423475999999999E-2	1.261342E-2	1.2688537999999999E-2	1.1771952E-2	1.1931494000000001E-2	1.1873725999999999E-2	1.2211191999999999E-2	1.1497814E-2	1.1228488E-2	1.22971E-2	1.1547866E-2	1.0847015999999999E-2	1.1355881999999999E-2	1.0675496E-2	1.1015906000000001E-2	1.0711528E-2	1.0883656E-2	1.1434754E-2	9.7345720000000004E-3	1.1389962E-2	1.0878407999999999E-2	1.1673494E-2	1.0700706000000001E-2	1.1830032000000001E-2	1.0365533999999999E-2	1.0159914000000001E-2	1.2170250000000001E-2	1.1728864E-2	1.3578032E-2	1.3233124000000001E-2	1.411922E-2	1.507472E-2	1.3031773999999999E-2	1.3888253999999999E-2	1.2616482E-2	1.1079744000000001E-2	1.0119059999999999E-2	1.112834E-2	1.0060866E-2	1.2534226000000001E-2	1.1938858E-2	1.2759046E-2	1.2530360000000001E-2	1.2596154E-2	1.3666782000000001E-2	1.202743E-2	1.324268E-2	1.1618784E-2	1.1037842000000001E-2	1.2076896E-2	1.0526641999999999E-2	9.9358220000000004E-3	1.1692002E-2	1.140385E-2	1.0542437999999999E-2	1.3651180000000001E-2	1.2574134000000001E-2	1.1072032000000001E-2	1.3050304E-2	1.2922028E-2	1.239124E-2	1.109803E-2	1.2536576000000001E-2	1.0105487999999999E-2	1.6246245999999999E-2	1.3143922000000001E-2	1.3246974E-2	1.3481699999999999E-2	1.2308940000000001E-2	1.0230385999999999E-2	1.2656858E-2	1.2624115999999999E-2	1.2623762E-2	1.284476E-2	1.3261093999999999E-2	1.37824E-2	1.5520310000000001E-2	1.3438772E-2	1.4709837999999999E-2	1.6425217999999998E-2	1.928769E-2	8.6356860000000001E-3	1.4730516000000001E-2	2.0645940000000002E-2	1.2461399999999999E-2	1.4258424E-2	1.2558949999999999E-2	1.5759146000000002E-2	1.1197901999999999E-2	1.3280521999999999E-2	9.2625559999999999E-3	9.1465660000000001E-3	1.7918027999999999E-2	1.1186069999999999E-2	1.3432222000000001E-2	2.3809460000000001E-3	8.4871440000000003E-3	8.1014360000000001E-3	4.4228560000000002E-3	2.9656740000000001E-2	-8.0060119999999997E-5	0	0	0	0	0	P3	0.16595699999999999	0.17720859999999999	0.1884603	0.1997119	0.2109635	0.2222151	0.2334667	0.2447184	0.25596999999999998	0.2672216	0.27847329999999998	0.28972490000000001	0.30097649999999998	0.31222820000000001	0.32347979999999998	0.33473150000000002	0.34598309999999999	0.35723480000000002	0.36848639999999999	0.37973810000000002	0.3909897	0.40224140000000003	0.4134931	0.42474479999999998	0.43599640000000001	0.44724809999999998	0.45849980000000001	0.46975149999999999	0.48100320000000002	0.4922549	0.50350660000000003	0.5147583	0.52601010000000004	0.53726180000000001	0.54851349999999999	0.55976519999999996	0.571017	0.58226869999999997	0.59352050000000001	0.60477219999999998	0.61602400000000002	0.62727569999999999	0.63852750000000003	0.64977929999999995	0.66103109999999998	0.67228290000000002	0.68353470000000005	0.69478649999999997	0.70603830000000001	0.71729010000000004	0.72854189999999996	0.73979379999999995	0.75104559999999998	0.76229749999999996	0.7735493	0.78480119999999998	0.79605300000000001	0.80730489999999999	0.81855679999999997	0.82980869999999995	0.84106060000000005	0.85231250000000003	0.86356440000000001	0.87481629999999999	0.88606830000000003	0.89732020000000001	0.90857220000000005	0.91982410000000003	0.93107609999999996	0.9423281	0.95358010000000004	0.96483200000000002	0.97608410000000001	0.98733610000000005	0.99858809999999998	1.0098400000000001	1.0210920000000001	1.0323439999999999	1.043596	1.054848	1.0661	1.077353	1.088605	1.0998570000000001	1.1111089999999999	1.1223609999999999	1.133613	1.144865	1.1561170000000001	1.16737	1.1786220000000001	1.1898740000000001	1.2011259999999999	1.212378	1.2236309999999999	1.234883	1.246135	1.257388	1.26864	1.279892	1.2911440000000001	1.302397	1.3136490000000001	1.3249010000000001	1.3361540000000001	1.3474060000000001	1.3586590000000001	1.3699110000000001	1.3811629999999999	1.3924160000000001	1.4036679999999999	1.4149210000000001	1.4261729999999999	1.4374260000000001	1.4486779999999999	1.4599310000000001	1.4711829999999999	1.4824360000000001	1.4936879999999999	1.5049410000000001	1.5161929999999999	1.5274460000000001	1.538699	1.5499510000000001	1.561204	1.5724560000000001	1.583709	1.594962	1.6062149999999999	1.617467	1.6287199999999999	1.6399729999999999	1.6512249999999999	1.6624779999999999	1.6737310000000001	1.684984	1.696237	1.70749	1.718742	1.7299949999999999	1.7412479999999999	1.7525010000000001	1.763754	1.775007	1.78626	1.7975129999999999	1.8087660000000001	1.8200190000000001	1.831272	1.842525	1.8537779999999999	1.8650310000000001	1.8762840000000001	1.887537	1.89879	1.9100440000000001	1.921297	1.93255	1.9438029999999999	1.9550559999999999	1.96631	1.977563	1.9888159999999999	2.00007	2.011323	2.0225759999999999	2.03383	2.045083	2.0563359999999999	2.06759	2.078843	2.0900970000000001	2.1013500000000001	2.1126040000000001	2.1238570000000001	2.1351110000000002	2.1463640000000002	2.1576179999999998	2.1688710000000002	2.1801249999999999	2.191379	2.2026319999999999	2.213886	2.2251400000000001	2.2363940000000002	2.2476470000000002	2.2589009999999998	2.2701549999999999	2.281409	2.2926630000000001	2.3039160000000001	2.3151700000000002	2.3264239999999998	2.3376779999999999	2.348932	2.3601860000000001	2.3714400000000002	2.3826939999999999	2.393948	2.4052020000000001	2.4164560000000002	2.4277099999999998	2.438965	2.4502190000000001	2.4614729999999998	2.4727269999999999	2.483981	2.4952359999999998	2.5064899999999999	2.517744	2.5289990000000002	2.5402529999999999	2.551507	2.5627620000000002	2.5740159999999999	2.5852710000000001	2.5965250000000002	2.60778	2.6190340000000001	2.6302889999999999	2.641543	2.6527980000000002	2.6640519999999999	2.6753070000000001	2.6865619999999999	2.697816	2.7090709999999998	2.720326	2.7315809999999998	2.7428360000000001	2.7540900000000001	2.7653449999999999	2.7766000000000002	2.787855	2.7991100000000002	2.810365	2.8216199999999998	2.832875	2.8441299999999998	2.8553850000000001	2.8666399999999999	2.8778950000000001	2.889151	2.9004059999999998	2.9116610000000001	2.9229159999999998	2.9341710000000001	2.945427	2.9566819999999998	2.967937	2.979193	2.9904480000000002	3.0017040000000001	3.0129589999999999	3.0242149999999999	3.0354700000000001	3.046726	3.0579809999999998	3.0692370000000002	3.0804930000000001	3.0917479999999999	3.1030039999999999	3.1142599999999998	3.1255160000000002	3.136771	3.1480269999999999	3.1592829999999998	3.1705390000000002	3.1817950000000002	3.1930510000000001	3.204307	3.2155629999999999	3.2268189999999999	3.2380749999999998	3.2493310000000002	3.2605870000000001	3.2718430000000001	3.2831000000000001	3.2943560000000001	3.305612	3.3168679999999999	3.328125	3.3393809999999999	3.350638	3.3618939999999999	3.3731499999999999	3.3844069999999999	3.3956629999999999	3.4069199999999999	3.418177	3.429433	3.44069	3.4519470000000001	3.463203	3.4744600000000001	3.4857170000000002	3.4969739999999998	3.5082309999999999	3.5194869999999998	3.5307439999999999	3.542001	3.553258	3.5645150000000001	3.5757720000000002	3.5870289999999998	3.598287	3.6095440000000001	3.6208010000000002	3.6320579999999998	3.643316	3.6545730000000001	3.6658300000000001	3.6770879999999999	3.688345	3.6996020000000001	3.7108599999999998	3.7221169999999999	3.7333750000000001	3.7446329999999999	3.75589	3.7671480000000002	3.7784059999999999	3.789663	3.8009210000000002	3.812179	3.8234370000000002	3.834695	3.8459530000000002	3.8572099999999998	3.868468	3.8797269999999999	3.8909850000000001	3.9022429999999999	3.9135010000000001	3.9247589999999999	3.9360170000000001	3.947276	3.9585340000000002	3.969792	3.9810509999999999	3.9923090000000001	4.0035670000000003	4.0148260000000002	4.026084	4.0373429999999999	4.0486019999999998	4.0598599999999996	4.0711190000000004	4.0823780000000003	4.0936360000000001	4.104895	4.1161539999999999	4.1274129999999998	4.1386719999999997	4.1499309999999996	4.1611900000000004	4.1724490000000003	4.1837080000000002	4.1949670000000001	4.206226	4.2174849999999999	4.228745	4.2400039999999999	4.2512629999999998	4.2625229999999998	4.2737819999999997	4.2850419999999998	4.2963009999999997	4.3075609999999998	4.3188199999999997	4.3300799999999997	4.3413389999999996	4.3525989999999997	4.3638589999999997	4.3751189999999998	4.3863789999999998	4.3976379999999997	4.4088979999999998	4.4201579999999998	4.4314179999999999	4.4426779999999999	2.0728154999999998E-2	1.5692325E-2	1.2321687E-2	1.1333952E-2	8.1505290000000001E-3	7.9577429999999998E-3	6.6886890000000003E-3	5.4162569999999998E-3	5.3018279999999997E-3	4.6844805000000002E-3	4.3342949999999993E-3	3.6293789999999999E-3	3.0934604999999999E-3	2.6231729999999999E-3	2.44641E-3	2.0677650000000001E-3	2.0800185000000001E-3	2.214162E-3	1.9080659999999999E-3	1.7047169999999999E-3	1.3425170999999999E-3	1.5051765E-3	9.5200275000000001E-4	1.1615105999999999E-3	1.44549135E-3	1.2185198999999998E-3	9.5281394999999994E-4	8.6451075000000001E-4	9.7723379999999993E-4	1.05782415E-3	1.14792195E-3	8.7441644999999998E-4	9.3025274999999994E-4	9.2884650000000005E-4	8.9823164999999999E-4	9.947281499999999E-4	7.6860614999999996E-4	6.5974754999999989E-4	6.8134424999999994E-4	8.3988690000000006E-4	8.5896464999999993E-4	8.2904745000000001E-4	6.9444495000000001E-4	6.6967079999999998E-4	7.3685519999999998E-4	6.9483509999999991E-4	6.0113699999999996E-4	5.5318649999999995E-4	7.0820954999999987E-4	6.2187794999999995E-4	6.1118309999999999E-4	5.2729859999999993E-4	5.4624960000000005E-4	5.1418799999999995E-4	4.4042685000000002E-4	5.4134069999999999E-4	4.7048999999999995E-4	3.8639849999999994E-4	4.9711919999999993E-4	4.794054E-4	5.4207750000000003E-4	3.7715639999999999E-4	4.8604769999999994E-4	4.4402894999999996E-4	4.5236984999999996E-4	3.6525825000000001E-4	4.6393514999999995E-4	4.2766935E-4	4.138686E-4	3.9413369999999998E-4	3.9767835000000001E-4	4.2056985E-4	3.9858539999999999E-4	5.2112969999999997E-4	4.7813279999999998E-4	4.6559879999999996E-4	4.6552634999999997E-4	3.809862E-4	3.5053725000000003E-4	3.5291519999999999E-4	4.2288284999999999E-4	3.6252194999999998E-4	5.2158135000000003E-4	4.2486674999999997E-4	4.3932164999999995E-4	3.6013784999999998E-4	3.6821340000000002E-4	2.9334659999999998E-4	3.3213554999999997E-4	3.0647129999999999E-4	2.7929969999999996E-4	2.3954370000000002E-4	2.9272409999999999E-4	3.3860220000000004E-4	3.1792695E-4	3.5644725E-4	4.0706955E-4	4.0527465000000001E-4	3.4496084999999997E-4	3.4898024999999996E-4	3.5999489999999996E-4	4.2001860000000002E-4	3.3754394999999999E-4	3.7273784999999996E-4	3.9237539999999996E-4	4.0805039999999994E-4	3.3392699999999998E-4	3.7810799999999999E-4	2.2775909999999999E-4	2.9249940000000002E-4	2.8672244999999999E-4	2.4771180000000002E-4	2.9924459999999998E-4	3.6106244999999998E-4	2.6528774999999999E-4	2.7577694999999998E-4	3.0657329999999997E-4	3.1270350000000001E-4	3.3866174999999996E-4	3.2272784999999999E-4	3.0740999999999999E-4	3.5614665000000001E-4	3.4805129999999999E-4	3.2367480000000003E-4	2.692746E-4	3.2280960000000001E-4	2.738409E-4	3.0672344999999995E-4	3.2188664999999997E-4	3.2892149999999998E-4	3.4498454999999997E-4	3.2429369999999999E-4	3.1211730000000004E-4	2.7434895E-4	2.5126814999999996E-4	2.7121514999999999E-4	2.6083394999999997E-4	2.9975984999999999E-4	2.6403750000000001E-4	2.8028534999999997E-4	2.4103604999999999E-4	2.2877444999999999E-4	2.576298E-4	2.8545749999999998E-4	2.3586374999999999E-4	2.2780784999999997E-4	2.4167235E-4	2.3164980000000001E-4	2.7961064999999997E-4	2.4513675E-4	2.2150874999999997E-4	2.8942604999999998E-4	2.7786974999999996E-4	2.5134494999999997E-4	2.7015659999999995E-4	3.3354734999999997E-4	2.9196209999999997E-4	2.8488599999999998E-4	2.7652769999999996E-4	2.5799444999999999E-4	2.9778284999999998E-4	2.883696E-4	2.7449879999999997E-4	2.153898E-4	2.1723479999999999E-4	2.3609849999999997E-4	2.5752929999999999E-4	3.0357779999999997E-4	2.9148645000000003E-4	2.236443E-4	1.9978035E-4	2.1504375000000001E-4	2.5015394999999997E-4	1.957626E-4	2.0905995000000002E-4	2.6956019999999997E-4	3.0913859999999997E-4	2.8948499999999997E-4	2.9701050000000001E-4	2.5191029999999999E-4	2.3518214999999998E-4	2.9001194999999996E-4	2.6941275E-4	3.1486620000000003E-4	2.633391E-4	2.8669245E-4	2.6414160000000001E-4	2.5131059999999997E-4	2.6586074999999996E-4	2.6163015E-4	2.7877469999999999E-4	2.6558039999999999E-4	2.4141764999999999E-4	2.9604105E-4	2.8853069999999997E-4	2.5898955000000002E-4	2.4539804999999999E-4	2.5997204999999999E-4	2.1732195E-4	2.604417E-4	2.9885399999999998E-4	2.9008799999999998E-4	2.8516830000000003E-4	2.8361339999999997E-4	2.7628184999999998E-4	2.6191769999999999E-4	2.9627985000000001E-4	2.7442200000000002E-4	2.7823574999999998E-4	2.516571E-4	3.2863574999999996E-4	3.1608765E-4	3.1747289999999999E-4	3.3596819999999998E-4	2.5726334999999999E-4	3.187908E-4	2.7846749999999997E-4	3.2594865000000001E-4	3.2088735000000002E-4	3.5944200000000002E-4	3.7804005000000002E-4	3.2442585E-4	3.5979135E-4	3.0365295000000001E-4	3.2415464999999995E-4	2.945418E-4	2.9596529999999997E-4	3.257976E-4	2.9350785E-4	2.8681424999999996E-4	3.1888709999999999E-4	3.3299715000000002E-4	2.7421514999999996E-4	3.2752425000000002E-4	3.0298184999999998E-4	3.4172670000000001E-4	3.5286389999999995E-4	3.5824665E-4	2.6367734999999999E-4	2.8367399999999998E-4	3.2926919999999999E-4	3.8890049999999997E-4	4.0769550000000003E-4	4.1285040000000001E-4	3.4575749999999998E-4	3.3382604999999997E-4	3.0498269999999994E-4	2.8783874999999999E-4	3.0771435000000001E-4	2.9992844999999997E-4	2.8848285000000003E-4	3.3212565000000001E-4	2.9832585000000002E-4	3.3814665E-4	3.0433184999999999E-4	2.5656449999999999E-4	2.9787689999999996E-4	3.6445845E-4	3.3930765000000001E-4	3.4818644999999999E-4	3.3975584999999998E-4	3.4869854999999996E-4	3.7334384999999996E-4	3.1232759999999998E-4	3.2127809999999996E-4	3.051234E-4	2.9959559999999998E-4	3.3505349999999999E-4	3.0818594999999999E-4	2.8880654999999998E-4	3.1692179999999996E-4	3.2691749999999998E-4	3.1710480000000002E-4	3.0361214999999998E-4	2.9260979999999999E-4	2.9438160000000001E-4	3.7728465000000003E-4	3.5900204999999999E-4	3.9234599999999996E-4	3.4814444999999998E-4	2.9447459999999996E-4	2.9892629999999997E-4	3.1076879999999995E-4	3.2703495000000003E-4	3.7198635E-4	3.8785155000000001E-4	4.0498694999999997E-4	3.6035924999999996E-4	3.3092175000000001E-4	3.4962029999999997E-4	3.4894320000000001E-4	3.9224279999999995E-4	3.7890524999999994E-4	3.9259605000000001E-4	4.3694189999999997E-4	4.0043205000000001E-4	3.7773314999999999E-4	3.3778634999999998E-4	3.6850335000000002E-4	4.1245019999999998E-4	4.5094649999999998E-4	4.2829424999999999E-4	4.3057590000000003E-4	3.2635154999999998E-4	3.7453095000000003E-4	4.2237974999999995E-4	4.6735184999999998E-4	3.6538439999999998E-4	4.6176179999999999E-4	4.9325504999999997E-4	4.8002400000000001E-4	4.9941975000000001E-4	5.0841059999999993E-4	5.3342369999999991E-4	5.7694815000000003E-4	4.6606274999999998E-4	4.8065849999999997E-4	3.7463775000000002E-4	4.2960390000000001E-4	4.60722E-4	4.5050234999999999E-4	3.9724109999999998E-4	4.0989434999999996E-4	4.3119419999999999E-4	4.6396949999999996E-4	3.7744335E-4	5.9613584999999999E-4	5.4104429999999996E-4	5.2133114999999993E-4	6.4927785000000004E-4	6.2684385000000005E-4	4.4228039999999995E-4	5.4809610000000001E-4	4.2794654999999998E-4	4.2616725E-4	5.1390734999999998E-4	5.6167499999999998E-4	5.1860820000000001E-4	5.2658640000000003E-4	4.2279060000000002E-4	5.8288559999999999E-4	5.6100254999999998E-4	5.2522004999999998E-4	4.8454439999999997E-4	3.9891270000000004E-4	5.7119834999999999E-4	7.0341404999999999E-4	7.030649999999999E-4	8.3881679999999999E-4	5.069311499999999E-4	5.9042399999999998E-4	7.8080309999999998E-4	4.7227439999999999E-4	4.0349534999999998E-4	5.787543E-4	6.7262114999999993E-4	6.3798524999999996E-4	6.9933465000000003E-4	6.0730410000000006E-4	7.4289825000000006E-4	5.1274695000000001E-4	7.5299939999999988E-4	3.3863745000000002E-4	5.2075845000000001E-4	4.7542574999999995E-4	7.1575094999999991E-4	7.8949439999999999E-4	7.6646369999999991E-4	5.3617739999999991E-4	2.6715194999999998E-4	5.5477844999999996E-4	6.4734329999999998E-4	2.403939E-4	5.1074084999999994E-4	1.1017336499999999E-3	8.1671939999999996E-4	5.9385690000000001E-4	1.12783755E-3	1.8658605E-3	-5.5818885000000001E-6	1.0003362E-3	0	0	0	0	0	2 Theta (Degrees)


Intensity Offset (Arbitratry Units) 




image2.png
10°
102
10
1

"HI/°00

102 100 104 10°

10

0.1

102

Permeability CO, (Barrer)




image78.emf
  RSLT0003     : 2020-06-26.chd     : TW-1-235

   :    Chromatogram RI   ( -0.493 - 4.817 [mV] )

  - RI -   Mn:   42345   Mw:   135218   Mz:   263098   Mw/Mn:   3.193



[mV]

[min]

0.000

2.000

4.000

6.000 8.000 10.000

1 / 7.215 / 140599

Peak #

Retention Time

Top MW

  RSLT0003     : 2020-06-26.chd     : TW-1-235

   :    Chromatogram RI   ( -0.493 - 4.817 [mV] )

  - RI -   Mn:   42345   Mw:   135218   Mz:   263098   Mw/Mn:   3.193


image79.emf
  RSLT0001     : 2021-12-07.chd     : TW-2-226-A

   :    Chromatogram RI   ( -1.165 - 24.075 [mV] )

  - RI -   Mn:   98614   Mw:   179204   Mz:   242030   Mw/Mn:   1.817



[mV]

[min]

0.000

10.000

20.000

6.000 8.000 10.000

1 / 6.893 / 208583

Peak #

Retention Time

Top MW

  RSLT0001     : 2021-12-07.chd     : TW-2-226-A

   :    Chromatogram RI   ( -1.165 - 24.075 [mV] )

  - RI -   Mn:   98614   Mw:   179204   Mz:   242030   Mw/Mn:   1.817


image80.emf
  RSLT0002     : 2021-12-07.chd     : TW-2-226-B

   :    Chromatogram RI   ( -0.938 - 12.795 [mV] )

  - RI -   Mn:   95400   Mw:   186479   Mz:   306442   Mw/Mn:   1.955



[mV]

[min]

0.000

5.000

10.000

6.000 8.000 10.000

1 / 6.910 / 204098

Peak #

Retention Time

Top MW

  RSLT0002     : 2021-12-07.chd     : TW-2-226-B

   :    Chromatogram RI   ( -0.938 - 12.795 [mV] )

  - RI -   Mn:   95400   Mw:   186479   Mz:   306442   Mw/Mn:   1.955


image81.png
o
2
g
[:4
i
5
fig
ir
o
e





image3.png
1 T T T T
1 10 102 10° 104 108

Permeability CO, (Barrer)




image82.emf
-1 0 1 2 3 4 5 6 7 8 9


oleObject11.bin

image83.png
Hex1 00

e

9.17 3.00

1




image84.svg
                   Hex 100


image85.png
Trimeth100





image86.svg
               Trimeth 100


image87.png
Hex®%-s-Trimeth'®





image88.svg
           Hex⁸⁵ - s - Trimeth¹⁵


image89.png
Hex%¢-s-Trimeth*4





image90.svg
           Hex⁵⁶ - s - Trimeth ⁴⁴


image4.emf
+

R

R

R

+

H-SiR

3

+

SiR

3

R

+





R

+

catalyst

(a)

(b)

(c)

R

exo endo


image91.png
Hex?®*8-s-Trimeth®?





image92.svg
           Hex³⁸ - s - Trimeth⁶²


image93.png
Hex#-s-Trimeth””





image94.svg
           Hex²³ - s - Trimeth⁷⁷


image95.png
Hex®4-b-Trimeth'¢





image96.svg
           Hex⁸⁴ - b - Trimeth¹⁶


image97.png
Hex5%%-b-Trimeth*'





image98.svg
           Hex⁵⁹ - b - Trimeth⁴¹


image99.png
Hex*'-b-Trimeth®®





image100.svg
           Hex⁴¹ - b - Trimeth⁵⁹



image101.png
Hex?-b-Trimeth”’





image102.svg
           Hex²³ - b - Trimeth⁷⁷


image103.png
— — — —




image104.svg
       


image105.png
=
e
—




image106.svg
       


image107.png
[mV]

100.000-

0.000

f
6.000

RSLT0001 :2022-02-28.chd  : TW-2-257-A_Precipitate
E— Chromatogram Rl (-4.962 - 131.239 [mV])
Chromatogram UV (---— - —- -)

-RI- Mn 115531 Mw. 151713 Mz 192207 Mw/Mn 1.313




image108.png
[mV]

40,000~

6.000

RSLTOG1C :2022-02-28.chd  : TW-2-259-F _Precipitate
E— Chromatogram Rl (-1.088 - 51.644 [mV])
Chromatogram UV (---— - —- -)

-RI- Mn 108671 Mw. 162465 Mz 209542 Mw/Mn 1.495




image109.png
[min]

RSLT0001  :2022-05-12.chd : TW-2-267-B
—_— Chromatogram Rl (-2.092 - 31.693 [mV1}

-RI- Mn: 130468 Mw: 188662 Mz: 254363 Mw/Mn: 1.446




image110.png
[min]

RSLT0002 :2022-05-12.chd : TW-2-268-C
—_— Chromatogram Rl (-2.019-33.277 [mV]}

-RI- Mn: 114561 Mw: 158704 Mz: 202423 Mw/Mn: 1.385




image5.emf
R

R

n

n

R

Addition

ROMP

• high Tg

• robust films

• highly permeable

• synthetic ease

• commercial catalysts

• synthetic challenges

• chemically instable

• low Tg

• limited catalysts

(a)

(b)

R


image111.png
T
10.000

i
6.000

[min]

RSLT0003  :2022-05-12.chd : TW-2-268-D
—_— Chromatogram Rl (-0.881-30.391 [mV1}

-RI- Mn: 122518 Mw: 169858 Mz: 216103 Mw/Mn: 1.386




image112.png
[mv]

i
6.000

[min]

RSLT0004 :2022-05-24.chd :TW-2-269-E
—_— Chromatogram RI (-1.725 - 28.211 [mV1)
)

Chromatogram UV (- - -

-RI- Mn: 106510 Mw: 201462 Mz: 448460 Mw/Mn: 1.891




image113.png
[mV]

20000

i i
6.000 8.000 10.000
[min]
RSLT0002 :2022-02-28.chd  : TW-2-259-B_B1_Aliquot
E— Chromatogram RI (-0.468 - 67.670 [mV])
Chromatogram UV (---— - —- -)

-RI- Mn 88193 Mw. 110514 Mz 131742 Mw/Mn 1.253




image114.png
60.000-

40.000-

RSLT0003 :2022-02-28.chd  : TW-2-259-B_Precipitate
E— Chromategram Rl (-0.711 - 65.878 [mV])
Chromatogram UV (---— - —- -)

-RI- Mn 101586 Mw. 135368 Mz 172445 Mw/Mn 1.333




image115.png
[mV]

15000~

10.000

i i
6.000 8.000 10.000
[min]

RSLT0004 :2022-02-28.chd : TW-2-259-C_B1_Aliquot

Chromatogram RI (-0.798 - 15.600 [mV])
Chromatogram UV ( =--— - -—-- -)

-RI- Mn 66951 Mw. 81587 Mz 95584 Mw/Mn 1.218




image116.png
i
6.000

[min]
RSLT0005 :2022-02-28.chd  : TW-2-259-C_Precipitate
E— Chromategram Rl (-0.850 - 91.479 [mV])
Chromatogram UV (---— - —- -)

-RI- Mn 108521 Mw. 151386 Mz 194757 Mw/Mn 1.395




image117.png
[mV]

i
6.000

[min]

RSLT0006 :2022-02-28.chd : TW-2-259-D_B1_Aliquot
E— Chromatogram Rl (-1.084 - 75.037 [mV])
Chromatogram UV (---— - —- -)

-RI- Mn 43151 Mw. 50426 Mz 57683 Mw/Mn 1.169




image118.png
6.000 8.000 10.000
[min]

RSLT0007 :2022-02-28.chd  : TW-2-259-D_Precipitate
E— Chromategram Rl (-1.601 - 60.933 [mV])
Chromatogram UV (---— - —- -)

-RI- Mn 114791 Mw. 158058 Mz 195328 Mw/Mn 1.377




image119.png
6.000 8.000 10.000

RSLT0008 :2022-02-28.chd  : TW-2-259-E_B1_Aliquot
E— Chromatogram R (-1.687 - 40.948 [mV])
Chromatogram UV (---— - —- -)

-RI- Mn 21364 Mw. 265560 Mz 29701 Mw/Mn 1.196




image120.png
[mV]

6.000

[min]

RSLT000S :2022-02-28.chd  : TW-2-259-E_Precipitate
E— Chromategram Rl (-1.175 - 38.904 [mV])
Chromatogram UV (---— - —- -)

-RI- Mn 111004 Mw. 171023 Mz 218835 Mw/Mn 1.541





image121.png
(mm)

20
20
40-
60-
80-

100

Hex1 00

(mm})

100

109
108
107
106
105
104
103
102

101




image122.png
(mm)

Trimeth'®

(mm})
20 0 20 40 60 80 100

20
40 —:
60~
80-

100

109
108
107
106
105
104
103
102

101




image127.png
(mm)

20
20
40-
60-
80-

100

Hex1 00

(mm})

100

109
108
107
106
105
104
103
102

101




image128.png
(mm)

Trimeth'®

(mm})
20 0 20 40 60 80 100

20
40 —:
60~
80-

100

109
108
107
106
105
104
103
102

101




image123.png
(mm)

Hex*®*-s-Trimeth®*

(mm})
20 0 20 40 60 80 100

20
40 —:
60~
80-

100

109
108
107
106
105
104
103
102

101




image124.png
(mm)

Hex?*-s-Trimeth™"

(mm})
20 0 20 40 60 80 100

20
40 —:
60~
80-

100

109
108
107
106
105
104
103
102

101




image125.png
(mm)

Hex®*-s-Trimeth™

(mm})
20 0 20 40 60 80 100

20
40 —:
60~
80-

100

109
108
107
106
105
104
103
102

101




image126.png
(mm)

20
40 —:
60~
80-

100

Hex®°-s-Trimeth**

(mm})
40

60

100

109
108
107
106
105
104
103
102

101




image133.png
(mm)

Hex*®*-s-Trimeth®*

(mm})
20 0 20 40 60 80 100

20
40 —:
60~
80-

100

109
108
107
106
105
104
103
102

101




image134.png
(mm)

Hex?*-s-Trimeth™"

(mm})
20 0 20 40 60 80 100

20
40 —:
60~
80-

100

109
108
107
106
105
104
103
102

101




image6.emf
N

Mo

Ph

O

O

CF

3

CF

3

F

3

C

F

3

C

Mes Mes

N N

Ru

Cl

Cl

Ph

P(Cy)

3

Mes Mes

N N

Ru

Cl

N

Br

Cl

Ph

N

Br

Pd

Cl

P

Ni

F

F

F

F

F

F

F

F

F

F

Ph

3

Sb

SbPh

3

N N

Pd

Cl

i

Pr

i

Pr

i

Pr

i

Pr

a) b) c)

d) e) f)

Pd

Cl

P

g)

Ring Opening Metathesis Polymerization (ROMP)

Addition Polymerization (AP)


image135.png
(mm)

Hex®*-s-Trimeth™

(mm})
20 0 20 40 60 80 100

20
40 —:
60~
80-

100

109
108
107
106
105
104
103
102

101




image136.png
(mm)

20
40 —:
60~
80-

100

Hex®°-s-Trimeth**

(mm})
40

60

100

109
108
107
106
105
104
103
102

101




image129.png
{mm)

204

404

60

80

1004

Hex*-b-Trimeth™

(mm)
40

80

80

100
L

109
108
107
108
105
104
103
102

101




image130.png
{mm)

204

404

60

80

1004

-20

Hex*'-b-Trimeth®>®

(mm)
40

[

20

80

80

100
L

109
108
107
108
105
104
103
102

101




image131.png
{mm)

204

404

60

80

1004

-20

Hex**-b-Trimeth*

(mm)
40

[

20

80

80

100

109
108
107
108
105
104
103
102

101




image132.png
{mm)

204

404

60

80

1004

-20

Hex®**-b-Trimeth™®

(mm)
40

[

20

80

80

100

109
108
107
108
105
104
103
102

101




image141.png
{mm)

204

404

60

80

1004

Hex*-b-Trimeth™

(mm)
40

80

80

100
L

109
108
107
108
105
104
103
102

101




image142.png
{mm)

204

404

60

80

1004

-20

Hex*'-b-Trimeth®>®

(mm)
40

[

20

80

80

100
L

109
108
107
108
105
104
103
102

101




image143.png
{mm)

204

404

60

80

1004

-20

Hex**-b-Trimeth*

(mm)
40

[

20

80

80

100

109
108
107
108
105
104
103
102

101




image144.png
{mm)

204

404

60

80

1004

-20

Hex®**-b-Trimeth™®

(mm)
40

[

20

80

80

100

109
108
107
108
105
104
103
102

101





image137.png
(mm)

20

40
60
80

100-

20

0

20

Hex1 00

(mm)
40

60

80

100





image138.png
(mm)

Trimeth®®

(mm)
20 0 20 40 60 80 100
0 .. . S
20
40
60

80

100-





image147.png
(mm)

20

40
60
80

100-

20

0

20

Hex1 00

(mm)
40

60

80

100





image148.png
(mm)

Trimeth®®

(mm)
20 0 20 40 60 80 100
0 .. . S
20
40
60

80

100-





image139.png
(mm)

20

40

60

80

100

Hex*°-s-Trimeth**





image140.png
(mm)

20

40

60

80

100

Hex**-s-Trimeth®?





image145.png
(mm)

20

40

60

80

100

20

Hex**-s-Trimeth™

(mm)

100

107
106
108
104
108
102
101

100




image146.png
(mm)

20

40

60

80

100

20

Hex®**-s-Trimeth'®

(mm)

100

107
108
105
104
108
102
101

100




image153.png
(mm)

20

40

60

80

100

Hex*°-s-Trimeth**





image154.png
(mm)

20

40

60

80

100

Hex**-s-Trimeth®?





image7.emf
R

n

n

R

n

SiMe

3

Me

3

Si

n

SiMe

3

Me

3

Si

n

SiMe

3

SiMe

3

Me

3

Si

n

Me

3

Si SiMe

3

n

SiMe

3

Me

3

Si

2.11

2.12

2.19

2.20

2.21

2.1 =

H

R

2.2 =

SiMe

3

R

2.3

=

SiMe

2

Ph

R

2.4 =

SiMe

i

Pr

2

R

2.5 =

SiMe

2

CH

2

SiMe

3

R

2.6 =

SiMe(OSiMe

3

)

2

R

2.7 =

Si(OSiMe

3

)

3

R

2.8 =

SiMe

2

OEt

R

2.9

=

SiMe(OEt)

2

R

2.10 =

Si(OEt)

3

R

2.13 =

SiMe

3

R

2.13a

=

GeMe

3

R

2.13b =

CMe

3

R

2.16 =

Si(OEt)

3

R

2.17

=

Si(OPr)

3

R

2.18 =

Si(OBu)

3

R

2.14 =

Si(OSiMe

3

)

3

R

2.15 =

Si(OMe)

3

R

Si

O

O

O

N

2.15a = R

exo-2.2

=

SiMe

3

R

Substituted MPNBs

Substituted MPTCNs


image155.png
(mm)

20

40

60

80

100

20

Hex**-s-Trimeth™

(mm)

100

107
106
108
104
108
102
101

100




image156.png
(mm)

20

40

60

80

100

20

Hex®**-s-Trimeth'®

(mm)

100

107
108
105
104
108
102
101

100




image149.png
(mm)

20

40

60

80

100

20

Hex®*¢-b-Trimeth'®

(mm)
40

60

80

100





image150.png
Hex**-b-Trimeth*’

(mm)
a 20 40 60 80 100

108

(mm)

20

40

60

80

100

107
106
105
104

103

§102

101

100




image151.png
Hex*'-b-Trimeth*>®

(mm)
a 20 40 60 80 100

108

(mm)

20

40

60

80

100

107
106
105
104

103

§102

101

100




image152.png
Hex**-b-Trimeth”

(mm)
a 20 40 60 80 100

(mm)

20

40

60

80

100





image161.png
(mm)

20

40

60

80

100

20

Hex®*¢-b-Trimeth'®

(mm)
40

60

80

100





image162.png
Hex**-b-Trimeth*’

(mm)
a 20 40 60 80 100

108

(mm)

20

40

60

80

100

107
106
105
104

103

§102

101

100




image163.png
Hex*'-b-Trimeth*>®

(mm)
a 20 40 60 80 100

108

(mm)

20

40

60

80

100

107
106
105
104

103

§102

101

100




image164.png
Hex**-b-Trimeth”

(mm)
a 20 40 60 80 100

(mm)

20

40

60

80

100






image157.png
Intensity (a.u.)

Trimeth100

Hex?3-s-Trimeth”?

Hex38-s-Trimeth®?

Hex®¢-s-Trimeth**

Hex®%-s-Trimeth'

o

0.02

0.04

q(A?)

0.06

0.08

0.1




image158.svg
                                                                            0  0.02  0.04  0.06  0.08  0.1  Intensity (a.u.)  q (Å  -  1  ) Trimeth 100 Hex²³ - s - Trimeth⁷⁷ Hex³⁸ - s - Trimeth⁶² Hex⁵⁶ - s - Trimeth ⁴⁴ Hex⁸⁵ - s - Trimeth¹⁵ Hex¹⁰⁰


image159.png
Z

Intensity (a.u.)

0
A

% q{’ ds L
v t
F A Trimeth100 5 9s
5 8 4 )
E Hex?3-s-Trimeth”’ > F v .
£ = r Hex23-b-Trimeth”’
o c T
1 Hex32-s-Trimeth®? g “ . -
E £ E Hex*'-b-Trimeth
o Hex®¢-s-Trimeth** r - . .
- Hex>?-b-Trimeth
E Hex®-s-Trimeth™ E
E ~o - Hex®*-b-Trimeth'®
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

q (A7) q(A?)





image160.svg
                                                                                                                                               0  0.5  1  1.5  2  2.5  3  3.5  4  4.5  5  Intensity (  a.u  .)  q (Å  -  1  ) Trimeth 100 Hex²³ - s - Trimeth⁷⁷ Hex³⁸ - s - Trimeth⁶² Hex⁵⁶ - s - Trimeth ⁴⁴ Hex⁸⁵ - s - Trimeth¹⁵ Hex¹⁰⁰ A)                      B)                      0  0.5  1  1.5  2  2.5  3  3.5  4  4.5  5  Intensity (a.u.)  q (Å  -  1  ) Hex²³ - b - Trimeth⁷⁷ Hex⁴¹ - b - Trimeth⁵⁹ Hex⁵⁹ - b - Trimeth⁴¹ Hex⁸⁴ - b - Trimeth¹⁶                   q 1 q 3 q 4 q 5     q 1  q 2 q 3 q 4  q 5   


image8.emf
R

n

2.30 =

Si(O

i

Pr)

3

2.31 =

Si(OPr)

3

2.32 =

Si(OEt)

3

2.33 =

Si(OMe)

3

Si

n

m

O

O

O

R

R

R

R

= m 1 2.37

= m 2 2.38

n

R

2.22

=

SiMe

3

2.23

=

Si(OMe)

3

2.24

=

Si(OEt)

3

2.25

=

Si(OPr)

3

R

R

R

R

2.26

=

Si(OBu)

3

R

2.27

=

Si(OSiMe

3

)

3

R

2.29 =

SiMe

3

R

2.28

=

H

R

2.34

=

Si(OCH

2

CH

2

OMe)

3

R

2.35 =

SiMe

2

OEt

R

2.36 =

SiMe(OEt)

2

R

exo-2.29 =

SiMe

3

R

Substituted APNBs

Substituted APTCNs



image9.emf
n

F

F CF

3

CF

3

n

F

F OCF

2

CF

2

CF

3

F

n

N

O O

CF

3

F

3

C

n

N

O O

CF

3

O

n

N

O O

CF

3

F

3

C

n

F

F R

F

3.6 =

F

R

3.7 =

CF

2

C

6

F

5

R

3.8

=

C

6

F

13

R

3.9

=

CF

2

CF

2

CF

2

CF

3

R

3.10

=

OCF

2

CF

2

Br

R

3.1

3.2

3.3

3.4

3.5

n

F

3

C

F

3

C F

CF

2

CF

3

n

F

3

C

F

3

C CF

3

CF

3

n

F

F

F

F F

F

F

F

n

C

6

F

5

C

6

F

5

n

3.11

3.12

3.13

3.14 3.15



image10.emf
(CH

2

)

7

CH

3

n

n

(CH

2

)

9

CH

3

n

3.16

3.17

3.18



image11.emf
O O

F F

F

3

CCF

3

FF

FF

n

1-n

Yampolskii, 2002

O

Si

Freeman, 1999

n

High S

hydrocarbon

Low S

fluorocarbon

Low S

hydrocarbon

High S

fluorocarbon

n

SiO

O

O

n

SiO

O

O

CF

3

CF

3

CF

3

High S

CO2

Moderate S

CH4

High S

CO2

?

Decreased S

CH4

?

Hydrocarbon Polymer Fluorocarbon Polymer

Prior Work

This Work

Hydrocarbon VAPNB Fluorocarbon VAPNB

vs.



image12.emf
V1/M1

V2/M2

V3/M3

V1F/M1F

V2F/M2F

V3F/M3F

R =

R =

R =

R =

R =

R =

CH

2

CH

3

CH

2

CH

2

CH

3

CH

2

CH

2

CH

2

CH

3

CH

2

CF

3

CH

2

CF

2

CF

3

CH

2

CF

2

CF

2

CF

3

Si

Cl

Cl

Cl

2) reflux, 2 h

Si

OR

OR

OR

Si

OR

OR

OR



1) ROH (excess),

DCM, imidazole, 

   0 °C to rt, 16 h

V1-V3 or

V1F-V3F

M1-M3 or

M1F-M3F

x

y

n

Si(OR)

3

Si(OR')

3

Si(OR')

3

Si(OR)

3

DCM, 16 h

MX MXF

Ni

Ph

3

Sb

SbPh

3

F

F

F

F

F

F

F

F

F

F

+

P1/P1F series or 

P2/P2F series or

P3/P3F series

A) Monomer Synthesis

B) Polymer Synthesis

Nonfluorinated Substituents

Fluorinated Substituents



image13.png
a CO,/CH,

100 1
Sy
- % B0, o P1
- 1%, 7 B P1ssP1Fs
K "@f'eo(/nd o P1esp1F2
S~ AP152P1F4
S~ ] VPIF N
10 b oP2
o o B P2¥7P2F™ |
?&: & P272P2F 2
eP3
m P357P3F 3
100 1,000 10,000

P (CO,) Barrer




image14.svg
                                                                                                                                                                                                                                                                 100  10  1  100  1,000  10,000  α  CO  2  /CH  4  P (CO  2  ) Barrer      P1    P1⁸⁵P1F¹⁵    P1⁶⁸P1F³²    P1⁵²P1F⁴⁸      P1F    P2    P2⁸⁷P2F¹³    P2⁷²P2F²⁸    P3    P3⁸⁷P3F¹³    1991 Upper Bound    2008 Upper Bound


image15.png
A) 60

oP1 v
50 .P184P1 F1s .... .

O P1°P1F32 - A
40 .

A P14%P1F52 '
vP1F ' &
“ O

w
o

Concentration
(cm3STP/cm?3)
N
o

'

$

10 ““
0 . . | |
0 5 10 15 20 25
Pressure (atm)
C) 15
oP1 j
AP1#PIF™ s
c —~ 10 { *P1“P1F> x
‘g £ AP14*P1F*2 ..-";:3:'
© O o
= vP1F " I
3 o
£ gE) ° ".2-'-':""
° .
oL o
0 , . | |
S 10 15 20 05

Pressure (atm)

B) 15
o P2 '

3 |p2vp2r™ ..::.‘-'

m ..0.
g € 10 { *P2™P2F* _.;:::.- .
g g .P3 -."..‘ .-'-:::".
= | mpapsre T @i e
§,‘,{E> R

.". .o'. ..'

° 5 i -.. o et
0 ‘ ' T T T

0 5 10 15 20 925
Pressure (atm)
D) 6o
oP2
50 1 mP2:7P2F*
c ~ ©P272P2F%®
SET eps -
S 30 { WPSTRIFT -
- O s
C - ® '
&P RO - AT
O 20 et °
c £ S
8 3 .._.-:.-.““x:-... .....
’ f":::..::.‘o ----
0 88C | | |
0 5 10 15 20 25

Pressure (atm)




image16.svg
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        0  5  10  15  0  5  10  15  20  25  Concentration   (cm  3  STP/cm  3  )  Pressure (atm)  C)      P1    P1⁸⁴P1F¹⁶    P1⁶⁷P1F³³    P1⁴⁸P1F⁵²      P1F                                                                                                                                                                                                                                     0  5  10  15  0  5  10  15  20  25  Concentration   (cm  3  STP/cm  3  )  Pressure (atm)  B)      P2    P2⁸⁷P2F¹³    P2⁷²P2F²⁸    P3    P3⁸⁷P3F¹³                                                                                                                                                                                                                                                              0  10  20  30  40  50  60  0  5  10  15  20  25  Concentration   (cm  3  STP/cm  3  )  Pressure (atm)  D)      P2    P2⁸⁷P2F¹³    P2⁷²P2F²⁸    P3    P3⁸⁷P3F¹³                                                                                                                                                                                                                                                                           0  10  20  30  40  50  60  0  5  10  15  20  25  Concentration   (cm  3  STP/cm  3  )  Pressure (atm)  A)      P1    P1⁸⁴P1F¹⁶    P1⁶⁷P1F³³    P1⁴⁸P1F⁵²      P1F


image17.png
0
o
o

475 -4.80 4.88

-4.78

-5.40

mCO, WECH,

0.00 -

-1.00 +

-2.00 -
-3.00
-4.00 -

(lowyjeoy) 3v

-5.00 + -4.79

-6.00




image18.svg
                                                                                                                                           -6.00  -5.00  -4.00  -3.00  -2.00  -1.00  0.00  1  2  3  1F  2F  3F  ∆E (kcal/mol)         4.79  4.78  4.75  4.80  4.88  5.40  2.58  2.48  3.11  2.61  2.88  3.31  -  -  -  -  -  -  -  -  -  -  -  -       CO 2   CH 4


image19.png
AAE (kcal/mol)

12.00

10.00

8.00

6.00

4.00

2.00

0.00

mCO, WECH,

8.58

6.96

7.97

8.40

6.21

9.53

7.52

2F

9.69





image20.svg
                                                                                                                          0.00  2.00  4.00  6.00  8.00  10.00  12.00  1  2  3  1F  2F  3F  ∆∆E (kcal/mol)   4.75  6.29  6.33  6.21  7.52  7.60  6.96  8.58  7.97  8.40  9.53  9.69       CO 2   CH 4 


image21.png
Initial ChemDraw
Structure

Optimized
Structure for MD
DFT Optimization Input

Functional: PBEO
Basis Set: def2-SVP
Dispersion: D3BJ

LigParGen

50,000 MD steps
Optimized DFT

30 Lowest Energy

Structure Structures OPLS-AA force field
periodic box:_
) « 200K
Functional: PBEO « NVT ensemble
Basis set: def2-TZVPP » Nosé-Hoover thermostat
Dispersion: D3BJ * 1.0 ps time constant

* 1.0 fs time step




image22.svg
             Initial  ChemDraw Structure DFT Optimization Functional:  PBE0 Basis Set:  def2 - SVP Dispersion:  D3BJ  Optimized  Structure for MD  Input  LigParGen  50,000 MD steps OPLS - AA force field  periodic box:  • 200 K • NVT ensemble • Nosé - Hoover thermostat • 1 . 0 ps time constant • 1 . 0 fs time step 30 Lowest Energy  Structures  Optimized DFT  Structure Functional: PBE0 Basis set:  def2 - TZVPP Dispersion: D3BJ        


image23.emf
B) Polymer Synthesis

Pd

Cl

P

t

Bu

3

Li

LiCl

Pd

P

t

Bu

3

B(C

6

F

5

)

4

B(C

6

F

5

)

4

C

6

H

13

C

6

H

13

O

O

O

Si

C

6

H

13

x

B(C

6

F

5

)

4

Toluene, 24 h

Toluene

Add dropwise over 24 h

Toluene

C

6

H

13

O

O

O

Si

C

6

H

13

O

O

O

Si

x

y

b

O

O

O

Si

C

6

H

13

x

A) Precatalyst Activation

~15 min

x

O

O

O

Si

Toluene, 24 h

Toluene, 24 h

Hex

100

Hex

n

-s-Trimeth

m

Hex

x

-b-Trimeth

y

Trimeth

100

activated catalyst

C

6

H

13

O

O

O

Si

n

m

s

l

Pd

P

t

Bu

3

B(C

6

F

5

)

4

Pd

P

t

Bu

3



image24.png
=

80.0 - 1.8

. R2=0.9960 .°
T 60.0 A B W

O 4

= . A

o 40.0 P - 1.4
=< .’

= 20.0 e - 1.2

Z ’/ [ ]

00 &b g
0O 25 50 75 100
Monomer Conversion (%)
C)
1 — 64 min
- —— 16 min
—~ [ —8min
5 |1 —2min
L
E -
6 7 8 9 10
Elution Time (min)
E)

100 A= =93
. ’/ o
Rt/ 7
S S
I 50 l‘ /

g ! /’ e exo-hexNB
S 2> g7 e endo-hexNB
o
O L 1 1 1 : L 1 1 L : 1 L 1 1 = 1 L
0 20 40 60
Time (min)

B) 600 -4
_ . R2:0.998(I)‘ L 35
S 400 + et - 3
& K o G
=< 20+ L% - 2
s R . - 1.5

L/ [ ]
00 Ff—r vt ]
0.0 25.0 50.0 75.0 100.0
Monomer Conversion (%)
D)
4+ —©6h
- — 2h
_IT—1 h
= 1 = 30min
s
o
6 7 8 9 10
Elution Time (min)

F)

100 + oe—e-——————————— .-

- y

S e

c et

o

> 50

v e exo-trimethNB

g 25 e endo-trimethNB

o

0 ————
0 100 200

Time (h)




image25.svg
                                                                                                                                                                                                                                                                                                                                                                                                                                                             R² = 0.9980  1  1.5  2  2.5  3  3.5  4  0.0  20.0  40.0  60.0  0.0  25.0  50.0  75.0  100.0  Đ  M  n    (kg  ∙mol  -  1  )   Monomer Conversion (%)                  6  7  8  9  10  RI (a.u.)   Elution Time (min)                                 0  25  50  75  100  0  100  200  Conversion (%)   Time (h)                                0  25  50  75  100  0  20  40  60  Conversion (%)   Time (min)                  6  7  8  9  10  RI (a.u.)   Elution Time (min)                           R² = 0.9960  1  1.2  1.4  1.6  1.8  0.0  20.0  40.0  60.0  80.0  0  25  50  75  100  Đ  M  n    (kg  ∙mol  -  1  )   Monomer Conversion (%)   B)  D)  F)  A)  C)  E)   64 min  16 min  8 min  2 min             6 h    2 h    1 h    30 min       exo-trimethNB      endo-trimethNB      exo- hexNB      endo -hexNB 


image26.png
Statistical Copolymers

Rl (a.u.)

Hex®-s-Trimeth™ Hex®¢-s-Trimeth** Hex38-s-Trimeth®? Hex?3-s-Trimeth”’
130.5 kg:mol* 114.6 kg:mol* 122.5 kg'mol! 106.5 kg:mol*
3 3 3 3
Hex'0° s s s s Trimeth10
& & x x
115.5 kg:mol* 108.7 kgmol
s 66 7 8 9 10 5 6 7 8 9 10 5 6 7 8 9 10 5 6 7 8 9 10 __
Elution Time (min) Elution Time (min) Elution Time (min) Elution Time (min) z
4
Diblock Copolymers
6 7 8 9 10 Hex®-b-Trimeth' Hex%°-b-Trimeth*' Hex*'-b-Trimeth*° Hex?3-b-Trimeth?’ 5 6 7 8 9 1
Elution Time (min) Elution Time (min)
101.6 kgmol*  88.2 kg'mol* 108.5 kgmol*  66.9 kg'mol*! 114.8 kgmol*  43.2 kg'mol* 111.0 kgmol*  21.4 kg'mol!
& s L s
4 4 = 4

t t + +

5 6 7 8 9 10 5 6 7 8 9 10 5 6 7
Elution Time (min) Elution Time (min)

8 9 10 5 6 7 8 9 10
Elution Time (min) Elution Time (min)




image27.svg
                                                                                                                                                                                                                                                                                                                   5  6  7  8  9  10  RI (a.u.)  Elution Time (min)              5  6  7  8  9  10  RI (a.u.)  Elution Time (min) Hex¹⁰⁰ Trimeth 100              5  6  7  8  9  10  RI (a.u.)  Elution Time (min) Hex⁸⁵ - s - Trimeth¹⁵              5  6  7  8  9  10  RI (a.u.)  Elution Time (min) Hex⁵⁶ - s - Trimeth ⁴⁴              5  6  7  8  9  10  RI (a.u.)  Elution Time (min) Hex³⁸ - s - Trimeth⁶²              5  6  7  8  9  10  RI (a.u.)  Elution Time (min) Hex²³ - s - Trimeth⁷⁷  Statistical Copolymers                5  6  7  8  9  10  RI (a.u.)  Elution Time (min) Hex⁸⁴ - b - Trimeth¹⁶                5  6  7  8  9  10  RI (a.u.)  Elution Time (min) Hex⁵⁹ - b - Trimeth⁴¹                5  6  7  8  9  10  RI (a.u.)  Elution Time (min) Hex⁴¹ - b - Trimeth⁵⁹                5  6  7  8  9  10  RI (a.u.)  Elution Time (min) Hex²³ - b - Trimeth⁷⁷  Diblock Copolymers 115.5 kg ∙ mol - 1 130.5 kg ∙ mol - 1 114.6 kg ∙ mol - 1 122.5 kg ∙ mol - 1 106.5 kg ∙ mol - 1 108.7 kg ∙ mol - 1 88.2 kg ∙ mol - 1 66.9 kg ∙ mol - 1 43.2 kg ∙ mol - 1 21.4 kg ∙ mol - 1 101.6 kg ∙ mol - 1 108.5 kg ∙ mol - 1 114.8 kg ∙ mol - 1 111.0 kg ∙ mol - 1


image28.png
Intensity (a.u.)

LLLRLLLLLL

T T TTTII00

y
\/ v v
v Trimeth100
\ v .
A Hex?3-s-Trimeth”’
v v \
y .
Hex32-s-Trimeth®?
Y y
\J .
Hex>¢-s-Trimeth**
v y
\/ .
Hex®°-s-Trimeth"
\J
Hex'°

Intensity (a.u.)

q (A7)
\/ y
v
Y Trimeth100
v \/ \/
! Hex?3-b-Trimeth”’
v vy ¥
! Hex*'-b-Trimeth®®
v
Y \/
y Hex>*?-b-Trimeth*
v /
y
Hex®%-b-Trimeth'®
Y Hex100





image29.svg
                                                                                                                                                     0  0.5  1  1.5  2  2.5  3  3.5  4  4.5  5  Intensity (  a.u  .)  q (Å  -  1  ) Trimeth 100 Hex²³ - s - Trimeth⁷⁷ Hex³⁸ - s - Trimeth⁶² Hex⁵⁶ - s - Trimeth ⁴⁴ Hex⁸⁵ - s - Trimeth¹⁵ Hex¹⁰⁰                                               0  0.5  1  1.5  2  2.5  3  3.5  4  4.5  5  Intensity (a.u.)  q (Å  -  1  ) Trimeth 100 Hex²³ - b - Trimeth⁷⁷ Hex⁴¹ - b - Trimeth⁵⁹ Hex⁵⁹ - b - Trimeth⁴¹ Hex⁸⁴ - b - Trimeth¹⁶ Hex¹⁰⁰                           B)  A)


image30.png
Intensity (a.u.)

Diblock Copolymer Series

Trimethoxy00

487 nm

526 m

Hex=-b-Trimeth™"

Hex*-b-Trimeth=

Hex=>-b-Trimeth**

Hex®-b-Trimeth's

001 002 0035 004 005 006 007

Scattering Vector q (A1)

o008




image31.jpeg




image32.jpeg




image33.jpeg




image34.jpeg




image35.jpeg




image36.jpeg




image37.jpeg




image38.jpeg




image35.png
a CO,/N,

100

10
10

A Trimeth'°°

@ Hex?3-s-Trimeth”’
@ Hex38-s-Trimeth®?
O Hex>®-s-Trimeth**
® Hex®%-s-Trimeth"
B Hex?3-b-Trimeth”’
B Hex*'-b-Trimeth®®°
O Hex®9%-b-Trimeth*
B Hex3%-b-Trimeth'®
A Hex'°

100 1,000
P CO, (Barrer)

10,000




image36.svg
                                                                                                                                                                                                                                                                                                                                    10  100  10  100  1,000  10,000  α  CO  2  /N  2  P CO  2   (Barrer)          Trimeth¹⁰⁰    Hex²³  -  s  -  Trimeth⁷⁷    Hex³⁸  -  s  -  Trimeth⁶²    Hex⁵⁶  -  s  -  Trimeth⁴⁴    Hex⁸⁵  -  s  -  Trimeth¹⁵    Hex²³  -  b  -  Trimeth⁷⁷    Hex⁴¹  -  b  -  Trimeth⁵⁹    Hex⁵⁹  -  b  -  Trimeth⁴¹    Hex⁸⁴  -  b  -  Trimeth¹⁶    Hex¹⁰⁰     2008 Upper   Bound


image37.png
P N, (Barrer)

a5 I
40 ¥
35 §
30 §
25 f
20 £
15 §

10 +

A Trimeth°°

@ Hex*3-s-Trimeth”’
© Hex38-s-Trimeth®?
O Hex®%-s-Trimeth**
® Hex*-s-Trimeth™
B Hex**-b-Trimeth”’
B Hex*'-b-Trimeth®
O Hex*°-b-Trimeth*
B Hex®*-b-Trimeth'
A Hex'"°

Trimeth Mol %

P CO, (Barrer)

1600

1400
1200
1000
800
600
400

200 +

Trimeth Mol %





image38.svg
                                                                                                                                                                                                                                                                                                                                                                                           0  20  40  60  80  100  0  200  400  600  800  1000  1200  1400  1600  P CO  2  (Barrer)  Trimeth Mol %                                                              0  20  40  60  80  100  0  5  10  15  20  25  30  35  40  45  50  P N  2  (Barrer)  Trimeth Mol %           Trimeth¹⁰⁰    Hex²³  -  s  -  Trimeth⁷⁷    Hex³⁸  -  s  -  Trimeth⁶²    Hex⁵⁶  -  s  -  Trimeth⁴⁴    Hex⁸⁵  -  s  -  Trimeth¹⁵    Hex²³  -  b  -  Trimeth⁷⁷    Hex⁴¹  -  b  -  Trimeth⁵⁹    Hex⁵⁹  -  b  -  Trimeth⁴¹    Hex⁸⁴  -  b  -  Trimeth¹⁶    Hex¹⁰⁰


image39.png
=

Concentration (Cm3STP/Cm3)

o

Concentration (Cm3STP/Cm3)

8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0

—F— Trimeth'°

—F— Hex*-s-Trimeth”’
—F— Hex3%-s-Trimeth®?
—+— Hex>¢-s-Trimeth**
—F— Hex®%-s-Trimeth™
—F— Hex"°

0.0 I N
0.0 5.0 10.0 15.0 20.0 25.0
Pressure(atm)
8.0
7.0 —E— Trimeth°
) —%— Hex?*-b-Trimeth””
6.0 —*— Hex*-b-Trimeth®®
—%+— Hex®?-b-Trimeth*'! -
5.0 —F— Hex®*-b-Trimeth'®
4.0
3.0
2.0
1.0
0.0 f f
0.0 5.0 10.0 15.0 20.0 25.0
Pressure(atm)

)
—

Concentration (Cm3STP/Cm3)

S

Concentration (Cm?STP/Cm3)

80.0

—F— Trimeth'®®
70.0 —F— Hex?*-s-Trimeth”’
60.0 —F— Hex3%-s-Trimeth®?

—+— Hex>¢-s-Trimeth**
50.0 —F— Hex®-s-Trimeth™

100

40.0 L= Hex
30.0
20.0
10.0 D

///'

0‘0..:....:....:....:....:...
0.0 5.0 10.0 15.0 20.0 25.0
Pressure(atm)

80.0
70.0 —E— Trimeth'°

—%— Hex?*-b-Trimeth””
—£— Hex*-b-Trimeth®®
—+— Hex%°-b-Trimeth*'!
—ZE— Hex®%-b-Trimeth'®

0.0 5.0 10.0 15.0 20.0 25.0

Pressure(atm)




image40.svg
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      0.0  1.0  2.0  3.0  4.0  5.0  6.0  7.0  8.0  0.0  5.0  10.0  15.0  20.0  25.0  Concentration (Cm  3  STP/Cm  3  )  Pressure(atm)                                                                                                                                    0.0  1.0  2.0  3.0  4.0  5.0  6.0  7.0  8.0  0.0  5.0  10.0  15.0  20.0  25.0  Concentration (Cm  3  STP/Cm  3  )  Pressure(atm)                                                                                                                                    0.0  10.0  20.0  30.0  40.0  50.0  60.0  70.0  80.0  0.0  5.0  10.0  15.0  20.0  25.0  Concentration (Cm  3  STP/Cm  3  )  Pressure(atm)                                                                                                                                    0.0  10.0  20.0  30.0  40.0  50.0  60.0  70.0  80.0  0.0  5.0  10.0  15.0  20.0  25.0  Concentration (Cm  3  STP/Cm  3  )  Pressure(atm)  A)  B)  C)  D)         Trimeth¹⁰⁰  Hex²³  -  s  -  Trimeth⁷⁷  Hex³⁸  -  s  -  Trimeth⁶²  Hex⁵⁶  -  s  -  Trimeth⁴⁴  Hex⁸⁵  -  s  -  Trimeth¹⁵  Hex¹⁰⁰                                                                                                                    Trimeth¹⁰⁰  Hex²³  -  b  -  Trimeth⁷⁷  Hex⁴¹  -  b  -  Trimeth⁵⁹  Hex⁵⁹  -  b  -  Trimeth⁴¹  Hex⁸⁴  -  b  -  Trimeth¹⁶  Hex¹⁰⁰                                                                                      Trimeth¹⁰⁰  Hex²³  -  b  -  Trimeth⁷⁷  Hex⁴¹  -  b  -  Trimeth⁵⁹  Hex⁵⁹  -  b  -  Trimeth⁴¹  Hex⁸⁴  -  b  -  Trimeth¹⁶  Hex¹⁰⁰          Trimeth¹⁰⁰  Hex²³  -  s  -  Trimeth⁷⁷  Hex³⁸  -  s  -  Trimeth⁶²  Hex⁵⁶  -  s  -  Trimeth⁴⁴  Hex⁸⁵  -  s  -  Trimeth¹⁵  Hex¹⁰⁰                              


image41.png
- 0 -

A 1= | T

a ml w X m e ml

T S 1

) 1 g = g © 1

4 ...m 4

] = o .

.I T m m o T

H (=) = 1

Hoe 1~ . e 1

4 1+ o <

© o o o o o o o o o -

n < o (o] - o o o o o o

o (r-wie-c.wd-[d1S]swd) ‘0D S a (;-wie.cwd-[d1S]cwd) N S

- 0 -

b 1= < T

(=] e I w xX m o T

T o T

m© 1 g= @ © 1

1 £ 1

23 ° ] @ ° 1
s 553 T ¥E @ :

S ER2 T oF T
TE&HhB om I N on 1
4q<qom@ T +

| T o « T

o o o o 5 o n o
on ~N [ o i i o o

< (0TGswd))‘0da ) (0-0T-(;5-zw2)) N @

20 40 60 80 100

0

20 40 60 80 100

0

Trimeth Mol %

Trimeth Mol %

0.0

0 20 40 60 80 100

20 40 60 80 100

0

Trimeth Mol %

Trimeth Mol %




image42.svg
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       A)  C)  E)  B)  D)  F)                                     0  20  40  60  80  100  0.0  1.0  2.0  3.0  4.0  5.0  S CO  2  (cm  3  [STP]∙cm  -  3  ∙atm  -  1  )   Trimeth Mol %                                    0  20  40  60  80  100  0.1  0.2  0.2  0.3  0.3  S N  2  (cm  3  [STP]∙cm  -  3  ∙atm  -  1  )   Trimeth Mol %                                    0  20  40  60  80  100  6.0  8.0  10.0  12.0  14.0  16.0  18.0  α  S  CO₂  /S  N₂  Trimeth Mol %                                    0  20  40  60  80  100  0.0  1.0  2.0  3.0  D CO  2  (  (cm  2  ∙s  -  1  )∙10  -  6  )  Trimeth Mol %                                    0  20  40  60  80  100  0.0  0.5  1.0  1.5  D N  2  ((cm  2  ∙s  -  1  )∙10  -  6  )  Trimeth Mol %                                    0  20  40  60  80  100  0.0  1.0  2.0  3.0  4.0  α  D  CO₂  /D  N₂  Trimeth Mol %          Hex¹⁰⁰  Trimeth¹⁰⁰  Statistical  Diblock        


image43.png
14 NMR (CDCl,, 600 MHz)

V1F
CF;
Si-0’
7
o7\ CF;
k o
CF3
mnmuooNga N m oo
EEEPEEREEE naoe
©1© OGO GNNNN e
e N 2
cDcl, oy
s T
1.00 1.01 0.98 6.27
T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5  -1.0
f1 (ppm)




image44.png
13C{1H} NMR (CDCl; 151 MHz)

V1F
CFy
Si-0
e
\
OK 0~ o 8YgRR G oma
4 cxeng FEEE:
CF, 5 3388 EEEE
NN ~e
[, cDCl,
I
: T . . T . T T T T T T : , : T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10

f1 (ppm)




image45.png
14 NMR (CDCl,, 600 MHz)

M1F 1588 93 55849 R oeeRgReTAY G
Sgem i3 2833 2
CFs S Vi e 1
Si-0
e
\
OK -~ F3
CFs3
cDCl,
I
"
M
—_ e T
2.00 6.30 2.08
9‘.0 8‘.5 8‘.0 7‘.5 7‘.0 6'.5 6‘.0 5‘.5 5‘.0 4‘.5 4‘ 0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1'.0 O‘.S

£1 (ppm)




image46.png
BC{*H} NMR (CDCl; 151 MHz)

M1F

og ozt
€80zt
sozer
tozer /

L4ciRN

zsver

seont \.

o9zt
POBET

0z bET >
PEOET —7
i/

3

CF
Si\-O)
SR

CF3

f1 (ppm)

170 160 150 140 130 120 110

180





image47.png
14 NMR (CDCl,, 600 MHz)

V2F
£,c°CF3 geRReaenesag FEE
2! DWW WOB GGG NI T
== J s N N
_Si-0
o7\ Fa
§ OVC‘CF
¢F2
CF3
|
cDCl,
“l |
W
BRI
1.00 0.98 0.89 6.12
9‘.0 8‘.5 8‘.0 7‘.5 7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 4'.5 4‘.0 3'.5
f1 (ppm)




image48.png
13C{1H} NMR (CDCl; 151 MHz)

S509—

ogezT —

95161 —

V2F

-10

05T ~__
P

Nmn_ﬁ/\l
B —

vretr

L5611~

cocl,

f1 (ppm)

0g'6TT —

€00zt

ov 1T~ __3

122 121 120 119 118 117 116 115 114 113 112 111 110





image49.png
14 NMR (CDCl,, 600 MHz)

M2F
258 aa 8885 5 o ennmzannug
FC’CFS G 0w R EERSES 4 4 ddd4addddco
2) N \/ Y [ SSNle=——"
Si-O
o’ LR
L ON"Cr
gF, R
CF3
cDCl,
|
Hl
I
'—ﬁ o e
2.00 6.48 2.08
90 85 80 75 70 65 60 55 S50 45 40 35 30 25 20 15 10 05 00 05 -1.0

f1 (ppm)




image50.png
BC{*H} NMR (CDCl; 151 MHz)

M2F

0F'6T ~
600~

ISST
gose "

N

TObET
0zbET >

TP 9ET —+
ﬁnmﬁ\
o
£ 5
Q ~ 7
,C wo
2, )
LRe]
e ATt
12} O

[

S
288
N>

cocl,

f1 (ppm)

f1 (ppm)

122 121 120 119 118 117 116 115 114 113 112 111 110





image51.png
14 NMR (CDCl,, 600 MHz)

V3F
F2 cF.
oS
/S'\ o Fa
o F
I\CF\’C ermeaeasT o NngwETaNn
CF2 L EEEEEE T RRSLTSONY
G F)C—CF3 PR i pedeiedvi- B 31 SIdReddd
CFy e Y N NP
cDCl, |
|
\
B T
1.00 1.00 0.95 6.57
9‘.0 8‘.5 8‘,0 7‘.5 7'.0 6‘.5 6‘,0 5‘.5 5'.0 4‘.5 4‘,0 3‘.5 3‘.0 Z‘,S 2‘.0 1'.5 1‘.0 ﬂ‘,S d.ﬂ —0',5 —1‘.!]

f1 (ppm)




image52.png
90T

PRy
i\

o901
68'90T
c6'901
56901 —

10T~
oo /-

oy

95°L0T
61801

20T
'S0t /
s9'80T
89'80T

To80m —
06'30T —

cos01 /-

ey

S6'60T
e\
0p 01T
T
9b'0TT
B

o7
Lot
foort
ssor1

T

111.5 111.0 110.5 110.0 109.5 109.0 108.5 108.0 107.5 107.0 106.5 106.0

f1 (ppm)

€509 —

BC{*H} NMR (CDCl; 151 MHz)

czzri~
oz —
RS
cser

Ay

AERY
opp1T
v
covrr
99511~
s8'SIT =7
sost1 /7
eeort

ani
vaort

Crune
csarT —
DXise

f1 (ppm)

9g'€zT —

61027~
ehoct —
vorozr -~

121 120 119 118 117 116 115 114 113 112

PTIPT —

cocl,

f1 (ppm)





image53.png
14 NMR (CDCl,, 600 MHz)

cmo
arrat ——

P11
o
B
ozt
T —
sT1

AV

o1

se1—

€61 —

S6'CT

b =
e -

hom\

e S
sty T

66'S~_ —.
i —

ere"

cocl,

6.04

2.09

4.0
f1 (ppm)

6.59
5.0 4.5

5.5

2.00
8.5 8.0 7.5 7.0 6.5 6.0

9.0





image54.png
99'901

I é/
oe 01
ovio
& EW

B
se'cot
8£°L0T ~\
Thcor
19001
vozo1 /.
01
oo/
ov's0T

901
59'90T /
sa'80T

sas0r

6501 —
TT°60T 2

e/
s

6601
29601

ST oTT

Ry

59011
95011 —

eoors 7
g
b1 :_\

et

[
Tt —
et

[atas
G\
ZobTT "
6'b1T~
1T —
T6'STT
crstr ~
Te9TT

121 120 119 118 117 116 115 114 113 112

1115 111.0 110.5 110.0 109.5 109.0 108.5 108.0 107.5 107.0 106.5

BC{*H} NMR (CDCl; 151 MHz)

E9'6T ~o
ze0z "

69'ST ~
sroz "

f1 (ppm)

N
1§44
SsS NVN
s6cr
mONvu\
oros”

£€09
2509
oL09
8809

f1 (ppm)

ST

SEbET
SS9ET —7
e’

wlll

cocl,

f1 (ppm)




image55.png
14 NMR (CDCl,, 300 MHz)

830
16'0 W
€60

0E'T
€t
bE'T
st
9E'T
o
LET
8eT
8e'T
6
or'T
ov'T
T
v
0s'T
ST
s'T
st
ES'T
€1
bS'T
ss1
et —_—
ss1
LS'T
(ST
8S'T
091
09T
e
sLe
we

18

°8's

88's

€6's

96'S -3
86'S -
€097 =
s /f =
809

or's

€9

b9

cocl,

8.99

B

6.57 6.26

6.50

f1 (ppm)

1.00 1.01 0.89





image56.png
13C{IH} NMR (CDCI; 75 MH2)
V3

g 8 B n =
g 2 ] 8 ]
I g E “

— 1887
3

cocl,

T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

f1 (ppm)




image57.png
14 NMR (CDCl,, 600 MHz)
M3

cocl,
—— — — S —
2.00 6.51 2.08 28.33
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 1.0




image58.png
1BC{*H} NMR (CDCl; 151 MHz)

T8ET —

1681~
€202~
vroz

8297~
689z~

99'vE

Gove
STTE
brTy 7
3244 %
veb S

869
eros”

TET9N,
5297

SoEET
LIPET —
e/
TLLET <

[

i

cocl,

f1 (ppm)




image59.png
14 NMR (CDCl; 500 MHz)
P1

cocl,

T
5.5

T
5.0

T
4.5

T
4.0
f1 (ppm)

T
3.5

T
3.0

T
2.5

T
2.0

T
1.5

1.0




image60.png
14 NMR (CDCl; 500 MHz)
P184p1F16

rca
o\
O_/ CFs
Si-0.
CF3
0.84 o.1e]7
Si—oJ
e
\
OK o
CDCly
A
0.16 0.84
9‘.0 8‘.5 8‘.0 7‘.5 7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 4‘.5 4‘ 0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 0‘.5 0‘.0 —0‘.5 —1‘.0

£1 (ppm)




image61.png
14 NMR (CDCl; 500 MHz)

P167p1F33
rca
o\
o_ /. ‘CcFs
Ssi-o0.
CF3
o7 053]
Si—oJ
e
\
OK o
cDcl,
————
0.33 0.67
: : : : : : : : : ; : : . : : : : : . ‘ :
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0

f1 (ppm)




image62.png
14 NMR (CDCl; 500 MHz)

P148P1F>52
rca
o\
o_ /. ‘CcFs
Ssi-o0.
CF3
e N
Si—oJ
e
\
OK o
cDcl,
—
0.52 0.48
9‘.0 8'.5 B‘.U 7‘.5 7'.0 6‘.5 6‘.0 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5

f1 (ppm)





image63.png
P1 Series 'H NMR Spectra Stacked

P1%8P1F52 J/\/\\

P167p1F33 /\/\\ \g
P184p1F16 ,\,/\\ L
L P A J

£1 (ppm)




image64.png
14 NMR (CDCl; 500 MHz)

P2

cocl,

T
9.0

T T
8.5 8.0

T
7.5

T
7.0

T
6.5

T
6.0

T
5.5

T
5.0

T
4.5

T
4.0
f1 (ppm)

T
3.5

T
3.0

T
2.5

T
2.0

T
1.5

1.0




image65.png
14 NMR (CDCl; 500 MHz)

P287p2Fi3
¢Fs
2O
O /O Ez
\Si-OW
FaCu
2¥ CF,
0.13
0.87 n
-0
o’ Y
H NN
cDcl,
—
0.13 0.87
9‘.0 8'.5 8‘.0 7‘. 5 7‘.0 6‘.5 6‘.0 5‘.5 5'.0 4‘.5 4‘ 0 3‘. 5

£1 (ppm)





image66.png
14 NMR (CDCl; 300 MHz)

P272p2F28
¢Fs
CF
[ 2~cCF
O /O (F":z
\S‘-OW
FoCu
2¥ CF,
0.72 o-28]
§i-0
o’ Y
H NN
cncly
—_—
0.28 0.72
9‘.0 8‘.5 8‘.0 7‘.5 7‘.0 6‘.5 6‘.0 5‘.5 5'.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 0‘.5 0‘.0 '(;.5 '1‘.0

f1 (ppm)




image67.png
P2 Series 'H NMR Spectra Stacked

P272p2F2%

P287p2F13

.
I

9.0

8.5 8.0 7.5 7.0 6.5 6.0 5.5

5.0

4.5

T
4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)




image1.png
. Retentate
. ®

Permeate




image68.png
14 NMR (CDCl; 300 MHz)
P3

cocl,

9.0 8.5 8.0 7.5 7.0

6.5

6.0

5.5

5.0

4.5

£1 (ppm)

3.5




image69.png
14 NMR (CDCl; 300 MHz)
P387p3FI3

~CF3
FZEF F,C~CF3
2 C’
l/ /C)FFZ
\Si-O’\C_(F:Z
F, CFs
oe7 013
/Si-oJ\/
o

S

0.13 0.87
T T T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0

£1 (ppm)




image70.png
P3%7p3F13

P3 Series 'H NMR Spectra Stacked

1P3

o
J

T
9.0

T
8.5

T
8.0

T
7.5

T T T
7.0 6.5 6.0

T T
5.5 5.0

A
_

f1 (ppm)




image71.emf
  RSLT0007     : 2020-07-17.chd     : XW-2-97

   :    Chromatogram RI   ( -1.207 - 37.581 [mV] )

  - RI -   Mn:   216960   Mw:   259524   Mz:   310687   Mw/Mn:   1.196
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   :    Chromatogram RI   ( -1.207 - 37.581 [mV] )

  - RI -   Mn:   216960   Mw:   259524   Mz:   310687   Mw/Mn:   1.196
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  RSLT0008     : 2020-07-17.chd     : XW-2-104

   :    Chromatogram RI   ( -1.145 - 10.073 [mV] )

  - RI -   Mn:   114601   Mw:   245304   Mz:   441442   Mw/Mn:   2.140
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  RSLT0008     : 2020-07-17.chd     : XW-2-104

   :    Chromatogram RI   ( -1.145 - 10.073 [mV] )

  - RI -   Mn:   114601   Mw:   245304   Mz:   441442   Mw/Mn:   2.140
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  RSLT0009     : 2020-07-17.chd     : XW-2-105

   :    Chromatogram RI   ( -1.339 - 3.730 [mV] )

  - RI -   Mn:   115243   Mw:   350343   Mz:   1224314   Mw/Mn:   3.040
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  RSLT0009     : 2020-07-17.chd     : XW-2-105

   :    Chromatogram RI   ( -1.339 - 3.730 [mV] )

  - RI -   Mn:   115243   Mw:   350343   Mz:   1224314   Mw/Mn:   3.040


image74.emf
  RSLT0003     : 2021-12-07.chd     : TW-2-227-A

   :    Chromatogram RI   ( -0.953 - 22.986 [mV] )

  - RI -   Mn:   173533   Mw:   35826210   Mz:   915524425   Mw/Mn:   206.451
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  RSLT0003     : 2021-12-07.chd     : TW-2-227-A

   :    Chromatogram RI   ( -0.953 - 22.986 [mV] )

  - RI -   Mn:   173533   Mw:   35826210   Mz:   915524425   Mw/Mn:   206.451


image75.emf
  RSLT0001     : 2020-11-12.chd     : TW-2-026

   :    Chromatogram RI   ( -1.073 - 9.784 [mV] )

   :    Chromatogram UV   ( ----- - ----- )

  - RI -   Mn:   49385   Mw:   180995   Mz:   1370566   Mw/Mn:   3.665
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  RSLT0001     : 2020-11-12.chd     : TW-2-026

   :    Chromatogram RI   ( -1.073 - 9.784 [mV] )

   :    Chromatogram UV   ( ----- - ----- )

  - RI -   Mn:   49385   Mw:   180995   Mz:   1370566   Mw/Mn:   3.665


image76.emf
  RSLT0006     : 2020-06-16.chd     : TW-1-224-1

   :    Chromatogram RI   ( -0.640 - 11.925 [mV] )

  - RI -   Mn:   88136   Mw:   168733   Mz:   246753   Mw/Mn:   1.914
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  RSLT0006     : 2020-06-16.chd     : TW-1-224-1

   :    Chromatogram RI   ( -0.640 - 11.925 [mV] )

  - RI -   Mn:   88136   Mw:   168733   Mz:   246753   Mw/Mn:   1.914


image77.emf
  RSLT0007     : 2020-06-16.chd     : TW-1-228-1

   :    Chromatogram RI   ( -0.357 - 6.528 [mV] )

  - RI -   Mn:   77532   Mw:   146102   Mz:   211323   Mw/Mn:   1.884
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  RSLT0007     : 2020-06-16.chd     : TW-1-228-1

   :    Chromatogram RI   ( -0.357 - 6.528 [mV] )

  - RI -   Mn:   77532   Mw:   146102   Mz:   211323   Mw/Mn:   1.884


