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SUMMARY

Porous organic cages (POCs) are a class of discrete porous mohatiul@sique
properties and potential for various applications. Thisishesrk focuses on fundamental
as well as applied aspects of POCs. This thesis will start with detailed investigation of the
formation mechanisms of imiAdgased POCs and implying new design strategies for POCs
(Chapter 2). Then various defect behavior @CPmolecules and solids are studied that
showed improved physical properties (Chapter 3&4). One particular type of amorphous
POC named amorphous scrambled porous organic cages (ASPOCSs) is tested as adsorbent
support and membrane additives as pifetoncet studies of potential applications of

POCs (Chapter 5&6).

The syntheses of POCs represent an important synthetic puzzle in dynamic covalent
chemistry based sed#forting. Improved understanding of the formation mechanisms of
POCs can lead to control arational design of cages with desired functionalitythe first
study (Chapter 2) explore the formation mechanisms of imingsed POCs using time
resoled electrospray mass spectrammeUpon mixing of the linkers, localized random
assembly immediatelgccurs between the linkers to form a wide range of intermediates.
These intermediates transform into several species with specific metastable geometries in
a short time period. The metastable species then act as a reservoir for simultaneous
dissolution ad assembly towards the desired cages, with a small amount of incomplete
cages or undesired byproducts coexisting in the final prodtlettronic structure
calculations at the density functional theory and coredlatolecular orbital theory lels

are usd to validate the formation mechanisBased on our observations from both
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experiments and calculationk,propose a comprehensive method for designing and

predicting new POC species.

The observation of stable incomplete cages during-RG@$nthesis inspad us to
design intentionally defective cagéShapter 3) These-l imkesbdbngype mo
defects are installed into C& via nonsolvent induced crystallization. The defective
CC3R materials are found to have enhancead @@raction and improve@0O: uptake
capacity due to the additional functional groppssent within the CC3 crystala addition
to molecular defects, defect at the crystal level is also studied (Cha@eti#known and
new CC3based porous organic cages are prepared andexpmacidic SO2 in vapor and
liquid conditions. Distinct differences in the stability of the CC3 cages exist depending on
the chirality of the diamine linkers used. The acid catalyzed CC3 degradation mechanism
is probed via irsitu IR and a degradationaghway is proposed and supported with
computational results. CC3 crystals synthesized with racemic mixtures of
diaminocyclohexane exhibited enhanced stability compared to-FC@Bd CCSS.
Confocal fluorescent microscope images reveal that the stabifigyatte in CC3 species
originates from an abundance of mesoporous grain boundaries HRGD8 CCSS,
allowing facile access of agueous S@roughout the crystal, promoting decomposition.

These grain boundaries are absent from CC3 crystals made withicdiogers.

In Chapter 51 explore the applicability of POCs as molecular porous supports for
polymeric aminesl find that primary amines in poly(ethylenimine) (PEI) can undergo
metathesis with the imine bonds present in POCs, resulting iporaus poducts. This
problem can be overcome by transforming the primary amines in PEI to tertiary amines via

methylation. The methylated PEI (mPEI) forms homogeneous composites with ASPOCs
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without undesired reactions or phase separation. The microscopic stro€tine
composites is studied using molecular dynamics simulations. These composite materials
are evaluated as adsorbents for low concentration(3@ ppm) adsorption and show

good thermal and cyclic stability.

Finally, | investigate performance of ASP@@ntaining mixeematrix membranes.
When fabricated into mixed matrix membranes, the soluble POC molecules have the
potential to exhibit moleculdevel intimate mixing with matrix polymer. However, the
incorporation of POCs into mixed matrix membrane ti8 ® its infancy and lacks
demonstration of comprehensive improvement of membrane performamtapiter 6l
utilized vertex functionalized amorphous scrambled porous organic cages (ASPOCS) in
mixed matrix membranes to study a series of key questidhss field. The dispersion of
ASPOC mixtures possessing different crystallization tendencies within a polymer matrix
are probed using Raman imaging and Energy Dispersitay (EDX) mapping. Gas
permeation experiments obNCC,, CHs and Sk were carrié out as a function of ASPOC
loading and crystallization tendency. A 4 fold of permeability increase was observed for
N2, CO» and CH compared to pure polymer membrane. Moreover, a clear molecular
sieving effect was observed for&Fesulting in 24 fold of increase of N2/SF6 selectivity
compared to the pure polymer membrane. The membranes were further examined in
organic solvent nanofiltration experiments using a cflosg permeation approach. The
Molecular Weight Cubff (MWCO) of the membranes were calated based on the
polystyrene permeation tests. Overall, these membranes demonstrated homogeneous
mixing between the POC molecules and the polymer matrix, and showed potential to be

used in molecular separation processes.
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CHAPTER 1. INTRODUCTION

1.1 PorousMaterial i n Separation Applications

Energy security and climate change are major societal and technological concerns
in recent years. The industrial sector accounts for 24 % of gloha¢@@sions and 38 %
of global total energy useHalf of the energy consumption US industrial sectois
associatedvith separation and purifications of gases and liquids stréafnaditional
separation methodsre usually basedn differentiating matters from their phase change
temperature, which are energyensive. Alternativedechnologies such as adsorption or
membranebasedseparation methods can b@étimes more efficient. A critical element of
these emerging technologies is the development of novel materials possessing the structural

and functional features necessary tdizeahe potential of advanced separations.

Porous solid materials that contain cavities inside the particles are of particular
interest because of the void spaces interactatitins, ionsandmolecules The interaction
of guest molecules witborousmatrial can take place in different manners. The guest
molecules cabe selectively adsorbedlto the pore space, which che usedn adsorption
applications. Porous material with uniform pore structure can differentiate molecules based
on their size, knowmas moleculasieving, which carbe usedn membrane separations.
Recently, the difference of diffusivities of molecules in porous materials havéedso
exploted as il lustrated in Pi mdependihgisthewore Kk o n
diameter porous materials can be further divided into three categories: microporous
materials (pore diameter < 2 nm), mesoporous materials (2 nm < pore diameter < 50 nm),

and macroporous materials (pore diameter > 50 nm).



Based on the relevance to separationsas, several classes of materials and their
recent advances wibhe reviewedn this chapter. The materiaisclude zeolites, metal
organic frameworks (MOFs), polymers of intrinsic microporosity (PIMs), and carbon
molecular sieves (CMS). One particularteral, porous organic cages (POCSs), is the focus
of this dissertation and wilbe thoroughly reviewedrom its discovery, properties, to
applications. Some other novel porous materials that have been developed in recent years
and showed promising adsor@iproperties, such as porous aromatic frameworks (PAFs)
and covalent organic frameworks (COFs), will not be discussed here because of their

current limitations in synthetic scaig.

1.1.1 Recentddvances oZeolites inSeparationApplications

Zeolites are crytalline aluminosilicates with wellefined pore structures. The
uniform pore characteristics have rendered zeolites massive applications kssleapee
separations and catalytic reactidrisZeolite has been used historically as adsorbents for
moistues®° Their ability to adsorb water molecules down to ppm level makes it suitable
for liquefactionpretreatment. Storage/adsorptive separation of other gas molecules in
zeolites have also been exploféd® Notably, the separation @. from N in air using

lithium-exchanged zeolit¥ .1"1°

1.1.1.1 Additive Manufacturing oZeolite Monolith asAdsorbents

Despite the wide commercialization of zeolites in industrial catalysis and
adsorptive applications, recent research has been emerging in the field of additive

manufacturing to develop structured zeolite contactomn@tational fluid dynamics



simulations can be used to optimize the geometries of contactors which can then be

precisely fabricated by additive manufacturing.

Recently, Thakkar et al. reported thesfiexample 08D printedzeolite (13X and
5A) monoliths for CQ» adsorption from 5000 ppm GM2 mixture (not air capture as they
claimed)?° Although no optimization on the geometry was carried lesg mass transfer
resistancewas observedn monolithic beds compared to powder beds during £0
breakthrough experiments. However, the development of extrusion of a zeolite/binder
paste suggests that 3D printing allows aternative approach to adsorbent material
fabrication, wit h racturalachemical and mechartical probpertiee t u n
for use in gas separation processes. Inspired by these results, they were also able to 3D
print aminosilica adsorbents into 3D monoliths, which exhibited2 @GQsorptive

characteristics comparabletteeir correponding powders:

Zeolite 13X and carbon were fabricated into monoliths and compared to the normal
shape form of beads in adsorption afSHand C@. 22 13X beads exhibited the highest
adsorption capacity and longest breakthrough, followed by the priB¥dtiuctures. The
adsorption and desorption rates of the 3D printed structures were found to be significantly
faster than that of beadglore complex gas mixtures separation ¢COHs, and ) was
carried out with 3Bprinted ZSM5 monolith?®> Though no tehnical innovation was
involved. Inspired by direct 3printing of polymers with phase inversion developed in

our groug? the 3Dprinting of polymefzeolite composite was also reporféd.

The current research of zeolite additive manufacturing has beatyrfwaused on

experimental techniques such as formulation and extrusion method. Significant effort is



needed in the computational optimization of geometries is needed in order to truly

demonstrate the advantages of additive manufacturing in adsorpticzagpps.

1.1.1.2 Zeolitic Membranes

Zeolitic membranes have attracted research interest since the early 1990s. Early
works include silicalite membrane grown on ceramic discs fdiutanei-butane

separatioff andCHzOH/Hz, CHsOH/CHs separatiorn.

A series of stdies have been carried out in Japan that developed NaA pervaporation
membranes, which eventually lead to lasgale commercializatiof¥3® The NaA
membranes werngrepared on the surfaces of porous tubular supports composed of mullite,
U-alumina and/or istobalite using the hydrothermal synthedike membrane showed
very high wateiselective permeation through all the ethanol concentratwitts a
separation factor & wt% water/95 wt% ethanol mixtuggeater than 5000 he excellent
performance of thenembrane module led to the first largeale pervaporation plant that
produces solventwith very low water contentThe plant is equipped with 16 modules,
each of which consists of 125 pieces of NaA zeolite membrane {tBesym outer

diameter,80cmlent h and 1 em)average pore size

MFI-type zeolite membranes were continuously developédichael Tsapatss
group33° Deep understanding of the microstructure optimization and orientation control
was accumulated over the years and bred membranes éexeds and epitaxial growth

with outstanding performance.



Despite the continuous research in zeolitic membranes, the intrinsic limitations
such as repeatability, reproducibility, defeich, hardto-scaleup limited the
commercialization of zeolite memlmas. Despite the success example of the pervaporation
membranes, which does not require a fully defes membrane, but based on the
hydrophilicity of zeolite materials, gas and liquid separations that largely depends on the
defect concentration in theembranes are still far from commercialization. With teechno
economics analysis of the zeolite membranes, divamercial potential of zeolitic
membranes will become favorable for other-gasd liquidphase separations with
continued R&D effortd® Comparedo other types of membranes, zeolite membrane might

find a better suit in highemperature membrane reactors or other niche areas.

Recent studies of MFI membranes have been focused otthitnaorphology for
xylene isomers separatiéh** The MFI membrae was fabricated using seeded nanosheet
growth followed by gefree secondary growth with a final membrane thickness of 0.5
1.5 pm. The best performing membrane showedylene permeance of 2.9X10

mo | "2shPd ! and aseparation factoover 10,000 btweenp-xylene and-xylene®

The brittleness of the thin selective zeolite layer also required careful selection and
matching of support, often ceramic materf4t§ The properties of porous support play a
crucial role in sacessful membrane prepacst Rgid inorganic suppost areusually
necessary tensuremechanical stability othe thin membrane layefhe selection of the
support is limited by their stability in hydrothermal and alkaline synthesis conditions,
surface morphology, and permeandehly porous ceramic supports are commonly used
in the literature. Zhang et al. reported deposition of melt compound exfoliated MFI

nanosheets on porous polymer supports via filtration assisted dep#sifios.resulting



membrane showed b ut a n ed selectvityudf &.4withn but ane per mean
3.5x10'"mo | "2smP4d . This approach opens more possibility for support selection and

is promising in scaling up compared to traditional hydrothermal synthesis.

1.1.1.3 Zeolite ContainingMixed Matrix Membranes

Inorganic zeolitic membranes surpass the t@fflebetween permeability and
selectivity in polymeric membranes and have shown extraordinary separation
performances in challenging molecular pafr$?*® However, the preparation of large
scale, defeefree inorganic membranes suitable for industrial applications remains a
challenge Mixed matrix membranes (MMM) incorporate inorganic filler materials (i.e.,
the Adiscreted phase) into a polymer (i.e.
the perfomance of the membranes while retaining the intrinsic scalability of polymer
processing. These materials have long been proposed to address the orthogonal issues

associated with polymer membranes and inorganic membftiies.

The zeolite containing MMMs werpracticed as early as zeolitic membraiies.
thorough review ondifferent kinds of zeolitepolymer MMMs, with corresponding
separation tasks, operating conditions, anghérérmance oteolitd polymer MMMs are
done by Bastani et al. in 20¥8Materid selection for both matrix and sieve phaaes
dope formulation ar&ey aspedin the development dfiIMMs. Although rubbery and
glassy polymers have both been practiced to form the M¥¥|subbery polymer usually
exhibits high permeability and lowlsetivity. As a result, glassy polymers as matrix with
relatively lower permeability and considerably higher selectivity are more promising

towards commercial applications.



During the fabrication of a MMM, one factor of great importance is particle
agglomeation due to sedimentation or surface pattern (migration to the surfaee)o
the very different physical properties atie difference in density between zeolite and
polymers, precipitation of zeolite may occur during the MMM preparationcontrasto
sedimentation, particles may move to the membrane surface and agglomerate. It is believed
that surface pattern is the result of convection cells that form during casting of films. The
formation of convection cells in liquids that are heated or cardade due to instabilities

driven by luoyancy or surface tensish

Another complexity is adhesion between polymer and zeolite fillers during
solidification of the membranes, especially in case of glassy polymers since they are less
conforming to zeolitecrystals. The bal ance of three intera
pol ymerisieve, and solventTsi eVvApdymerer mi ne
molecule is more solvated in a good solvent and has a larger coil size than if it is in a poor
solvent. Therefore, asdalsolvent power decreases, the dimension of the polymer molecule
in solution decreases and the amount adsorbed increases, because the coil surface area
occupied decreas€éThe sol ventisieve interaction is i
the solvento desorb from the sieve surface when the polymer segments approach. Thus,
an ideal system would be one where the sieve has a stronger affinity for the polymer than
the solvent, while the polymer has a stronger affinity for the zeolite surface thatvémng.so
These relationsan beguantified with the help of Hildebrand solubility parameters for the
polymerisolvent interaction, and usi®ng the
foral umina and silica for the solventisieve

strongerthe interactiort®



Problems with particle dispersion, stress accumulation, and the péijlerer
interface give rise to many defects reported in the literature. Four major defect cases that

affect membrane performance are described as foffows.

Case 1:Voids.This phenomenon generally occurs if the polymer and filler phases
are incompatible, but may also be caused by surface delamination during the formation
process. MMMs thabearvoid defects will show an increase in permeability, but no gain
in selectvity relative tothe matrix polymeras a result of the preferred neelective
pathway around the fillerSuccessful solutions include sieve surfanedification,

polymeii sieve grafting, and chemical functionalization of the sieve sufface.

Case 2: Dilaed Interfaces.Low chain density shells may form around filler
particles as a result oiffiller pntedacial ¢hemastrycadn i n g o
undesirable stress relief mechanisms during membrane formation. This is one instance of
a phenomenon cononly known as the zoref-influence. In this case, the polymer phase
around the filler material is less densely packed than the bulk polymer phase. Dilated
interfacial polymer can have desirable effects on MMM tran&pdmtit more often is an
undesired dect®®. Figure 1.1 illustrates the typical negative consequence of dilated

interfaces.

Case 3: Densely Packed Interfaceslternatively, a high resistance zceoé
influence may occur when the polymer chains pack more densely around the sieve relative
to the bulk, thereby restricting access to the filler phase. Excessively dense chain adsorption
at the filler interface will produce a barrike zoneof-influence compared to the bulk

phase, which leads to a decrease in membrane productivity.



Case 4: Pluggé Sieves.An additional posformation nonideality in hybrid
membr anes is related to the sieve itself.
and the kinetic diameters of the other system components, it is possible to create a
dispersion of pluggd sieves. In this regard, the filler phase will behave like a barrier, with
a depression in the membrane. Plugged sieves are generally a result of solvent or other
processing component entering into the si:¢

sieves

1.1.2 Recentddvances of MOFs iBeparationApplications

MOFs are coordination networks of metal ions or clusters and organic linkers. The
coordination chemistry annaterials have a long history, such as transition metal cyanide
compounds (early examples defmanntype clathrates, Prussidiue type structures,
and Werner complexe$) Porousframeworks gaed interest when the search for novel
materials suitable for separation science went beyond zeolites, but the materials usually
cannot maintain permanepbrosity upon guest molecule removal. MOFs that exhibit
per manent porosity have been prepared 1in
2000s%#%6 The methodology of isoreticular synthesis has also been broughf“attle.
diversity of the secondayuilding units (SBUs) gives a large family of MOFs and their
distinct interactions with guest molecules have garnered significant research in the areas of

separation, storage, and catalyst§/°

The lower thermal and structural stability of MOFs comegato zeolites limited
their applications in traditional higlemperature catalysis applications. However, the

diversity of MOFs and their large pore size and high pore volumes allows application



possibilities in adsorption area. The rich interactionsveen the guest and the pore
environment that can be originated from pore decoration of both metal and linker aspect
can result in unexpected properties. MOF research originated primarily from material
science and chemistry groups have been mainly focuseadsorptive properti€s.’

Indeed, the adsorption capacities of guest molecules exceed the values reported for zeolites.

Some noteworthy MOF types are discussed in the following sections.

1.1.2.1 MOF-74 andAmine-appendedExpanded MOF74

Jef fery L ovelppeda sgrieoMqQls vitle 1D hexagonal pore system
(MOF analog of SBAL5).”>8! Mg-MOF-74 (Mg(dobdc), CPO-27-Mg)), composed of Mg
and 2,5-dioxido-1,4-benzenedicarboxylatés notable for its high CO2 uptakesatow
pressure under dry conditions (5.2&wi/g at 40C and 0.15 bar), which stem primarily
from the high density of open metal sites (OMS4$jowever, the difficulty in regeneration
associated with its high heat of adsorption and relatively low stability under humid
conditions prevent the use BIOF-74 in CQ capture application®33 It was discovered
that amines could attach to the OMSs in both parent M®&nd expanded MGH with
dopbdc 4 , -dihpgroxy-3 , -@pKgnyldicarboxylic acig linker.”® 8 The CQ sorption
isotherm for amin@ppendd Mg(dopbdc) exhibited a step change, which is desirable for
maximized working capacity with minimal change between adsorption and regeneration
conditions’” The step isotherm was then elucidated by various experimental and
computational investigations be caused by cascade £i@sertion between the amine and

the metal atom’’8 80
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The adsorption of guest molecules was probed beyongl ICMOF-74 type
materials. Adsorption a0, CHi, N2, Oz, Ar, and Rin Ca(dobdc)was investigated using
in situsinde crystal Xxray diffraction All these molecules exhibit weak interactions with
the highspin cobalt(11) sites in the framewofkThe uniqueness of isolated metal sites was
further exploited for cooperative CO adsorpti®nTwo metatorganic frameworks,
FeClx(bbta) (Hb bt &,5H-berizo(1,2d:4,5dNj) bi st ri az oiCk(Btdd) and
(Habt dd H-1,23itriazfld[4,5b] , [ -4)dNperzdfi,4]dioxin) were discovered to
have cooperative spimansition upon increase in CO partial pressure as a result of the
chain arrangemenf the iron atomsMnz(m-dobdc)was identified asan outstanding
adsorbent for separating ethylefrem a mixture ofoxidative coupling of methane

product®?

1.1.2.2 SIFSIX MOFs

Another major class of MOFs explored in various adsorption processes are SIFSIX

MOFs,which are isoreticular structures basecerafluorosilicate $IFSIX) pillars. This

class of material dates back to one of the earliest M&lEger on they have been explored

in COy separation and resulted in optimkinetics and thermodynamicef CO;
adsorptiorf® Several variants ofSIFSIX-1-Cu ([ C u (-bipyridimp(SiFs)]n) were
synthesized by isoreticular chemistry, includingSIFSIX-2-Cu ([ Cu (-4, 4 Nj
dipyridylacetylene)SiFs)]n), interpenetrated versionSIFSIX-2-Cwi, SIFSIX-3-Zn
([Zn(pyrazingz(SiFs)]n), and tested inow-pressure C&) CHsand N sorption It was

found that the interpenetratéslFSIX-2-Cu-i exhibited substantially higladsorption

val ues 0*0!(152.14 12 "lncrnm@ B 8%y @Oy bregkthrough experiments were

conducted in C&ICH4, CO/N2, and CQ/H2 mixtures under both dry/humid conditions.
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SIFSIX-2-Cwi showed good C@adsorption performance under different conditions with
remarkable cyclability. In another set of studi8#-SIX-3-Cu ([Cu(pyrazine}(SiFs)]n)
exhibited enhance@dsorption energetics and subsequently digglayarbon dioxide
uptake and selectivity at very low partial pressures relevant to air capture and trace carbon
dioxide removaf® By changing the metal center from Cu to IHIFSIX-3-Ni was
developedfor pradical CO2 capture in a wide range of £€oncentrationswith the

presence off2S &’

The SIFSIX MOFs are not only limited to @&@dsorption. Reserve selectivity can
be achieved in closeelated materials. SIFSIX-3-Ni sets a benchmark for
CO/C2H2 selectiviy at lowpartial pressureswheread IFSIX-2-Cuw-i ranks among the
bestporousmaterials in the context of282/COz selectivity® The affinity of GHz2 to the
pore environment led to investigations ofHz/C2Hs separatiorf® SIFSIX-2-Cu-i and
SIFSIX-1-Cu exhibited exceptional @H2 capture prformance because the geometric
disposition of Sik* moieties enables preferential binding ofHZmolecules. Both
materials have pore spaces that enable extremely highc@pture under low pressures,
and they unexpectedly represent new benchmarkkddrighly efficient removal of minor
amounts of e@Hzfrom CHagas (SIFSIX2-Cui) and mass separation of

C2H2/C2H4 mixtures under ambient conditions (SIFSDCu).

Replacing (SiB)? pillar with (NbOFs)? pillar results inNbOFFIVE type MOFs>
A full molecular exclusion of propane from propylene at standard ambient temperature and
pressurevas achieved iNbOFFIVE-1-Ni, while SIFSIX-3-Ni was found to adsorb both

propylene and propane.
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1.1.2.3 MOF Membranes

Since certain MOFshow a permanent porosity aneasonhble stability such as
zeolitic imidazolate frameworks (ZIFs), the potential application fields of MOFs are
similar to the applications of zeolites. These include gas storage, separation by adsorption
and heterogeneous catalysis. Consequently, MOFs havieesds evaluated as a supported
€ msized membrane layer in gas separation, as highlighted in a recent review by Qiu et
al.137 Due to the similarity of MOFs and zeoljtsgpported MOF membranes could be
synthesized successfully by using the whole tool #dexeloped for the preparation of
supported zeolite membranes: seeding of macroporous ceramics, microwave heating and
of surface charges (zeta potential) and covalent bonds betwssemic support and MOF
layer® Compared to zeolite membranes, althougipstied MOF membranes can have
reduced thermal/chemical stability, their easier synthesis routes, abundant variations, and
possibility of postsynthetic modification still make MOF membranes are attractive

research area.

Similar to zeolite membrane fabrigat, the seededrowth method was adopted
for polycrystalline MOF membrane synthé4isMMOF seeds were synthesized and
crushed into submicrometer sized crystdksed layers of these paréslwere depositezh
PEI coatedU-alumina supports. Secondary gneth was done using the same gel
composition used for seed crystal syntheBiee membrane exhibits ideal selectivity for

H2/N2 of 23.

A dramatic emphasize have been placed on ZIF membrane fabrication because of

their higher stability, relevant pore sizes)d facile synthesi$®* Microwaveassisted
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solvothermal synthesis and using porous substrate as Zn source as versatile synthesis
routes®%® In pursue of uniform and thin ZIF membranes, interfacial synthesis was
developed as a sdifniting formation method for ZIF membrané$® In this method, Zn

source an®-methylimidazoleare dissolved separately in either miscible or immiscible
solvents. The two stock solution are supplied to two sides of the membrane (in case of
hollow fiber supports, bore antiel sides), respectively. The ions then diffuse through the
support and form a thin membrane on the support. By using the immiscible solvent system,

one can control the side where the membrane is grown and achieve better thickness control.

The introductio of linkers can also be in the vapor phase. In a recent study done
by Tsapatsiset al., ZnO was deposited onto porous supporatoynic layer deposition
(ALD).1°Exposing the ZnO layer with ligand vapor resulted in the partial transformation
of ZnO into ZIF membranes. It was shown the? and 20 cycles of ALzould yield
membranes with high selectivity (~10@y propylene over propane and good propylene

permeance (>I8mol Pal m'2g'Y).

In additional to direct synthesis of supported MOF membranes, alternative
fabrication methods have been explored that could be potentially easier to staf@?up.
A modi fied soft physical e x f ol iaalameltam met |
amphiprotic MOF into nanosheets with a high aspect ratio. Consequentlp n thn0t hi c k
ultrathin membranes were successfully prepared, and these demonstrated a remarkable
H2/CO: separation performance, with a separation factor of up to 166lapdrmeance
ofupto 810’ mo |"2smPd'at el evated testing temperatu

size excl®¥%sion effect.

14



1.1.2.4 MOF Containing MMMs

As mentioned in Section 1.1.1.3eolitebased MMMsare limited due to the
incompatibility betweerinorganic zeolite and the organic polymer T h e-o riichaan ifc 0
nature of MOFs that potentially could offer a higher affinity to polymer massxlted in
a considerable activity in revisiting this concept with Mbdsed MMMsRegarding the
fillers, HKUST-1, ZIF8, and MIL-50(Al) with and without amino groups have been the
most studied MOFdn several recent papers, an improved separation behavior of MMMs
with nancparticulate fillers is reportetf®197 In a large percentage of the reported results,
improvementsn flux at constant selectivities with respect to the bare polymer have been
reported and only in circa 10% of the cases improvements in both flux and selectivity were

achievecP?!

Similar to supported MOF membranes, the MOF containing MMMs gathered an
ealy interest in gas separatio§1%° Presently investigated MOFs for MMMs include
[Cu(SiFs) ( 4BIPY)bj [Cus(BTC)2(H20)s] (HKUST-1, CuBTC), [Cu(BDC)(DMF)],
[ZnsO(BDC)] (MOF-5), [Zn(2methylimidazolate) (ZIF-8), [Zn(purinate)] (ZIF-20),
[Zn(2-carboxyaldehyde imidazolatg)ZIF-90), Mn(HCOO)}, [ Al (-G CVIL- ¢
53(Al)), [AI(NH2-B D C )-@H3] (NH>-MIL-53(Al)) and [CsO(BDC)(F,OH)(H:0):]
(MIL-1 0 1) -BiP¥ =4 NgipMridine, BTC = benzeng,3,5tricarboxylate, BDC =
benzenel,4dicarboxylate, terephthalate). M@elymer MMMs are investigated for the
permeability of the single gases,H\N2, Oz, CHs, COz and of the gas mixtures20Dlz,

H2/CHa, CO2/CHa, H2/COz, CHa/N2 and CQ/N2.1%8
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Diamine-appended Mgdobpdc)discussed in Section 1.1.2.1 was incorporated into
6FDA-DAM polymer matrix for C@N2 separatiort® A novel synthesis of Mgdobpdc)
nanorodsvas developed to produce deféiete membranes. A-®ld increase in the CO
permeability with similar C@N2 selectivity to 6FDA-DAM was observed. The
importance of the matching between MOF and polymer properties was demonstrated
recently!!! Sub-micron sized faceentered cubic (fcaMOF crystals were produced by
ultralow temperature grinding and solvent sedimentation. Theséd®Am particles were
then incorporated into 6FDAAM hollow fiber MMMs with a selective skin layer of ~5
pm. The memlpanes together with some other benchmarking combinations were tested in
simultaneous removal of G@nd HS from CH, an important separation in natural gas
sweetening, and showed performance improvement upon the polymer upper bound. The
membranes were @shown to improve both selectivity and permeability of butane isomer

separations as a function of loading up to 30 wt %.

1.2 Porous Organic Cages

Porousorganic cages (POCSs) are individual molecules with an intrinsic cavity; i.e.,
they aremicroporous molecs!'?'®* They can be dissolved in common organic solvents
without altering the porosity of an individual cage and can be packed into solid form upon
solvent removal to give a@mensional pore network. This connected pore network results
from openings btween adjacent porous molecules and, depemdfirige solvent removal
rate, fran inefficient packing of the POC molecufé§!® POCs have many appealing
properties relative to crystalline frameworkicroporous material]ssuch as ease of
modification, mdility, and importantly, solution processability, as highlighted in a recent

review from Cooper and cworkers!*®
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Primarily due to the alhe of solution processable migmrous crystals and the
interesting applications such a feature enables, POCs bewrtly been studied for gas
separation, adsorption, molecular recognition, and seh&Hg. More recently, the
concept of porous liquids (PLs) utilizing POCs was experimentally discovered. These are
liquids that have permanent, welkfined cavities. fis idea was first put forward in a
theoretical papéf® and was recently demonstrated experimentally with several imine
based POC¥*%'2° The concept of porous liquids combines the permanent pores found in
conventional porous materials with ligtiée properties, which introduces the possibility
of enhancing existing liqu#based chemical processes such as scrubbing and liquiidi

extraction.

In this section, | will discuss the discovery and synthesis of porous organic cages,
then the unique propersighat result from the nature and structure of the cages, and finally
discuss the difference between POCs and conventional porous materials and several

outlooks.

1.2.1 Synthesis dPorousOrganic Cages

As mentioned in Section 1.1, zeolites and MOFs are estadlisktended porous
materialsZeolites have an annual global market of several million tonnes and have made
a huge impact on societylOFs are in active research and produces thousands of papers
every year. Together with some other emerging porous matesisdh as COFs and PIMs,
they maintain a porous structure as a result of their rigid connections between atoms, either
covalent or coordination bonds. It is usually uncommon to observe molecular solids to be

porous since molecules tend to pack in a way thaximizes intermolecular interactions
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and minimizes distance. The quest for porous molecular solids has seen some examples,
including tris(o-phenylenedioxy)cyclophosphazefidP)=C, Dianin6g$% compo
calixarene§®, cucurbiturilg3? Noria-34, phthalocyanine¥,
triptycenetrisbenzimidazolone (TTB® and a triptycenddased organic molecule of

intrinsic microporosity (OMIM)®”. Most of the solids are extrinsically porous, i.e., pores
originated form the inefficient packing. And fewer intrinsic pegeolids are reported, i.e.,

the molecule has a cavity inside.

The discovery of intrinsically porous molecules are impeded by the difficulty of
synthesis. Early stage cage compounds have been designed in a stepwise synthetic manner
with irreversible rea@bn. In 1993, Williams et al. reported astep synthesis towards
cagetype structures from hexabromobenzene and ftifadowever, the low yield as a
result of multiple steps and isomer formation limited the further studies of this molecule.
Later on, tle dynamic covalent chemistry (DCC) includimgine chemistry?®, disulfide
exchang&?, boronic acid condensatithy, and olefin/alkyne metathe&iéhave made the
synthesis of cage compound more viable. The imine chemistry has been dominating the

early poneer works since the facile reaction condition and readily available reaétants.

145

The most noteworthy POC family is imi@sed cage compounds developed by
Andrew Cooper in University of Liverpodt? 146151 The cages are formed from imine
condension (Schiffbase formation) between simple multivalent aldehyde and amine
molecules. Most cages are built from triformylbenzene and different types of diamines and

later other stoichiometries have also been explb¥ethe Cooper cages will also be the
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focus of this dissertation due to its relevant pore sizes to small guest molecules of

separation interests.

Michael Mastalerz irRuprechiKarls-Universitd Heidelbergdeveloped a slightly
more complex imine condensation system witlaminotriptycene and -fertbutyl
salicyldialdehydé®*>* The larger reactant resulted in larger pore sizes as well as higher
surface area®¥! The concept was extended to other irdi@sed cages of different
geometry and size. For instance, a [4 + 4] cubic structure frontyceipe
trissalicylaldehyde and triptycene triamimere accessible as an amorphous insoluble
solid, able to adsorb 18.2 wt % CO2 at ambient conditténBesides imine condensation,
they alscexplored the reversible formation of boronic esters from boracids and diols.
Condensation betweefiriptycene tetraoland benzene triboronic acigield a large
cuboctahedral [12 + 8] cage with pore dime®ns of 2 nm and a BESurface areaf 3758
m?/g which hold the records for porous molecular matetidiSmaler tetrahedral [4 + 6]
boronic ester cages were dyasized too. These cages slsmlective gas sorption withe

preference of saturated hydrocarbon ethane over ethylene and acBfylene.

Other dynamic covalent chemistries used for cage compound sgndineslkene
metathesis and alkyne metathesis. Compared to cages connected by imine and boronic ester
bonds, alkene and alkyne bonded cages are more rigid and chemically stable. Alkene based
cages usually involveorphyrincompounds. Inomata et al. reparta gold nanocluster
templated synthesis ofleexaporphyrin cagéhrough alkene engroup metathesi®’ A
large flexible double porphyrin cage was synthesized DABCO-templated olefin
metathesis reactioi® The first alkyne based cage was synthesizeminf alkyne

functionalized porphyrin and a speamliltidentate molybdenum cataly$t The reaction
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was carried out without a template and the yield is pretty high (56%). The same group

reported a permanently interlocked alkyne cage from sitriglee monaners!®®

Reversible bond formation allows error correction for the cages tass#imble as
the thermodynamic product. This can give highedgehan for irreversible carbararbon
bond formation and avoids purification steps. However, in some casessibdity can
also lead to the formatiorf interlocked, catenated cagi€8%3 Catenation can occur if
there is sufficient space, and the correct geometry, for one or more cageseteate
through the windows of another. A thermodynamic driving féoc¢his interlockirg may

be providedbyfawwr abl e i nteriacsti @aalki sgch as

All reactions discussed so far are batch processes, but the soluble nature of cages
also allows them to be synthesized in continuous flow reactions, either irreversibly to
prodwe carborcarbon bonded cag€$or using reversible imine condengat'®®. Flow

chemistry is attractive in terms of both scalability and safety.

1.2.2 Properties ofPorous Organic Cages

1.2.2.1 Porosity

The origin of porosity in zeolites and MOFs can be considered as all intrinsic, as
the pores are creatdy the rigid framework and confined within the bulk structure. Porous
solids from norporous molecules can be considered only have extrinsic porosity. When it
comes to POCs, both intrinsic and extrinsic porosity can exist in the solid state. The
intrinsic porosity comes from single cage molecules by the cavity that created by rigid cage

exterior atoms. And extrinsic porosity arises from intermolecular voids, which might be
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due to inefficient packing or even crystalline packing. While the intrinsic pgras#
Aper manent o to the cage structure, extrinsi

efficiency via freezalrying of the solvent!®

The extrinsic porosity can also be tuned by changing the vertex functionality. In a
homogeneous cage system lyoone type of cage are present), bulky aryl groups are
attached to the vertices of the cage and reached a BET surface area &fg85vhioh is
higher than that of an unfunctionalized cage with the same internal dimétfstomther
strategy to createx&insic porosity is introducing heterogeneous cage mixttifeBhe
incompatibility of the different vertex functionalities frustrated the crystallization and

resulted in an amorphous solid.

1.2.2.2 Solubility

POCs share some similarities with MOE®Fs,and poous polymer
networksbut because of their discrete molecular nature, they are usually solution
processable. The direct impact of solubility on POCs is that traditional solution
characterization(e.g., solution NMR, HPLQ) purification (e.g., recrystallizeon,
preparative chromatography)and modification (homogeneous organic reaction)

techniques can be applied to thdrat are unavailable for insoluble, extended frameworks.

Solution NMR, MS, and HPLC are most commonly used characterization
techniques foPOCs as a first step to check the structure and purity of synthesized product.
Postsynthetic modifications have been carried out on dissolved cage sljétiimes
can be readily reduced to amines, which is more chemically stable and can provide extra

functionality for guest interaction (G However, due to more rotational flexibility of the
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amine bond, reduced cages usually collapse upon solvent removal and lose permanent
porosity1%¢1%°The shape persistence can be resumed by tying the amine boadatbne

or formaldehydée’® The resulting solid are found to be stable over a large range of pH
values (212). Cage solubility in common solvents has also allowed them to be used as
components in the synthesis of macromolecular porous materials stadfegsolymers?

and cage MOF$€2,

Another material genesis that uniquely resulted from the solubility of POCs are
intrinsically porous liquid$’*1’” The working theory ofthese materials was based on
concentrated solutions of organic cages in solveatsare to large to enter the cage pares
The fluidity of the porous liquid offers the potential to be processed as common industrial
liquids. For examples, porous liquid can be adopted in a setup similarztec@dbing

system and use for different gadsorption applications.

To exploit the solubility of POCs, the underlyimgplicationis not to use POCs in
their powder form. So far there have been emerging applications that utilize the solubility
of POCs that would be otherwise not accessible witlitiomal porous materiafg8: 159
178179 And we envision the POCs in membranes are promising fields of this material.
Further utilizing the solubility will be one the main focus of this dissertation in developing

materials for separation applicationglwiPOCs.

1.2.2.3 Stability

The stability of POC materials is intrinsically inherent with the formation
chemistry. In cages that are formed from reversible reactions such as imine and boronic

ester condensation reactions, the week point is the condensation baal, unber
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catalytic conditions might go through hydrolysis. Surprisingly, irbased cages have
been found to be stable under boiling watéiThe water stability of POCs surpass most
of MOFs!®! The acid/base stability has not been studied in the cagerials, but it is

intuitive to infer that acid conditions will break the imine bond fairly easy.

In realistic applications, the exposure to acid/base streams is inevitable. The
stability of POCs in such conditions need to be considered and proper iontigaites
such as using irreversible bond or converting week reversible bond to more stable bonds
are desired. For example. Doonan et al. has demonstratatkynelinked intrinsically

porous cage¥* 182

Converting vulnerable imine bonds into morax¢ bonds have also been reported.
The tied amine cage mentioned in Section 1.2.2.2 is an example on acid/base stafe POC.
Likewise, Banerjee has shown that porous organic cages can be stable under both acidic
and basic conditions becsiof keteenoltautomerism® Few MOFs or COFs are stable
over such broad pH ranges; indeed, most zeolites are unstable uneleaeidic or basic

conditions.

1.2.2.4 Structural Flexibility

The flexibility in POC materials has two sources. The first source is the packing
flexibility as a result of nomovalent packing interactions that allow crystal phase
transition and amorphization. The second source is the bond flexibility within the single

cage.

23



CC1 is among one of the first reported [4+6] imine cd&tBhe cage crystavas
reported as a neporous solid during discovery. However, it was found later tpanu
exposure to differensolvent vapors, crystdb-crystal transformations occur betwean
nonporous polymorph (CA1) a selectivelyporous polymorph(CC1b ) anda non
selectively porous polymorpl€C1o )88 The transformation was further elucidated from
the conformational changes in the cage molecule #¥elfhe CC1 cage has three
conformers as a result of free rotation from its 12 imine bdhdg, 1-S, and1® The
non-porous polymorphC C 1, Uchiinprises as acematef both of the tetrahedral
conformes 1'-R and1'-S. The transformation to thé C 1 fiolmorph involves half of

the tetrahedral conformers converting to a-tetrahedral conformer with sGymmetry

(199).

The solvent induced phase transition was demonstrated on several other cage
systemg® 1 4-dioxane was found to direct CC1, CC2, and CC13 into isoreticular
structural with 3-dimensional diamondoid pore channel§or CC13, a dual,
interpenetrating pore structure is formed that doubles the gas uptake and the surface area

in the resulting dioanedirected crystals.

1.2.2.5 Crystallinity

POCs are packed in solid state with week-nowmalent interactions. This feature
leads to the crystal structural flexibility mentioned in Section 1.2.2.4. Not only the
crystalline phase will depend on its solvent higfdf the crystallinity is also dependent on
the removal method of the solvent. As mentioned in Section 1.2.2.1, the loss of crystallinity

can result in increased surface area and pore vditfirmwever, this is not always true,
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the surface area and par@lume also depend on the connectivity of the intrinsic pores. It

was also observed that lower surface area could result from the amorphiZatfon.

The molecular nature and solubility also allow mixing and crystallization between
different cages witkimilar topology.The first porous carystal was constructed from two
organic cages: cage 1 and cagB.%® This is attributed to the favourable interactions
between cages of opposite chirality. A solutiol€@f3-R were added to a solution of CC1,
which is racemic in solution but has sufficient molecular flexibility to convert between
enantiomers. As the cages crystallize, the chirality of CC1 is directed into the S
configuration in the solid stat&his design strategy can be extended to ternary cage co

crystals (tercrystals) with three molecular componé&fits

The mixing between hetexmages usually results in frustration of the crystal
packing with the lack of shape or chiral recognition. The cage mixture can be produced by
eitherde novesynthesis frm linker mixture or by linker exchange of pure caff¢ghe

synthesis and isolation of single component mibekler cages have not been reported yet.

The crystallization between cages with different topology has been only reported
recently 191%1|n the first example, cavities within a C&3solvate that will collapse upon
solvent removal were stabilized by introducingegond3+2] cagemolecule that matches
the size and shape of the unstable véifil the second example, a series of tubular cage
structures (TCC) were synthesiz€d.The racemic carystal was first explored with
TCC2R/TCC2S cage pairs. The chiral pair recognition was further extended -to co

crystals of tubular and tetrahedral cages, i.e., TRGEd CC3S. scXRD revealed that
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the structure comprises homochiral, windéavwindow CC3S layers pillared by

heterochiral CCE/TCC2R windowto-window interactions

1.2.3 Design ofPorous Organic Cages

The currentdiscovery of newporousorganic cage species largely depends on
experimentally seening new combinations of linkefs: 1°2 Moreover, the synthetic
conditions and activation methods havééocarefully designednd executed to yield the
desired pure produét® Computational methods can accelerate the design of new porous
molecularcrystalsin silico, although there are challenges associated with this appfach.
The complexity involved in the prediction
topologies and properties arises from two aspects: (1) the assembly of linkers into a cage
in solution; and (2) the packing of cages into the solid state upon crystallization and
desolvation.The latter hasbeen addressetly crystal structure prediction methods
employed by Cooper and-weorkers®? in which they utilized crystal structure pretion
(CSP) methods to forecast new porous polymorphs of a known mot€tdiewever, the
use of energygtructurefunction (ESF) maps for crystal structure predictions of solid POC
materials requirea priori knowledge of the single cage structures. Tis &nd,in silico
prediction of thesinglecage structures is still problematic because of a lack of accurate

methods for predicting the topology of these cage species.

There are several families of POCs based on different dynamic covalent chemistries
(DCCQ).1%%1% One of the earliest discovered and most intriguing classes of RQDgt
from reversibléminizationreactions:®®> #éUnderstanding the formation of POCs and the

selection between differenycloiminationstoichiometries (topologies) isiportantto the
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design of new POC materials bearidgferent cage cavities and functionalities. For
example, reactions betweamaldehydesand diamines can take place via [2+3], [4+6] or
[8+12] cycloiminations'#® 299201 Reversible imination reacticenatles product selection
towards thermodynamically stable topologies. Thus, prediction methods have been
proposed based on the energy difference between possible topolPgasto this
dissertationthere were several attempts to assess the energiescaigispecie¥?® 192

202 For example, Zhang and-eworkers calculated the relatiemergiesof several covalent
organic polyhedrons (COPs) and their intermediates based on the reactions of triamines
and dialdehydes using molecular mechafieIheir canputedenergies however, were

not consistent with experimental results, which the authors attributed to kinetic effects.
Jelfs et al. have shown that the diamine length affects the reaction thermodynamics towards
either [2+3] or [4+6Fycloimination'*® Their density functional theory (DFT) calculations

at the PBED3/TZVP level were implementedn periodic models wher¢he crystal
structure was predetermined by single crystal analysi®rtunately, the crystal structure
required for periodic calculations usually unknown during the design process. These
observations suggest thtatdetermine the size and the shape of the céggisaccuracy
calculations of formation energies on single cage species are required, especially in the
case of iminebased POE whose electronch structures contain many weak van der

Waals interactions.
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1.2.4 Applications ofPorous OrganicCages

1.2.4.1 Adsorption

Cages bearing permanent porosity are good candidates for storage and adsorptive
separations of small molecules. Cage systems slaown selectivity in common industrial
gases between GTH4'2%, CO/N22%%2%5, Ho/N2M8 and SE/N22%. Current selectivity data

are usually calculated from isotherms and lacks breakthrough demonstration.

Due to the large cage size and pore opening, &€ also investigated in larger
molecule separations such as noble gases and organic molecules. The separation between
noble gases remains a challenge as #mill size differencéKr (diameter = 3.69 A; Xe
(4.10 A) and Rn (4.17 A)). CGR have a caty of 4.4 A and a flexible pore opening of
around 3.6 A. These dimensions are potential to be able to separate Kr and Xe molecules.
Breakthrough measurements shawlean separation dfrypton (40 ppm) fronXenon
(400 ppm) when present as lmencentratio impurities diluted in aif®” The same study

also looks into selective adsorption of chiral molecules into CC3.

Building on the latter, there were multiple reports recently in which soluble
molecular cages were deposited diredtiyp gas chromatographgolumns?%¢2!! These
cagecoated capillary columns showed good selectivity for the separation of a series of
organic mixtures and structural isomers, such -@dkanes, ralcohols and aromatic
hydrocarbons, and enhanced resolution for the separationiraf ofolecules. Specific
adsorption properties can also be built into porous molecular solids. For example, stable,

watertolerant norcovalent organic frameworks basededectronrich pyrazoles showed
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good adsorption properties for both hydrocarbonsoaotiedepleting substancesch as

CFCs and fluorocarbort&?

Another aredn adsorption to exploit the porosity and solubility of POSsse
amorphou$’OCs for porous molecular composite suppditere is just one report of this
so fat’® in whichnon-porous materialsvere blended into scrambled porous imine cage
materials Synergistic CQuptake was observed farPEI/POC composite (Wt % PEI ) ,
with the material delivering a higher GQptake than either of the two isolated organic
componentsThere are multiple opportunities here. For example, a cheap commercial
polymer, such as polystyrene, might be rend@@wusor at least permeabley simply
blending it with moleular pores. In addition, membranes with homogenously distributed

fillers can be developed with the amorphous and molecular nature of the cage mixtures.

1.2.4.2 Membranes

The solution processability offermore possibility of fabricating POCs into
membrane devices. Song et al. demonstrate a supported POC thin film deposited by spin
coating*®® This work showed the potential for POCs to be used in membrane separation
with easier processability and good gatectivity. The use of POCs as fillers in MMMs
are also promising because of their solution processability and the promise to form

homogeneous dispersiarnithin the polymer matrix.

Bushell efal. reported the first synthess$ a POC composite membrandg)ereby
the cage molecules were induced to crystallize within the membrane H&8tarting
from a soluti@®BR ofa RIIiMplerasredl but phase se

generated by isitu crystallization. The study showed that the incorporatioR@Cs
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significantly enhances the permeability with increasingyitepercent of the porous cage.

The selectivity of gases in this study remains unaffected.

In a computational study, Evansatt assessed how POCs act as soluble additives
that could ameliate nonselective gas transport pathways in MMM&ive POCs were
investigated, comprising three different families of materials, including the tetrahedral
i mine cages (CC1, ccz, CC3) reported by Co
fromthe groupoMa st al erz, and the el ongated, al/l c
cage. The PIM 1/ cage MMM silicongnd Benchneaskedwe r e
against experimental data reported by Bushedl.eThe power of this approach was to
allow analysis of amerous polymer/POC compositions, thereby generating the
permeabilities and selectivities for 40 %
POCs and the polymer hosts Matrimid, Ultem,
cage structures in the MMMsgnificantly improve the permeability for2HN2 and H/COz

separations and is concomitant with a minor increase in the selectivity.for H

Mao and Zhang investigated MMM composi
shaped POC Nori@* MMMs were prepared by a@orporating Noria as well as its
derivatives Noria Boc and Noria COtBu as t
substituted derivatives achieved better integration, giving a homogeneous dispersion of the
nanoaggregates and close interfacial mixinthefphases, particularly in the cases where
hydrophobic substituents were used. The separation performance of the resulting
composites was strongly related to the <che
DAM composites gave a minor improvement iOLCHss el ecti vity (15 %

concomitant with a 53 %a bheootrag, ¢he introductionpfe r me a
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Noria COtBu tends to increase the free vol

met hane permeabili®y increases by nearly 4

1.2.4.3 Catalysis

Cage immobilized catalyst offers the potential for solubilizing heterogeneous
catalyst particles. The uniformity of the metal nanoparticles can be well controlled within
the cage. The confinement of metal nanoparticles in cage cavitiesigksohe possibility

of sizeselective catalysis by controlling guest access through the cage window.

CC3R was used as a support for Rh nanoparticles with a size of ~ 22 Tine
nanoparticles confined in C&R can be dissolved in the reaction mixtared used as a
homogeneous catalyst. The segregation of the nanoparticles also reduced the aggregation
between the nanoparticleEhe obtained homogenized heterogeneous catalyst RHREC3
homo exhibits significantly enhanced catalytic performaoeerd vaious liquidphase
catalytic reactiongmethanolysis of ammonia borana$ compared with the heterogeneous
counterpart Rh/CGR-hetero. Moreover, Rh/CCR-homo shows excellent durability and

recyclability.

Cages synthesized frormiphenyl aminebased triadlehydes and cyclohexane
diaminewere used to immobilizgalladium nanopartick?'® The welldispersed cage
embedded NPs exhibit efficient catalytic performance in the cyanation of aryl halides under
heterogeneous, additifeee condition. Moreover, theseaterials have excellent stability

and recyclability without any agglomeration of PdNPs after several cycles.
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1.3 Research Objectives

The use of traditional porous materials in separation science has been explored
extensively. However, technical difficultiessociated with their processability pose large
impedance in the material and process development. On the other side, POCs are emerging
materials with promising features and properties that could potentially advance the field of
separations. Before this neaial can fullyexhibitits potential, several key questions are to

be answered, which will also serve as the objectives of this thesis.

1. Design and synthesis BOCswith proper structure and properties

The first question is the design and synthesiP@LCs with proper structure and
propertiesThere are a number of challenges involved endésign and synthesis of POCs.
First, suitable cage precursors must be chegénthe correct geometry to form a cage.
Neverthelessany cage precursor combinati@an, in principle, form an amorphous
polymer network instead of a cadggo the product prediction is also very importdrite
modeling of cage assemble into the solid state are essential to the prediction of POC solids
properties. While the cage crystagégdiction method has been explored in the literature, the
assembly of linkers into cages and product selection are not fully explored. This will be the

first objective of the thesis.

2. Defect enqgineering of POCs for modified properties

The second questions the modification of POCs with the assistant of
computational simulation. As demonstrated in the MOF research area, defects in MOFs

canprofoundlyaffect the properties of MOFs. For POCs, the defect existence and effect
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on their properties is essentiallynexplored. Defect engineering will be the second

objective aiming at modifying POC properties towards better performance or stability.

3. Proof of concept applications of POCs in adsorption and membranes

The third question is the applicability of POCssiparation applications. Many
researchers as well as our group have envisioned the potential benefits that can be resulted
from the solubility and processability of the POC molecules. However, there lacks true
demonstration of the benefits other thandineple reproduction of current techniques from
extended porous materials. In the last objective, | aim at developing-giroohcept

application examples that truly unlock the potential of POCs.

1.4 Dissertation Organization

This thesiswill focus on both fundamentaland applied aspects of POGCss
mentioned in the Research ObjectivEkis thesis will start with detailed investigation of
the formation mechanisms of imiased POCs and implying new design strategies for
POCs (Chapter 2). Then various defedtdeor of POC molecules and solids are studied
that showed improved physical properties (Chapter 3&4). One particular type of
amorphous POC named amorphous scrambled porous organic cages (ASPOCSs) is tested
as adsorbent support and membrane additives ad-gikgoncept studies of potential

applications of POCs (Chapter 5&6).
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CHAPTER 2. FORMATION MECHANISMS OF IMINE BASED

POROUS ORGANIC CAGES

The syntheses of porous organic cages (POCs) represanpartantsynthetic
puzzle in dynamic covalent chemistry based-seiting.Improved understanding of the
formation mechanisms of POCs can lead to control and rational design of cages with
desiredunctionaliies In Chapter 2, the formation mechanisms of irdiased POCs using
time-resolved electrospray mass spectrometrypegyy explored It is found that the
synthesis of the [4+G]ycloiminecage CC3R and the [2+3tycloiminecage CGpentane
both proceed through similar intermediates via a series of consecutive reatlimns.

chapter is published as part of a research atticle

2.1 Introduction

While the POCs show promising properties and initial examples of applications,
the design of functional POCs for targeted applications are lacking demonstréigon.
design of functional porous cage solids for specific applications raesesas difficult
guestions. The first consideration is whether a given set of precursors will form a cage
molecule at all and, if so, what is the most favorable stoichiometry (for example, [2 + 3],
[4 + 6] or [8 + 12]). If a cage does form, will it maimais void cavity or collapse to a
denser structure upon solvent removal or exchange, and how will it pack in the solid state?

Finally, what will the physical properties of that posocage crystal be in terms ité

adsorption selectivity? If we wantteds i gn new functi onal por ou
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papero6 (or rather, i n silico), tsheesnoalwe nee

of these questions

The first part of the question is essential for further modeling of the cages. Current
studiesdo not present a systematic study on the accuracy and applicability of different
computational methods in determining the final product of the condensation reaction. In
addition, h thestudies mentioned in Section 1.2t3vas hypothesizetthat, in thesynthesis
of POCs from dynamic imination reactions, the produetild be dominatedy the most
thermodynamically stable cage. While the structural energy difference calculations
indicate the relative thermodynamic stability of cages with different topEdpghese
calculations generally do not consider the formation energies of reaction interméttiates.
is possible that some intermediates have l@nergiesompared to cage species. Indeed,
small intermediates migtie excludedrom the most thermodynaoally stable,larger
species during the product purification process. Furthermore, the intermediatasethat
often ignoredn the reactions and calculations may contain hidden information on the shape
selection. Gaining insights into such intermediate®ssentiato fully understand the

formation mechanisms of PO@ad will lead to more informed structural predictions.

One promising set of tools to probe discrete molecules are mass spectrometry (MS)
techniques such as electrospréigSl) and matrixasssted laser desorption/ionization
(MALDI -) MS. These soft ionization methods have alrelaglgn usedh identifying the
molecular masses of PO€%his approach is particularly useful in characterizing mixed
linker cages sharing similar physical and chehigroperties, such as in amorphous
scrambled porous organic cages (ASPC®s)addition to product determination, MS can

also providetimg es ol ved fAsnapshotso of a reactive
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over time, thus providing insights intoetrassembly of organic linkers to cages. The
synthesis of POCs usually takes place at mild solution conditions, which arsuvted

for time-resolved ESMS analysis.

2.2 Experimental

2.2.1 Materials

Triformylbenzenewas purchasedrom Manchester Organics (UK) orel&
synthesized.1 (1R,2R})-1,2-diaminocyclohexane isophthalaldehyde trifluoroacetic
acid, anhydrous dichloromethawere purchaseffom Sigma Aldrich (US). Pentarie5
diaminewas purchasettom TCI Chemicals (US). Ultrpure grade Nand CQ used in
physisorption measurementere purchaselom Airgas (US). All solvents and chemicals

were usedipon receive without any purification.

2.2.2 Synthesis of CGR

In a typical synthesis 243 mg triformylbenzene and 255 mg (1R ZR)1,2
diaminocyclohexanwas disolved in 10 mL anhydrous dichloromethane. To the mixture,
10 L trifluoroacetic acid was added &se catalyst The reaction mixturevas leftat room

temperature foB days andthe white crystalsvere recoveretly washing with ethanol.

2.2.3 Synthesis of C@entane

In a typicalsynthesis90 mg triformylbenzene and 97.36 [L pentah&-diamine
was dissolved in 18 mL anhydrous dichloromethane. The reaction mivdsrieftat room

temperature fob days.The solvent was removed by rotary evaporatiodgthe paleyellow
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solid was redissolved in dichloromethane and filtered off any insoluble content. The final
productwas obtainedy removing thesolventwith rotary-evaporation. The yield of the
solid product was quantitative anddessolving the solid resulted 8.8 wt% undissolved

solids.

2.2.4 Traditional andTimeresolved Mass Spectrometry Methods

2.2.4.1 ESI and MALDI-MS

ESEMS of samplesvere takeron a Waters Quattro LC system. MALIMS of

samplesvere takeron aBruker AutoFlex Il instrument.

2.2.4.2 Time-resolved MS

For CC3R, 20.3 mg triformylbenzene was dissolved in 0.75 mL anhydrous
dichloromethane. 21.3 mg (1R,2R)-1,2-diaminocyclohexanwas dissolved in 0.75 mL
anhydrous dichloromethane in separate vials. Upon mixing, the first injection was taken
with an Agilent 110 binary HPLC and diluted with a continuous flow of methanol and

injected into the ionization chamber of the Quattro system.

The same reaction for CER was carried out in chloroform to study the effect of
solvent on the formation of CCR cages. Solutionsf triformylbenzene (6.8 mg) and
(R,R)-1,2-diaminocyclohexang7.1 mg) were separately preparedith 0.75 mL of

chloroform. The two solutions were mixed right before the first MS injection.

For CGpentane, 3.8 mg triformylbenzene was dissolved in tiZ5anhydrous

dichloromethane. 4.11 L pentaiie5-diamine was dissolved in 0.75 mL anhydrous
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dichloromethane in a separate vial. Upon mixing, the first injection was taken by diluting

the reaction mixture with a continuous flow of methanol and injected het@onization

chamber.

2.2.5 Supplemental characterization method

2.2.5.1 NMR

Solution*H NMR spectra were recorded at 400.13 MHz using a Bruker Avance |

400 NMR spectrometer.

2.2.5.2 Powder Xxray Diffraction (PXRD)

Powder Xray diffraction datavere collectecbn a PANalytichEmpyreanX-ray
diffraction system in reflection Braggrentano geometry operating at 45 kV and 40 mA.
PXRD patternsvere collecteavi t h a st ep si ze astantthed8831

s/stepover50 degrees 2d.

2.3 Results and Discussion

2.3.1 SynthesesfcCC3R and CGpentane

Two iminebased POCs with different topologiesere selectedor this study
focusing oncage formation of triformylbenzene with different diaminéggre2.1). One
topology is the[4+6] cycloimination between triformylbenzene and (1R,2R)-1,2-
diaminocyclohexane to form a structure called GC€3Another topology is the [2+3]
cycloimination between triformylbenzene and IpB&ntanediamine toform a structure

called CGpentané.
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Figure 2.1 Schematic of different geometries of moleculeormed when different
diaminesare usedin the reaction with triformylbenzene

* This list is ot intended to be comprehensivk. bl ue Atail o0 signi fi
carboxaldehgte group. Both of the amine groups in diaminocyclohexaaeomittedfor

clarity, andthe connectivity cabe determinedy totaling the gray cylinders connected to

red dots.

The synthesis of the twaforementioned@ompound wascarried outprior to the
time-resolved MS experiment¥d solution NMR was carried out and showed completion
of the imination condensationFigure 2.2 and Figure 2.3). The cages are further
characterzedvia ESI-MS to determine their topolog¥igure2.4 andFigure2.5). CC3R
hasa molecular weight of 111Da, indicating a [4+6]cycloiminationreaction between
triformylbenzene and cyclohexanediamine to form an octahedral cagbowitvindows
arranged in a tetrahedral geometry. -@&htanehas a molecular weight of 5283,
indicating a [2+3fycloiminationreaction between triformylbenzene grehtanediamine

with a petl-wheel geometry.
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Figure 2.2 'H-NMR data of CC3-R, assynthesized!HNMR (CDCI3) U 8. 15
12H), 7.89 (s, ArH, 12H), 3.33 (m, CHN, 12H), 1i91.4 (m, CH, 48H) ppm

T T T T T T T
6 4 2 0

ppm

o0 -

12 10

Figure 2.3 'H-NMR data of CC-pentane, assynthesized!H NMR: (CDCls) U 8.

CH=N, 6H) 7.86 (s, ArH, 6H) 3.61 (tCH2, 12H) 1.77 (tt, CH, 12H) 0.88 (m, CH, 6H)
ppm

58

(s,

09

(

‘N



559.3533
R=27525

1004 z=2 CC3R
9
9
8!
8l
7
7
[3
6!
5!
5
4!
A
3!
3
373.2386 1117.7009
2 R=33337 R=19400
> z=3 z=1
1
262.0135
1 R=39254 |400.2437
z=1 R=31759
5 z=2
o} [hl‘LL:[ a[l'l mn b, /] . - - e - e . - .
R e e L e M B e L L s e L e
200 400 600 800 1000 1200 1400 1600 1800 2000
m'z
Figure 2.4 ESI-MS data of CC3R, assynthesized. m/z: 1117 ([M+Hj)
r1170804ga 4 (0.271) Sm (SG, 2x0.20); Cm (3:7-24:28) Scan ES+
1004 523.3 4.46e6
%
262.1 524.3
239.1
541.3
271.2
492.4 [l
Opotrebbpermper iy J\“ L by , . y S y : . | miz
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Figure 2.5 ESI-MS data of CC-pentane, assynthesized. m/z: 523 ([M+H])
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2.3.2 Timeresolved ESMSEvaluation of the CCR Synthesis

Time-resolved electrospray ionization mass spectrometry-{ESIwas employed
to measure the transformation of triformylbenzene aanhiiocyclohexane to CER. To
ensure the consistency of the measurememtspecific procedure for tracking POC
reactionswas developedTwo dilute solutions of reactants in dichloromethane (DCM)
were individually prepared and mixed immediately befordithe-resolved measurement.
To enable closer monitoring of the initiation of the reactimmacid catalystaere added
to the system. Five microliter aliquots of the reaction mixiueee sampledhrough a
liquid chromatography autsampler at predetermiddime intervals. The samplegere
then dilutedwith a constant flow of methanol before being injected into the ionization
chamber to ensure proper ionization of the species in the gas phase. The whole process was
programmed and automated to minimize openal error. Even though the procedure was
designed to be consistent between sample intervals, thB1E8lata were determined to
be semiquantitative. However, the qualitative trends of species emerging from the

measurements givdearinformation on theeaction kinetics

After initial mixing of triformylbenzene and diaminocyclohexane solutions,
subsequent samples were taken every 11 min over thé hrsafter that, samplewere
takeneveryl h. The spectra showed no changes atbr(Figure 2.6). CC3R was not
observedn the spectra throughout the measurement, which might be due to precipitation
of CC3R cages when the small volume fraction of sample aliquots mixed with the constant
methanol flow. This hypothesis supporeédby CC3R solubility tests in DCM/methanol

mixtures with methanol volume fractions ranging from 10% to 90%. The reBidisr¢
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2.7) showed that in methanach solution mixtures, the solubility of CE&R would drop

precipitousy.
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Figure 2.6 Time-resolved ESIMS spectra of samples taken from the CGR synthesis

in the first 9 h
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Figure 2.7 CC3-R solubility in DCM/MeOH solvent mixture
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The precipitated solid resulting from mixing with methanol during the reaction was
also isolated and confirmed to be CR3cages by ESMS. It is thusimportant to
emphasize that the gas phase fragmefiserved in ESMS spectra may not be a
guantitative reflection of the solution composition, as suggested by the absencelf CC3

cage detection. The EMS spectra over the first two howase plottedn Figure2.8.
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Figure 2.8 Time-resolved ESIMS spectraof samples taken from the CC3R synthesis
in the first 2 h

One advantage of mass spectrometry is the measurement of discrete signals from a
mixture of species with similar physiéehemical properties that would be otherwise hard
to separate or distinguish, which allows us to track the intermediate species independently.
The spectra contain ionization fragments and higher charged species that pose analytical
challengesTo facilitate peak identificationa list of all possible reaction products with up
to four triformylbenzene molecules was formulaper tothe monitoring of the reaction,

as listed inTable2.1. Cagelike moleculesas well as short chas,were considered

62



Table 2.1 Possible Intermediates during the synthesis of CCR

Entr # of # of Iii?lfe Mass
y Triformylbenzeng Diaminocyclohexang Bonds (calculated)
1 1 1 1 258.31
2 1 2 2 354.48
3 1 3 3 450.65
4 2 1 2 402.43
5 2 2 3 498.6
6 2 2 4 480.58
7 2 3 4 594.77
8 2 3 5 576.75
9([2+3]) 2 3 6 558.73
10 2 4 5 690.94
11 2 4 6 672.92
12 2 5 6 787.11
13 3 2 4 642.72
14 3 3 5 738.89
15 3 3 6 720.87
16 3 4 6 835.06
17 3 4 7 817.04
18 3 4 8 799.02
19 3 5 7 031.23
20 3 5 8 913.21
21 3 5 9 895.19
22 3 6 8 1027.4
23 3 6 9 1009.38
24 3 7 9 1123.57
25 4 3 6 883.01
26 4 4 7 979.18
27 4 4 8 961.16
28 4 5 8 1075.35
29 4 5 9 1057.33
30 4 5 10 1039.31
31 4 6 9 1171.52
32 4 6 10 1153.5
33 4 6 11 1135.48
34 ([4+6]) 4 6 12 1117.46
35 4 7 10 1267.69
36 4 7 11 1249.67
37 4 7 12 1231.65
38 4 8 11 1363.86
39 4 8 12 1345.84
40 4 9 12 1460.03
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The peaks from the mass spectromewgre compareggainst the listand key
intermediate speeswere identifiecand listed inTable2.2. Only peak envelopes that have
a combined ion counts (CIC) larger than Zx&@re consideretbr clarity. The relative
stabilitywas determineldy the longterm behavior inferred frofigure2.9 Time-resolved

ESIMS spectra of samples taken from th@3R synthesis in the first 9 h

Table 2.2 Assignment of thekey species identified during the timeresolved ESIMS
measurements of CC3R synthesis

Entr m/ z As s i m/ z
Tabley(ob z For mul a* mentStab(cal
191 1+ N/ A N/ A Yes N/ A

3 226 2+ ( TRBDPAGHBHD): [ 1+: Yes 227.
1 259 1+ ( TRBDPAGHBHO)L [ 1+1 Yes 259.
291 1+ N/ A N/ A N o N/ A

3233 1+ N/ A N/ A N o N/ A

11 337 2+ (TRBDAGHBHO) [2+<¢ Yes 338.
2 355 1+ (TRBDACHHD): [1+2z Yes 355.
387 1+ N/ A N/ A N o N/ A

3 451 1+ (TRBDAGHHD) [ 1+ Yes 451.
531 1+ N/ A N/ A N o N/ A

9 559 1+ (TRBDAGHH) [23] Yes 5509.
8 577 1+ (TRBDAGHHO) [2+F Yes 577.
7 595 1+ (TRBDPAGHHD)X [ 2+ No 595.
627 1+ N/ A N/ A N o N/ A

11 673 1+ (TRBPAGHBHD) [2+<¢ Yes 673.
10 691 1+ (TRBDPAGHHD) [ 2+<4 NoO 691.
15 723 1+ (TRO®ACHE)) [ 3+: No 721.
14 741 1+ (TRBPAGHBHD) [ 3+: No 739.
21 895 1+ (TRBDPAGHH) [3+f Yes 896.

*The formulas were listed as the number of triformylbenzene (TFB) molecule and
diaminocyclohexane (DACH) molecule in the stiaetminus the dehydration number.
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Figure 2.9 Time-resolved ESFMS spectra of samples taken from the C3-R
synthesis in the first 9 h

It canbe observedh Figure2.8 that the firsttime point in the data series showed
distinct peaks compared to later time points. Several m/z peaks appeared between 500 and
800, which rapidly converted to other species and could@atbserved later spectra.

The m/z peaks at 191.1, 291.2, 323.31.8, and 627.4 could ndie assignedo an
intermediate relevant to the reaction between triformylbenzene and diaminocyclohexane
and seem likely to be ionization products of the intermediates. Throughout the
measurement, several stable intermediatese observed as indicated inTable 2.2.

Although the intensities of the m/z envelopes of the spectra were not quantitative, the CIC
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of the seven assigned stable intermedistpkbtted against reaction time kigure2.10as

a reflection of the transformations happening in the liquid phase.
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Figure 2.10 Time-resolved combined ion counts of stable intermediates during ESI
MS measurement of CC3R synthesis

The fven species cde groupeadnto three categories: small intermediates (entries
1, 2, and 3 inTable 2.1), medium intermediates (entries 8, 9, and 11), and a large
intermediate €ntry 21). In general, small intermediates startedhwhigh relative
abundance and dropped to low levels within a timeframe of two hours. The relative
abundance ofmediumintermediates slightly increased over the first 30 minutes of the
reaction and then gradually decreased to a plateau. The large insgenmecteasedowly
over time. The reaction pathway o€C3R formation can be inferred from these
observationsThe linkers (triformylbenzene and diaminocyclohexane) assemble into small

imination fragments upon mixing avery shorperiod(between thenixing of the solvent
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and the first measurement). The smalfagmentshen go through a setfonformational
search towardkarge intermediates and complete [4+6] cages via a series of consecutive
reactions. Although CGR cagesare usually consideregsthe thermodynamically stable
product in this reactiofi® it was observed in this measurement that several stable
intermediates could coexist with ti#C3-R cages. Interestingly, a [2+8ycloimination
byproduct (small cage) thatas undesirablproductwhen aiming to produce CERBwas

observedhroughout the reactiosshowed inFigure2.11.
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Figure 2.11[2+3] cageobservedduring CC3-R synthesis. The sepat#on of 1 m/z in
the peaks indicdes a single charged [2+3] cage

Previous work has shown thae choiceof synthesis solvent can play a role in the
cage formation proce$s’'® For example, Warmuth and-eoorkers have shown that three
different imine cges canbe formedfrom the same starting materials by varying the
synthesis solverif. Considering thisthe formation of CC3R in chloroformwas also

monitoredto evaluate the effects eblventson imine cage formation. The tiatesolved
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ESIMS spectraare shownin Figure 2.12. In this case, a more dilute concentration of
reactantsvas use@nd thespectran the first 3 hours of the reaction resembled the first 30
minutes of theeactionin DCM. Importantly, the species obseneagteed uniformly with

those shown inrable 2.2, and no obvious deviation from thereactionin DCM was
observed Solvent effects were also considered in detail using theoretical calculations, as

discussed in later sections.
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Figure 2.12 Time-resolved ESIMS spectra of samples taken from the CGR
synthesis in CHC}

2.3.3 Timeresolved ESMS Study duringCC-pentaneSynthesis

During the initial synthesisof CC-pentane it was found that upon mixing of

triformylbenzene and 1;pentanediaminghe reaction mixture became cloudy, indicating
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the formationof precipitaton. The undisturbedloudy solution turned clear after several
hours. To further investigate this obsatien, the solid conterwasisolated by filtration

with a PVDF membrane of 100 nm pore size. The isolated solid is not soluble in common
solvents. The infrared spectrum of the solid showed very similar peaks with isolated CC
pentane. Powder -Xay diffracion showed a broad peak. An attempt to obtain the
molecular weight using Timef-Flight Secondary lon Mass Spectrometry (T9IMS)

failed to give any m/z peak under 2000. Compared to the rigit){@aminocyclohexane
linker in CC3R, 1,5pentanediamin@volved in CCpentane synthesis is more flexible.
Our results suggest that the flexibility of the linker leads to the formation of polymeric
species in the initial stage of the reaction tisasubsequently consumed by the cage
formation process via dynamiequilibrium. The final clear solution was rotation
evaporated to yield a white solid. However, the solid could not be fulllysemlved in

dichloromethane or chloroform, which has di&®n observenh the literaturé.

The same timeesolved mass specimetry methodology used for C&3 was
appliedto the CCpentane synthesis. The @ntane was prdetermined not to precipitate
out in a methanol/DCM solution. Surprisingly, other than the undetectable polymeric
species, the timeesolved ESMS spectraKigure 2.13) of samples taken from the €C
pentane synthesis were analogous to ‘BC3 he predicted geometries of the various

intermediates resemble the species found duringRGgnthesis.
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Figure 2.13 Time-resolved ESIMS spectra of samples taken from the C&entane
synthesis in the first2 h

The initiation of CCpentane synthesis occurred over a short period, similar to the
CC3R synthesis. The linkers in the reaction mixture asdennto several stable
intermediates in less than 30 m8imilar to the process described in E3-R analysis,
thelist of all possible reaction products with up to four triformylbenzene molecules was
formulatedprior tothe monitoring of the reactioas listed infable2.3. The species found
from the MS experimentare listedn Table2.4. The species in the lower m/z region (up
to 625.6 m/z) matched well with the intermediates observed in theR&gBthesis. In the
higher m/z region, a [3+6] intermediate wabserved in contrast with the [3+5]

intermediateobservedn CC3R synthesis.
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Table 2.3 Possible intermediates during the synthesis of G@entane

Entr # of # of Iii?lfe Mass
y Triformylbenzene Diaminocyclohexang Bonds (calculated)

1 1 1 1 246.3
2 1 2 2 330.46
3 1 3 3 414.62
4 2 1 2 390.42
5 2 2 3 474.58
6 2 2 4 456.56
7 2 3 4 558.74
8 2 3 5 540.72
9([2+3)) 2 3 6 522.7
10 2 4 5 642.9
11 2 4 6 624.88
12 2 5 6 727.06
13 3 2 4 618.7
14 3 3 5 702.86
15 3 3 6 684.84
16 3 4 6 787.02

17 3 4 7 769
18 3 4 8 750.98
19 3 5 7 871.18
20 3 5 8 853.16
21 3 5 9 835.14
22 3 6 8 955.34
23 3 6 9 937.32
24 3 7 9 1039.5
25 4 3 6 846.98
26 4 4 7 931.14
27 4 4 8 913.12
28 4 5 8 1015.3
29 4 5 9 997.28
30 4 5 10 979.26
31 4 6 9 1099.46
32 4 6 10 1081.44
33 4 6 11 1063.42
34 ([4+6]) 4 6 12 1045.4
35 4 7 10 1183.62
36 4 7 11 1165.6
37 4 7 12 1147.58
38 4 8 11 1267.78
39 4 8 12 1249.76
40 4 9 12 1351.94
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Table 2.4 Assignments of thekey intermediate species identified during the time
resolved ESIMS measuements of CGpentane synthesis

Entry in m/z Assign m/z

Tablg2.3 (0bs) z Formula* mer?t Stabke? (calcd)
205.2 1+ N/A N/A Yes N/A

3 208.1 2+ (TFB)i(PDA)3(H20)3  [1+3] Yes 208.3

1 247.1 1+ (TFB)y(PDA)(H20)1  [1+1] Yes  246.3
279.1 1+ N/A N/A No N/A
303.3 1+ N/A N/A No N/A

2 331.3 1+ (TFB)(PDA)(H20)2  [1+2] Yes 3315
3634 1+ N/A N/A No N/A

3 415.4 1+ (TFB)u(PDA)3(H20)3  [1+3] Yes 415.6

9 523.4 1+ (TFB)}(PDA)3H20)s  [2+3] Yes 523.7

8 541.5 1+ (TFB)(PDA)(H20)s  [2+3] Yes 541.7

7 559.4 1+ (TFB)(PDA)y(Hz20)4  [2+3] No 559.7
5914 1+ N/A N/A No N/A

11 625.5 1+ (TFB)(PDA)s(H20)s  [2+4] Yes 625.9
23 937.7 1+ (TFB)3(PDA)s(H20)s  [3+6] Yes 938.3

34 1045.6 1+ (TFB)4PDA)s(H20)-12  [4+6] Yes  1046.4

*The formulas were listed as the number of triformylbenzene (TFB) molecule and 1,5
pentanediamin@?DA) molecule in the structure mintiee dehydration number.

In a similar fashion to CGR, the timedependent CIC of stable G&&ntane
intermediates are shownhigure2.14, which highlights théransformationsiappening in
the liquid phase reaction mixture. Impamtly, similar behavior to CCR was observed
for small intermediate@ntries 1, 2, and 3 ifiable2.3), that is, high relative abundance at
short times that reduce to low levels within two hours of reaction initiation. However,
unlike CC3R, the mediunrsized CCpentane intermediates (entries 8, 9, Ahgddominate

the final product.
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Figure 2.14 Time-resolved combined ion counts of stable intermediates during ESI
MS measirement of CC-pentane synthesis

In addition, species 9 ([2+3] cage) and 11 ([2+4] intermediate) exist at similar
concentrations in the G@entane reaction mixture. This close matching of concentration
led us to speculate that the 62pdakobserved in the MS was &atéd to the [2+3] cage
rather than the [ 2+4] i ntermedi ateds peak.
revealed that the difference between them was 102.1, and indeed a 102.1 m/z species was
also observed in the spectra, which corresponds to a (M@@). cluster thatis
commonly observeth ESFMS spectrd! This suggests the existence of a [2+3] cage with
a solvent cluster trapped inside. However, an isotope analysis between the [2+4]
intermediate and the trapped clusteas indistinguishableFHgure 2.15). Nevertheless,
electronic structure models strongly suggest that the presence of a solvent clugter with

the [2+3] is likely Figure2.16).
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Methanol/water cluster: [2+3] cage
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Figure 2.15 Isotope comparison of [2+3] cage with trapped cluster and [2+4]
intermediate between experiment and predictionn CC-pentane
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Figure 2.16(a) Top view and (b) Side view of [2+3] cage with a (MeOk{H20)2 cluster
trapped inside

The similarity between the reaction courses of &C8nd CCpentane suggests a
generalization of the imine based POC formation mechanism: upon mixing of the linkers,
localized random assembly immediately occurs between tkeréino form a wide range
of intermediates. These intermediates are transfoimtedseveral species withertain
stable geometries over a shperiod The stable species are then slowly converted to the
desired cages, while a small amount incomplete sageundesired byproducts will

continue to coexist at any given time.

2.4 Conclusions andRemarks

2.4.1 Conclusions

In summary, timgesolved mass spectrometmas utilizedto study the reaction
pathways of imindbased POCs with two representative POC species;FC&3d CC
pentane. Itwas observedhat both systems adopt a similar reaction pathway through a
series of consecutive reactions, suggesting a general reaction mechanism for such POCs.

Upon mixing of the linkers, localized random assembly immediately ocetnsebn the
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linkers to form a wide range of intermediates. These intermediates are transioioned
several species wittertainmetastable geometries in a shptiod The metastable species

are then slowly converted to the desired cages, while a amalintof incomplete cages

or undesired byproducts remain in the final product. The observation of the [2+3] cage
species in CGR synthesis isery importanin understanding the formation of a series of
keto-enamine POCs reported in the literature. Thewkedge of reaction mechanism

through a [2+3] cage catirectthesynthesis of therodynamically unfavorable cages.

This study served as a starting point and basis for a computational study that utilized
ab initio and DFT calculations to verify the obserweechanismsThesecomputational
resultsare presented n Y a n BhDLDissedasionFrom the combination of the two
studies, v& demonstrated that the APFD/DZVP2 basis set is suitable for qualitative
evaluation of the size and permanent porosity ofecpgoducts backed by both
experimental observations and higher level calculations. Based on our findings, we
proposed a methodology for the design of iriiased POC species that could dbgo

appliedto other POCslescribed in section 2.4.4.

2.4.2 Enalkto-ketoTautomerization

It is important to note that the formation of imine based POCs through a [2+3] cage
is essential in explaining several experimentally observed phenomena in the litdrature.
has been shown in covalent organic frameworks (COFs) that, imihe bond has an
adjacent hydroxyl group (i.e.prtho-phenols), they will undergo an irreversible
transformation through ketenamine bond formation and forma tiedin stable

framework!?1® Similar research aimed at increasing stability of inrtlased PCs has
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been done by Kieryk et.aln which they used 2,6-trihydroxy-1,3,5-benzenetricarboxalde
hyde to react with diaminocyclohexatfadowever, only [2+3] keteenamine cages were
formed in this case, suggesting that as the reaction goes traq@¢B] intermediate, the
irreversible keteenamine bond formation prevents ttegefrom breaking andorming

larger products. In similar workriformylphenolwas used to derivealentype organic
cages® With all three diamine linkers used (ethylenediiae, trang1R,2R}1,2-
diaminocyclohexane and (1R,2Riphenylethylenediaming only [4+6] cageswere
observedwhich suggest the single keto bond does not alter the reversibility of the cage
and the thermodynamic preference of [4+Glages 246-trihydroxy-1,35-
benzenetricarboxaltigde was also used to react with a serieslkdnediaminesvith
increasing chain lengt®.In contrast to the oddven alternation with chain length between
[2+3] and [4+6] cages observed with triformgtizené, only [2+3] cagesvere observed

with odd-even alternation on the cage conformation (gawsheclipsed).This again can

be explained by the formation mechanism discussed here and thdo-ketd
tautomerization. Our general finding can thus beduso direct the synthesis of
thermodynamically unfavorable cages with linkers that will otherwise form other cages or

even polymers.
2.4.3 DiazaCopeRearrangement

The DiazaCope rearrangement has been previously reported to impede the
synthesis of CC9 and CCMa competition with the cage formation reactiénit is
therefore critically necessary to consider the formation of the rearrangement product during
the design of new POCs. The thermodynamic stability and equilibrium constant for the

rearrangement reach canbe determinedy calculating the energy values of the reactants
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and the rearrangement prodiftt® As the DiazaCope rearrangement requires vicinal
diamines, we onlyonsidered CGR in this calculation. We selected a pair of clusters
composed obne (RR)-1,2-diaminocyclohexane and two triformylbenzene molecules,
which was the smallest cluster needed for the D@ape rearrangement reactiontaée
place, as shown ifrigure 2.17. The formation energies of these two chustwere
calculatecat APFD/DZVP2 levelandthe DiazaCope product energy was predicted to be
38.9 kJ/mol higher than reactant energy, thus indicating a thermodynamically unfavorable
reaction at these conditions. The corresponding reaction equilibriustaconvas 2x1G°

at room temperature, which is considerably less than theé minimum equilibrium
constants required for completing rearrangement reacdi@isailar calculations can be
performed to rule out the possibility of the Dia2ape rearrangemein designing other

imine-based POCs.

(a)

Figure 2.17 (a) Reactant and (b) Product for hypothetical DiazeCope rearrangement
reaction during CC3-R synthesis

2.4.4 New Approacho the in silico Design of POCs

Basedon our experimental and computational findings, we propose a more
comprehensive method fan silico design of new cage species. First, the energy

calculation methods need tme carefully choserfor the selected dynamic covalent
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chemistry. For imine basd®OCs, one can use dispersion corrected functionals with either
DZVP2. For other POC systems, it will be necessary to benchmark DFT functionals with
higherlevel calculations before selecting a calculation approach. Second, structures for
energy calculation shouldbe preparedvith consideration of botltompletecages and
intermediatesand possible competing reactions. From our above conclusiatisgct
comparison between differenagesonly yields limited information. The structures that

are neighborsfahe cagesshould alsde includedn the calculations, for example, [1+3]
intermediates and the open [2+3] intermediates around the [2+3] cage. Lastly, the
structures should be geometry optimized and their energy values calculated with the
appropriate caoputational methods. If the relative energy values of the structures indicate
the likelihood of coexistence of cages and intermediates in the equilibrium product, extra
synthetic and/or purification precautions need to be considered to acquire pure cage

products.
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CHAPTER 3. MICRO -SCALE DEFECTS IN POROUS ORGANIC

CAGES

Despite significant research in porous organic cages (P@@s)is knownabout
molecublr-scale defects the®e materialsHere, point defects within an imiimsed cage
are designed using unbalanced linker noBegding on the formation pathway illustrated
in Chapter 2 and using a computational prediction method, rapigaivent induced
crystallizationisutii zed to Afreezeo defective cage
defect structurés deducedsia solution NMR, FTIR, electrospray ionization and matrix
assisted laser desorption/ionization mass spectrosGagsyuptake experimengbow that
the cagedefects facilitate C@adsorption.This chapter is published as part of a research

article?

3.1 Introduction

Since their introduction in 2009, porous organic cages (POCs)oemveexplored
in a variety of applications including separations, adsorption, mole@dagnition, and
catalysis>’ These porous moleculese generally useth the form of solid particles
containing individual cages packed together by weak van der Waals interactions, usually

resuting in a crysalline material.

As pointed ouby Briggs and Cooper, the complexity involved in the synthesis and
purification in POC materials can be more challenging compared to conventional MOF
materials$$ While the cagemolecules arehe thermodynamically stable phacts for

carefully selected linker pairs, deliberate isolation, purification, and activation is required
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to acquire the desiradk novgproduct.Characterization techniques such as SEM, PXRD
andNMR are typically used to demonstrake phase and chemiqaurity of the product.
These techniques, however, do not readiigtinguish impurities from the product,
especiallyif the impurity shares similar linkage and symmetry with the desired product.
As a result, little is known about the formation or existenf incomplete cages or other

related defects in POCs.

There has been a recent emphasis on defects and disorder in the shetglof
organicframeworks (MOFs$,1° as the mechanical and chemical properties resulting from
defects havéhepotential to boaden the utility of these materiald? In the area of POCs,
however, current studies often assume phase and chemical purity of the cage crystal. Little
is knownabout the formation or existence of incomplete cages or other related defects in
POCs. Itanbe expected hat anal o-hbbokefnmi 6y paedalireih ect s
MOFs could also exist at a molecular level (i.e., a cage level) in POCs based on the
observatiorin Chapter 2f the [3+5] intermediate in CCR and the [2+4] intermediate in
CC-pentané*®® Indeed, CC&R synthesized and purified according to literature
procedures may also possess these inEmgages, as shown Figure 3.1, which

motivated us to explore the possibility of intentionally creatingadefe CC3R materials.
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Figure 3.1 ESI-MS data of CC3R, assynthesized. m/z: 1117 ([M+H)

As incomplete cages ayeatphesemedal matar p
also be derived from contactingi@or base species in aggressive applications, it is
important to understand the influence of the broken cage bonds on the POC samples as
those bonds may result in changes in their performeslaéed properties: (1) the
incomplete cages may change thetitpgest interaction properties; (2) a broken bond in
the cage molecule may accelerate the decomposition of thdrcéigiechapter| used the
well-studied CC3 cage as an example to demonstrate the coexistence of defective species
along with pristine CGR cages and studied the effect these defects have on gas sorption
properties. As the CCR cage molecule is the thermodynamically stable product of the
cycloiminationbetween triformylbenzene (TFB) and,@-diaminocyclohexanele novo
synthesigs requiedfor generating defects in the cage crystals. In this wodesigned

two defectivecage systemsSoc a | | e dl1 of Tdyepfee eRtnioleceles GhEoBorate
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isophthalaldehyd@PA) into the structurshown inFigure3.2. These Tpe-1 molecules

contain free amine groups that do not have a corresponding aldehyde group to form an

i mine bond, analliogloairsd t de fAEhei &sssal linlge O/ Ty p e
defective CCR moleculesvere also devisedhat contain only kinetic defds with no

otherreagents added to the system.
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Figure 3.2 Synthesisscheme of CC3R and one possible structte of defective CC3R
molecules
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3.2 Experimental
3.2.1 Materials

Triformylbenzene was purchased from Marstke Organics (UK) or self
synthesized® (1R,2R}(-)-1,2-diaminocyclohexane, isophthalaldehyde, trifluoroacetic
acid, anhydrous dichloromethawere purchaseffom Sigma Aldrich (US). Pentarie5
diaminewas purchasettom TCI Chemicals (US). Ultrpure gade N and CQ used in
physisorption measurementgre purchaseflom Airgas (US). All solvents and chemicals

were usedipon receive without any purification.
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3.2.2 Synthesis of CCR

In a typical synthesis, 243 mg triformylbenzene and 255 mg (1R;2R)2-
diaminocyclohexane was dissolved in 10 mL anhydrous dichloromethane. To the mixture,
10 WL trifluoroacetic acid was added ascatalyst The reaction mixturevas leftat room

temperature foB days andthe white crystalsvere recoveretly washing with ethaoi.

3.2.3 Synthesis dDefectiveCC3R

Different amounts of isophthalaldehydesre mixedwith triformylbenzene with
mass ratios of 1:2, and 1:10. In GB3PA-a, 53.9 mg triformylbenzene and 27 mg
isophthalaldehydevere used. In CCR-IPA-b, 73.7 mg triformylberene and 7.5 mg
isophthalaldehydevere used. To the solution of the aldehyde mixture, a solution of
(1R,2R}(-)-1,2-diaminocyclohexane (85 mg) in anhydrous dichloromethane (65nL).
trifluoroacetic acid was added asatalyst The reaction was allowed react for 1 hours
at room temperaturelO mL acetonewas addedo the reaction mixtureand a white
precipitate formed simultaneously. The prodwets isolatedoy centrifuge and washed
with ethanol. Yield: CC&R-IPA-a, 31.1 mg, 34% based on triformyllzene and 22%
based on diaminocyclohexane; GR3PA-b, 45.2 mg, 36% based on triformylbenzene

and 33% based on diaminocyclohexane.

For comparison purposes, G&3crystals were also prepared by fast crystallization
and used in PXRD and gas sorption measergsi To a solution of CCR (60 mg) in
DCM (20 mL) acetone was added to form a suspension. The cry&adsseparately

centrifugation.
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3.2.4 Characterization

3.2.4.1 Scaming Electron Microscopy (SEM)

High-resolutionimaging of the crystal morphology was achieveohgia Hitachi
SU8230 Cold Field Emission Scanning Electron Microscope {SEH). The dry samples
were attached to aluminum stubs using copper tape. The sangrkeghen coatedith a
20 nm layer of gold/palladium using a Hummer 6 Gold/Palladium Sputteragingwas
takenat a working distance of 8 mm and a working voltage of 3 kV using a mix of upper

and lower secondary electron detectors.

3.2.4.2 Powder Xray Diffraction (PXRD)

Powder Xray diffraction datavere collecten a PANalytical Empyrean-Ray
diffraction system in reflection BragBrentano geometry operating at 45 kV and 40 mA.
Samples were activated at 80€ under dynamic vacuum for 12 h and then packed onto a
flat silica sample holder. The samplas then loadeth an Anton Paar HTK 1200 High
Temperdure Oven Chamber connected to a vacuum pump and ac@@der. Z
adjustment and Omega correction were performed on each sample to ensure maximum
signatto-noise ratio and to minimize zero shift. The sampées evacuated situ with
dynamicvacuum and hating. PXRD patternsvere takenat 80C and 25€. CO; was
introduced into the chamber and allowed to flow for 30 min before a PXRD paihsrn
takenwith the post sorption sample. PXRD pattewere collectedvith a step size of

0. 0131 de @gscantine ofB@fs/sepmoderr2 0 degrees 2d.
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3.2.4.3 Fourier Transfamn Infrared Spectroscopy (FTIR)

FTIR spectroscopyas recordedoy a Thermo Scientific Nicolet iS50 HR
equipped with an iS50 ATR module. Samples were analyzed in powder form with 128

scans with aasolution of 4 crm.

3.2.4.4 Gas Sorption Analysis

Surface area analysis was conducted with nitrogen at 77 K using a Brunauer
Emmett Teller surface area analyzer (BET, Micromeritics ASAP2020HD). iS€@herms

were collectedrom the same equipment at 308 K.

3.2.45 NMR

Sdution *H NMR spectra were recorded at 400.13 MHz using a Bruker Avance |

400 NMR spectrometer.

3.2.4.6 ESI and MALDI-MS

ESEMS of samplesvere takeron a Waters Quattro LC system. MALIMS of

samplesvere takeron a Bruker AutoFlex Il instrument

3.2.4.7 High-pressue Liquid Chromatography MasspectroscopyHPLC-MS)

HPLC-MS analysis was conducted using an Agilent 1100 HPLC system connected
to a Micromass Quattro LC triple mass spectrometer. Separation was achieved using an
Ascentis Phenyl column, 50x2.1 mm, with 3 particles with a 100 % methanol mobile
phase at a flow rate of 0.3 mL/min. The column temperataeseto 30 €, and10 L

of a 0.1 mg/mL concentration samplas injectedor each analysis. Spectngere acquired
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in positive ion ESI mode, and the ingtrentwas scanneftom m/z 2751500 at 3 sec/scan.

The capillarywas heldat 3.5 kV, and the cone voltage was 20 V.

3.3 Results and Discussions

3.3.1 Synthesis dbefectiveCC3R

Here, defective CGR cages with prénstalled defectsvere designe@xploiting
the knavledge of the formation pathwayo mimic the missing linker defects in MQFs
isophthalaldehyde (IPAyas introducednto the CC3R synthesis, which would result in
free amine groups that do not have a corresponding aldehyde group to form an imine bond.
Figure 3.2 showsone possible structure of IPA incorporated into €R3as compared to

pristine CC3R.

Thefirst trial of a direct synthesis from a mixture of TFB, IPA, and DACH gave
only pristine CC3R species. To investigate thkdlihood ofthe existenceof the defective
structures in the final produchy collaborator Yang Liwcalculated the reaction formation
energy of the defective structure showrFigure3.2 at the MP24ugcc-pVDZ level and
compare it to pristine CCR. The calculated reaction formation energies of the defective
structure in Scheme 1 a1437.3 kJ/mol, compared t628.9 kJ/mol of CCR. Although
the reaction formation energy of C&3is lower than the defective species, the energy
differences are small enough to indicate that defective cages may be present at low
concentrations after synthesis of GR3f complete thermodynamic equilibriumm not

attained
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Our energetic calculations suggest that the synthesis reaction involvingetea
to be stoppedbefore full equilibrium is reached to yield defective CR3vith free amine
groups, whose impact can thbe assessedo this end] used a nossolvent induced
crystallization met hod to fAfreehre€@3Rpot ent
synthesis. In the normal crystallization of POCs, solvents or solvent mixtures are slowly
removed to allow the cage molecules to crystaflire contrast, upon quick addition of
nonsolventsie., acetone) to the reaction mixture, the clearlsgsits solution immediately
becomes cloudyand the product carbe subsequently separatég centrifugation.
Different amounts of the fidefectived | igani
to IPAis 2:1, and 10:1) and allowed to reactifdrbefae rapid crystallization. These two
samplesvere denoteds samples CCR-IPA-a and CC&R-IPA-b, respectively. A CG3
R sample was also prepared by solMedticed fast crystallization to enable comparison

to the defective samples in XRD and physisorpti@asurements.

3.3.2 DefectCharacterization

Mass spectrometnyas usedo characterize the composition of the samplethén
ESIMS, several incomplete cage specisre observedor CC3R-IPA-a and CCR-
IPA-b (Figure 3.3, Figure3.4, andFigure3.5). The compositions and m/z ratios of these
incompkte cages are listed Table3.1 as IC(incomplee cage) 6. All the incomplete
cages share a similar geometry with the parent cage. No cages or intermediates larger

(regardingm/z) than CC3R were observed
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Figure 3.3 ESI-MS of defective CC3R-IPA-a (full range and magnified)
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Figure 3.4 ESI-MS of defective CC3R-IPA-b
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Figure 3.5 ESI-MS of defective CC3R and pristine CC3-R

Table 3.1 List of species in defective CGR

_ # of # of o # of Bonds Mw

Triformylbenzene| Isophthalaldehydq Diaminocyclohexang [Da]
IC1 2 1 4 8 771.01
IC2 2 2 5 10 983.29
IC3 3 0 5 9 895.19
IC4 3 1 5 10 1011.3
IC5 3 1 6 11 1107.47
IC6 3 1 7 11 1221.66
CC3-R 4 0 6 12 1117.46

The composition and presence of the defective species irRaI@A-a were
further analyzed usindnigh-pressurdiquid chromatographynass spectrometry (HPLC
MS). The chromatogramsshown in Figure 3.6 highlight clear separation between
incomplete cages and the deféete cagesaround 10 min and 20 min, respectively

Importantly, the HPLEMS data suggest that the majority of the products are dieéect
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CC3R cages and IC4 speciéBigure 3.7). Integration of notirivial quantities of the
identified defective species noticeably influenced the macroscopic properties of the

samples (e.g., guest molecule uptake).

100- 10.55

Time
500 | 1000 1500 | 2000 | 2500 | 3000 | 3500 = 4000 | 4500 = 5000 5500 | 6000 = 6500 ' 7000 ' 7500

Figure 3.6 Chromatogram of CC3-R-IPA-a in HPLC-MS
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Figure 3.7 Integration of combined ion counts of the peak around0 min and 20 min

in the chromatogram of CC3-R-IPA-a in HPLC-MS
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The higher concentration of f#ets in defective CGR can be detected by IR and
H NMR. Figure 3.8 shows the IR spectra of the powder samples. The free aldehyde and
amine peaksvere highlightedn the defective samples. The vibrational modes of primary
N-H around 1600 cm cannot be distinguished as it overlaps with existing C=N (1645 cm
1y and C=C (1600 cr) bonds. Indeed, the free aldehyde group might be coming from the

reactant trapped in the crystal as a result of guegch

— CC3-R
— CC3-R-IPA-a
CC3-R:IPA-b

Absorbance (a.u.)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 3.8 FTIR spectra of sample CC3R-IPA-a and CC3R-IPA-b compared to
pristine CC3-R. Thefingerprint vibrational bands of C=0 moieties at 1700 crhand
N-H stretch at 3000 cm was observedn two defectiveCC3-R samples

The presence of free and bonded isophthalaldelwgddurther probetly solution
H NMR. As shown irFigure3.9, the three samples all showed simidrshift compared
to CC3R. No signal for triformylbenzene anahthalaldehyde was observed, indicating
no reactantwas trappedduring the fast crystallization of the defective samplHss
confirmsthat the C=0 bond observed in IR is from defective cayetoser inspection of

the'H NMR spectra between chemicalfsi0.5 ppm and 7.6 ppm reveals that theta
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H on benzene ring was not affected byithaizationand carbe detecteth the defective

sampleskigure3.10).

Triformylbenzene

l

J Isophthalaldehyde

Uiy N !

lCC3-R

CC3-R-IPA-a

L 1

CC3-R-IPA-b

[ T T T T T T T T
12 10 8 4 2 0 ppm

Figure 3.9 'H NMR spectra of triformylbenzene, isophthalaldehyde, CC3&R, and two

defective CC3R samples

97



a b a
- - b c
OZLL' ;eio d
c c
d "
Isophth%{?ldehyde |
CC3-R-IPA-E H A ﬁ
CC3-R-IPA-b

I T T T
105 102 99 96 93 90 87 84 81 78
ppm

Figure 3.10 Detailed *H NMR spectra of isophthalaldehyde, and threeType-1

defective CC3R samples. For easier comparison, the spectra of tHatter three
samples were amplified and nor meadposiiacnd by C
aromatic H with respect tocarboxaldehydewas highlightedin a frame

From the integrationfahe *H NMR spectra, the concentration of the incorporated
isophthalaldehyde cdme inducedAs shown inFigure3.11, 12 imine hydrogens at 8.15
ppm chemical shift cabe foundfrom the integration that resulted from 12 imin&kéges
between 4 triformylbenzene alBctcyclohexane diamine molecules. Another 12 aromatic
hydrogens at 7.89 ppm chemical shift result from 4 triformylbenzene molecules each with
3 hydrogens. Another 12 aliphatic hydroget 3. 33 pp m c¢ h ecanboo & | shif
the imine bond comes from 6 cyclohexane molecules. 48 aliphatic hydrogen 6n the

cyclohexane molecules sits between 1.3 and 1.9 ppm chemical shift.
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Figure 3.11Integral of 'H NMR spectraof CC3-R: 'HNMR (CDCl3) G4 8 HENy (s,
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Figure 3.12Integral of *H NMR spectra of CC3-R-IPA-a:'HNMR (CDClz) U 8. 15
CH=N, 12H), 7.89 (s, ArH, 1H), 7.75 (t, m-ArH, 0.724), 3.33 (m, HN, 12H), 1.9i

1.4 (m, CH2, 48H) ppm
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In the CC3R-IPA-a and-b samplesKigure3.12 andFigure3.13), hydrogen from
isophthalaldehyde can be observed at 7.75 ppm chemical shift. FrorR-@®8a, this
peak integrated to 0.72 relative to 12 imine hydrog€hts indicates on average less than
one isophthalaldehyde molecuas incorporatedn the defective cageswvhich also

corroboratd the LGMS results that the cage crystal is a mixture of &Cahd IC4 cages.

3.3.3 MacroscopidProperties Affectetly Defects

The effect of incomplete cages inside the crystal on guest interactions was evaluated
using Ne and CO; physisorption (Figure 3.14 and

Table 3.2). While the interaction of sorbate molecules in E@rystals only
happens in the form of physisorption, the defective cages possess more functional groups

that haveadditional electronic interactions with the sorbates. In both samples, a decrease
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in the surface area was observed from 468 raf CC3R to 397 /g in CC3R-IPA-a
and 438 rfilg in CC3R-IPA-b. In contrast, the Cuptake increased from 1.11 mmol/g of

CC3R to 1.41 mmol/g in CGR-IPA-a and 1.48 mmol/g in CCR-IPA-b.

—0— CC3-R fast crystallization

—v— GCMC Modeling

145 —— CC3-R-IPA-a
—o—CC3-R-IPA-b

00 02 04 06 08 10
Relative Pressure (p/p°)

—~ 1.5{—>— CC3-R fast crystallization
{—=— GCMC Modeling
12]{—>—CC3-R-IPA-a .
{—o— CC3-R-IPA-b

e
w
1

2
o
o

| L
1€

CO, Quantity Adsorbed (mmol/g
o
(o))

Absolute Pressure (kPa)

Figure 314 (@) \oi sot her ms adefectfr@ed0 K C-R 2and twd defective
samples. (b)CQi sot her ms ddfectide® &R &nid2rdefdttive samples.
GCMC isotherm modeling of CC3R is shownin black.
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Table 3.2 Textural properties of samples in this study

Sample Vmicr® | Smicrc® Sext? VP Seer® | CO:uptake
[em*g?’] | [m*g?] | [m?*g?] | [em®g?] | [m*g?] | 1bar, 308 K
CC3-R, fast 0.150 380 75 0.19 469 1.11
crystallization
CC3-R-IPA-a | 0.132 345 52 0.159 397 1.41
CC3-R-IPA-b 0.151 384 53 0.173 438 1.48

a Determined fronthet-plot method.
b Determined at p/p0 = 0.95.
¢ Determined from Bnuauer, Emmett, and Teller (BET) method.

Powder Xray diffraction experiments were conductedrosituevacuate@ndCOz
saturated sampleg&igure 3.15). Unit cell refinement of the powder patterns for GR3
IPA-b (TFB:IPA=10:1) ad CC3R-IPA-a (TFB:IPA=2:1) reveal that the lattice parameter
6 at 25 UC under vacuum changed f r-Rowith 24 . 80 (
24.856(3 A). The small change in lattice paramageattributedo different shapes of the
incomplete cags in the crystals based on the following: in defective -BRC38lefect
modalities IC1i IC4 all have a smaller size compared to a complete-RCage. We
hypothesize the random packing of these species in the crystals will result in a reduction in

crystal httice parameter.
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(C) CC3-R-IPA-b
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Figure 3.15in situ X-ray diffraction of (a) pristine and (b,c)defective CC3R samples
produced from non-sdvent induced crystallization. The patternswere collectedat the
following conditions: at ambient conditions, after being held at 80 € for 30 min, after
being cooled down to 25 €, and after equilibration with CO, for 30 min

Unit cell refinement was peasfmed on each diffraction pattern to determine the
lattice parameter of the samples at different conditions. The refinement was carried out
using the buikin unit cell refinement function in HighScore Plus, which is performea by
leastsquares fit throug the angular differences between measured peaks and indexed
reflections (from the published CC3 structure file), and also by adjusting the sample
di spl acement . The refinement was carried
effect from the amorphes peak around degree2 d t hat 1is from the

XRD system. The lattice parametets Jare summarizeth Table3.3. The last digits in
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parenthesis are estimated standard deviatiB88&¢ from the peak refining. Thitting
was evaluateby Snyder 6s fidgure of merit (FOM).
Table 3.3 List of lattice parameters @ A) in defective and pristine CC3R samples

under ambient condition, held at 80 € for 30 min, cooled down to25 €, and
equilibrate with CO2 for 30 min, respectively

CC3R CC3R-IPA-a CC3R-IPA-b
0, i FOM 60, j FOM 60, j FOM
Ambient condition | 24.89(1)#| 29 24.75(1) | 32 24.77(2) | 20

80 € vacuum 24.82(4)*| 9 24.82(1) | 31 24.84(1) | 30
25€ vacuum 24.856(3)] 118 | 24.762) 25 24.80(1) | 35
Equilibrate with CQ | 24.95(4)*| 10 | 24.84(3)*| 12 24.81(1) | 33
# The last digits in parenthesis are estimated standard deviai&mg(from the peak
refining.
* Numbers with an asterisk indicate a FOM<20.

The SEM images of the defectisamplesare shownin Figure 3.16. It can be
observedhat in CC3R-IPA-a, in which more IPAs incorporatednto the structure, there
is more intergrowth between the octahedral crystals and surface deformation. The
incorporation 6IPA into the crystal likely changed the cage packing motif and resulted in

such disturbed morphology.
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Figure 3.16 SEM of defective CC3R crystals. (a)and (b) CC3-R-IPA-a crystals, (c)
and (d) CC3-R-IPA-b crystals.

* The scale bars in (a) and (c) represent 5 pum. The scale bars in (b) and (d) represent 3 pm

3.4 Conclusions

In summary, we used nonsolvantuced crystallization guided by theoretical
calculations to successfully introduce a fiomial amount ofincomplete cages into CC3
R samplesas a means to study the effects of defective species on porous organic cage
material sd propert i e $heoetica cacidation onetmodsnwere me t
developed based on the knowledge learned in ChapiéreZncomplete cages trapped in
CC3 crystals were identified by various mass spectrometry technitfueffects of the
incomplete cages on the parent materiakye evaluatedvith an emphasis on the

physisorption of guest molecules and gaotentialstability of the cage molecules. In this
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case, all selected defective samples hkarge affinity towards CQ (as shownby
experimental and computational resylend all defective cages are more unstable than the

pristine CC3R cage
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CHAPTER 4. MESO-SCALE DEFECTS IN POROUS ORGANIC

CAGES AND THEIR ACID GAS STABILITY

In this chapter, defects at a larger scale compared $e tiscussed in Chapter 3
areconsideredSpecifically, defects at threesoscalare found taffect the stability of the
cage crystalsanda new synthesis route is proposed to mitigate the formation of these

defects. This chapter is published as pa#t tdsearch article.

Both known and new CCGBased porous organic cages are prepared and exposed
to acidic SQin vapor and liquid conditions. Distinct differences in the stability of the CC3
cages exist depending on the chirality of the diamine linkexk U$e acidcatalyzed CC3
degradation mechanism probedvia in situ IR anda degradation pathwag proposed
CC3 crystals synthesized withacemic mixtures of diaminocyclohexarexhibited
enhanced stability compared to GR3and CC3S. Confocal fluoresnt microscope
images reveal that the stability difference in CC3 species originates from an abundance of
mesoporous grain boundaries in GR&nd CCSS, allowingfacile access of aqueous 50
throughout the crystal, promoting decomposition. These graindaoies are absent from

CCa3 crystals made with racemic linkers

4.1 Introduction

After the exploration of the formation mechanisms of iriased POCs that opens
the door to customize design towards targeted applications in Chapter 2, and the attempt in
Chaper 3 to improve the performance of the POC materials via defect enrichment, in this

chapter, some practical issues are considered.
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Two issues that any new material mesitainlyface inseparatiorapplications are
() the stability of the material in thiace of aggressive contaminants such &S, I5Q,
NOx, and watef;® and (i) the scalability of the production of the material. Here, the
stability of iminebased cages was investigated using CC3 as a model compound for
investigating S@contamination, aSC. is usually present in significant concentrations in
industrial gases such as flue gas from-éwad power stations. The chemical and physical
degradation mechanism of C&exposed to dilute S@onditionsis thus developedVe
also describe a reded cost method for the synthesis of Ciik& molecules. This method
is shown to enhance acid stability relative to the chiral - ®G8 CC3S. This increased
stability is attributedto the reductionin mesoporous planar defects in POC crystals; an

effect visualized by confocal fluorescent microscopy.

4.2 Experimental

4.2.1 Materials

1,3,5Triformylbenzene was purchased from Manchester Organics or synthesized
by oxidizing 1,3,5benzenetrimethanakith PCC. All other chemicals were purchased

from SigmaAldrich and usedvithout further purification.

4.2.2 Synthesis of CCR

CC3R was synthesizedccording to the literature repd¥tin a typical synthesis,
243 mg triformylbenzenwas addedo a conical flask. A solution of 255 mgR/PR)-1,2-

diaminocyclohexane in 10 lmanhydrauss DCM was added slowly to the flas&that the

triformylbenzene powder was not disturbé@.e L t r i fl uor oaceti c aci (
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mixture agheiminizationcatalyst. The flask was capped and kept still at room temperature
for 3 days. The yellow reaction mixture was filtered and washed to white a<98§6
ethanol / 5% DCM mixture. The produwas dried ina conventional oven at 80 and

then inavacuum oven at 8€ overnight

4.2.3 Synthesis of CCS, CC3transand CC3-mix

The synthesis of CCS, CC3trans, and CG3nix was identical to CGR, except
that different enantiomer/diastereomers wesedu In the CG3 synthesis, &29-1,2-
diaminocyclohexane was used instead &®,2R)-1,2-diaminocyclohexane. In the CE3
trans synthesis, a racemic mixture oR@R)-1,2-diaminocyclohexane and $RS)-1,2-
diaminocyclohexanewas used In the CC3mix synhesis, a mixture ofcis
diaminocyclohexane, B 2R)-1,2-diaminocyclohexane and PS-1,2

diaminocyclohexanwas used

4.2.4 Humid SQ Exposure Procedure

Samples were exposed to 50 ppme80air with relative humidity of 8% for 2
daysor 4 days at room tempaure @4 €). The acid gas mixturgvas preparedccording

to the previous literature reports with slight modificagf!

Briefly, the SQ gas was generated from a 400 mL aqueous solution of 0.5 mg/mL
NaHSQ at a pH of 3.7 at 45 €. The temperature oétholuton was maintaineavith a
water bath(VWR). Air at 60 mimin was bubbled through the solution and carhadid
SO gas stream to the exposure unit (Secador-desiccator). Gas concentration inside

the exposure univas continuously monitoredith the portabld?AC 7000 S@detector
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purchased from DrgerData from the detector was transferred to a computer after the
exposure runwas finished The relative humiditywas continuously monitoretly a
commercidly available humidity sensoA(Mmbient Weathg. A second S@sensor was

kept running outside the exposure ubit leak detectionSteadystatelevels of SQ and
relative humiditywere achieveavithin a few hours. The NaHSQ®olution wagefilled to
maintainSQO; level after every days. The watdrath, acid gas generator unit and exposure
unit were all placed inside a fume hood with high exhaust rates and handled with caution

at all times.

4.2.5 SolutionPhaseSQ Exposure Procedure

OAccel eratedodo acid stability tteosstins wer e
addition to humid acid gases. Aqueous solutions of &@liffering concentrationaere
dilutedfrom concentrated SGolutions. The final phivas measuredith a pH meteand
the approximatecorresponding dry Soconcentration was calculated basesh Henr y 6 s
law. The cage crystals (~70 mg) were soaked in 20 ah SO solution at each
concentration in a sealed acid reactor4atays at room temperature. The acid reactors
were mounted in eotatingoven to ensure homogeneous mixing. The resultifig s@s
filtered and washed with DI water and ethanol to remove salfions and decomposed

linkers.

The corresponding S@oncentratiorwas calculateds follows:

For a solution with pH=3.20 as an example}]#1032mol/L=6.31x10* mol/L.
SO has a disociation constant Kn of 1.81. [SQ]solutior=[H']?/Ka=2.58X10°

mol / LA2>m®»81/ k@ . Henr y éatroono tersperature KHeof=1.35 O
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mol/kgbar. For gas phase S(n equilibrium with the solution calculated above, the partial

pressure of SOwould be Bo=[SOz]solutiod Kh,soP=20x10° bar, which is 20 pm.
4.2.6 Characterization

4.2.6.1 Scaming Electron Microscopy (SEM)

High-resolutionimaging of the crystal morphology was achieved using a Hitachi
SU8230Cold Field Emission Scanning Electron Microscope (€3HM). The dry samples
were attached to aluminum stubs ustogper tape. The samplegre then coatedith a
2 nm layer of gold/palladium using a Hummer 6 Gold/Palladium Sputterer. Imagmg
takenat a working distance of 8 mm and a working voltage of 3 kV using a mix of upper

and lower secondary electron detesto

4.2.6.2 Powder Xray Diffraction (PXRD)

Normalpowder Xray diffraction datavere collecte n a PanalPROi cal X
Multi-PurposeDiffractometer (MPD) in reflection BragBrentano geometry operating
with a Cu anode at 45 k&¥ind40 mA. Samplesvere mountecgsa loosepowder onto a
silicon zero background holder. PXRD pattewere collectedvith a step size of 0.02
degree® @ndascartime of 10 s/step over20 degees2 dHigh-resolutionXRD patterns
were collected on a P-ANbBkelpatternsera tollecteavtlear t PRO
step size of 0.002 degre2sdndascantime of 250 s/step over20 degees? @n asample

stage rotating at rotation/s.

113



4.2.6.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopyas recordedoy a Thermo Scientific Nicolet iS50 HR
equipped with an iS50 ATR module. Samples were analyzed in powder form with 128

scans with a resation of 4 cm?.

4.2.6.4 Gas Sorption Analysis

The surface area analysis was conducted with nitrogen at 77 K using a Brunauer
Emmett Teller surface area analyzer (BET, Micromeritics ASAP2020HD). iS€@herms

were collectedrom the same equipment at 308 K.

4.2.6.5 NMR

Solution*H NMR spectra were recorded at 400.13 MHz using a Bruker Avance II|
400 NMR spectrometer. BMAS solid-state>C NMR spectra were recorded at 100.6

MHz using Bruker DSX 300.

4.2.6.6 Confocal Microscopy

Fluorescent images were taken using a Zeiss LSM4BB0Confocal Microscope.
The crystalswvere placedn an Eppendorf imaging dish withtlli c k ness of 170
mg/mL fluorescence sodium salt in NMP was dropped onto the samplefighiod 10 min
before imaging. A 485 nm lasesas usedor excitationandz-stack images with slices of

0 . 3 5were taken
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4.2.7 in situ IRExperimental Setup

CC3R waspretreated at 1D for 1 h with 25 cni/min Hein the DRIFTS cell
(diffuse reflectance Fourier transfoinfrared spectroscopyike Technologies HOO00).
The temperature was cooled down t6@mafter temperature equilibriumas reache®10
ppm SQin He was supplied to the cell @6 cn¥/min for 60 min The residual gawas
purgedwith He flow at25 cn¥/min for 10 min. A temperature programmed desorpticas
followed after the purge. CGBR samplewas heatedo 120C with a rampingrate of
10€/min; the emperature of the sample was heliZI for 15 min,and was then cooled

downto 25€ at arampingrate of 10€C/min.

Single beantR spectra were collected continuoudlyring theSO; adsorptiorstep
using a Thermo Nicolet Nexus 670 spectramen diffuse reflectance mod&he outlet
gases from the DRIFTS reactor were analyzed using a quadrupole mass spectrometer

(Omnistar GSE301 O2, Pfeiffer Vacuum).

4.3 Results and Discussions

CC3R was synthesized according to literature as shoviAigare4.1 from [4+6]
cycloimination between triformylbenzene and (1R,2®)clohexanediaming. After
isolation from the synthesize solution, octahedron crysisdsobtainedwith the size
ranging from 2660 pm (Figure4.2). The diffraction patterns of the crystals matched the

calculated powder pattern as showirrigure4.3.
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Figure 4.1 Synthetic route of CC3R from 1,3,5triformylbenzene and (R,R)-1,2-
diaminocyclohexane

Figure 4.2 SEM image of octahedral CC3R crystals
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Figure 4.3 Rietveld refinement of powderX-ray diffractio n pattern of CC3-R
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4.3.1 CC3RDecomposition Pathway Prob&dth in situ IR

To assess the interaction between &C&8nd SQ, the sample was loaded in ian
situ DRIFTSIR cell and exposed to dilute $@as.Thedifferential spectra ifrigure4.4
(i.e., the S@exposed spectra relative to the neat EC§oectra) at different times during
the exposure reveal chemical bond evolution during the interaction witiuthil acid
gas. Positive peaks indicate thecurrenceof new species andegative peaks indicate
diminishingspecies. From thigure, several positive pealae identified This includes
majorpeaks at 3174 cty 3385 cm' that carbe attributedo N-H stretching, peaks at 715

cm?, 1050 cmt, 1228 cmt that can be attributed 1S=0/SO stretching.

7 &
0.014 S
1 n W o o < dYoNN O
@ 0.010 P v H
8 0.008
S
e 0.006
2 0.004 — 60min
o —— 40min
0.002 —— 10min
0.000 A Omin
0.002
-0.004

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 4.4 IR spectra obtained during different time intervals of SQ adsorption on
CC3-R, major peaks arelabeled with the corresponding color of the structures in
Figure 4.5

A comprehensiveeak assignmens tabulatedn Table4.1 with the help of DFT
calculationsMajor peaks care assignetb eitheran HSQOs insertion intermediate @& -

NH2--SOr adduct
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Table 4.1 Assignment summary for peaks in the differential spectra under S©
exposure based on DFT calculations

Wavenumbers [crH Assignment
715 S-O stretch in intermediate structure
742 C-O stretch (G0O-S) in intermediate structure
893, 922, 952 N-H bend in amine&SO; complex

1020 C-N stretch (ENHy) in intermediate structure

1050 S=0 symmetric stretch in ami&O, complex

1072 O-H bend/S=0 stretch in intermediate structur

1192 C-N stretch (EN(H)) in intermediate structure

1228 S=0 asymmetric stretch in ami$, complex

1257 Gas phase SO

1353, 1387, 1408 C-H bend (HC=0) in amineSO; complex

1484 N-H bend in intermediate structure

1541 N-H bend in amine&SO; complex

1724 C=0 stretch in amin&0; complex

2710 C-H stretch(H-C=0) in amineSO: complex

3010 O° H in amineSQ: complex

3175, 3214 N-H stretch in amin&SCG: complex

3385 N-H asymmetric §tr_etch in amir&Oz complex
N-H stretch in intermediate structure

3550 O-H stretch in intermediate structure

A potential chemial degradation mechanism was developed utiliegein situ
IR experiments and both the vibrational modes and corresponding IR frequencies of
various species thare formedduring degradatiorfirst, theimine bond inpristineCC3
R is attackedby HSQs and H, forming a decompositiorintermediateshown inFigure
4.5b. This intermediate structutecomes broken cagwith a danglingamine group and
aldehydegroupasshown inFigure4.5c. Finally, SQ caneasily interact witlthe newly-

generate@mine grougto form-NH2--SO: complees Figure4.5d). Theimine hydrolysis
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pathway was not explicitly considered here as the cageshearefound to be stable in
boiling water for at leas# h°. In general, good agreement between the calculated and

experimental resultwas observed

Figure 4.5 (a) Proposed degradation pathwa§ imine bond cleavagefacilitated by
HSOz, (b) Relaxed structure of decomposition intermediate of CGR, and (c)
Relaxed structure of broken cage anilNH2--SO, complex

From the proposed degradation pathway it is noted that the first step involved
insertionof H2SQs into the imine bond, which required gas phase t8@eact with avater
molecule. The MS signal during the whole analysis for &@ HO was shownn Figure
4.6. The water content has a high count during the process. This amowattesf is
essential in the decomposition reaction and was from the physisorbed water-R CC3

(Figure4.7).
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Figure 4.6 MS signal intensity of HO and SG during in situ IR analysis
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Figure 4.7 Water sorption isotherms of CC3R, CC3-trans, and CC3mix
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4.3.2 Humid SQ Stability Testn Homochiral CC3Crystals

The sample recovered from thean situ IR experimerd exhibited minimal
deviations in crystallinity and morphologglative to thepristine samples To further
understand the chemical and physical degradation mechanisms of CC3 crystals, larger
crystals and extended exposure times in humid vapor and aqueoustguwbnditions
were investigatedThe SQO; stability of both CC3R and CC3-S were first investigated
under humidvaporconditions. Samples were exposed to 50 ppm 82 and4 days at
80% relative humidity at room temperatfr&he morphology of the sargs exposed to
these conditionsvas examinedoy SEM (igure 4.8). After the 2day exposure, the
octahedral shapeof both CC3-R and CC3S were maintainedhowever, irregular thin
crackswere formednside the crystaligure4.8 1a, 1b). A higher number density of acid

induced cracksvas observedt longer exposure timeBigure4.8 2a, 2b).

CC3-R CC3-S

Aep g piwny

Aep { piuny

Figure 4.8 Morphological changes of (a) CCR and (b) CC3S after humid SG
exposure for 2 and4 days (rows 1 and 2, respectively)
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The crystallinity of both 2lay and 4day exposed samples were estimated using
PXRD andno lossof crystallinity was observedr{gure4.9). FTIR spectra were taken after
the acid gas exposure as well as after the samydes washedvith ethanol. For the
samples exposed tmmid SQ for 2 days, no apparent differencetive spectravasfound
(Figure 4.10). However, for the samples exposed fbrdays, new absorption peaks
corresponding to C=0 and-N bonds were observeth excellent agreement with tire
situ IR experimentsThose signature vibtians diminished after the samples werasied

with ethanol, indicatinghatfree linkers formed during cage decomposition were mobile.

(a) ——CC3R (b) ——CC3-S4 day
——CC3-R 2 day ——CC3-S2day
—CC3-R 4 day l ——CC3S
; I " AN
o Ry
= =
£ I 2
g [ dbl £ LUl
J_th,LJH et “1 J_.,L .
10 20 30 40 50 10 20 30 40 50
2 Theta/Degrees 2 Theta/Degrees

Figure 4.9 XRD of (a) CC3-R (b) CC3-S after humid SO, exposure for 2 and4 days
showed no crystallinity changen the materials
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Figure 4.10 FTIR of CC3-R and CC3S after humid SO, exposure for2 days (a) &
(b) and 4 days (c) & (d) and after washed with ethanol and dried

A comparison of the water sorption isothermd ¢e pore volume of CC3 derived
from N2 physisorption Figure 4.7) indicates that relative humidity greater than 80%
resulted in pore filling with liquid i ke water within t hlei heod es
adsorbed water cress asimilar chemical environment ihigh humidity and aqueous

experiments

4.3.3 Aqueous S@Stability Tesin Homochiral CC3Crystals

The SQ stability of the materialsvas then studieth agueous conditions as an
extension to the humid SOvapor exposure @eriments. The liquid phase SO

concentrations correspondapproximately(A) 20ppm, (B) 200(ppm and (C) 1000ppm
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of gasphaseconcentrations. CCR soaked in a 20 ppm equigat solution was eroded on
the surfaceandsmall holes and cracks were vigilunder SEMKigure4.111a, 1b). Ata
higher acid concentration (1000 ppm), all the €8rystals exhibitetbroadened cracks

compared to the humid exposure regkigure 4.11 1a)

CC3-S

wdd 9o} snoenby wdd oz snoanby

Figure 4.11 Morphological changes of (a) CC3R and (b) CC3S after aqueous phase
SOz exposure at 20 and 1000 ppm equivalent (rows 1 and 2, respectively).

These cracks were also observed ugingrescent confocal microscog¥Figure
4.12). Imagesat different depths of the crystal showed interlinked cracks throughout the
crystal, whichlikely originated from grain boundaries in tR€€3R and CCS3S crystals
(the effect of these grain boundaries will be discusseatetail later in the chapteryhe
10000 ppm equivalent solution dissolved the ag€C3S exhibited identical

morphologcal changeso CC3R underall acid concentrations, as expected.
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Figure 4.12 Fluorescent confocal microscope slices with 0.35 pm thickness of a CC3
R crystal with cracks from SO, attack

CC3Rwas washed with ethanol after aqueous &posure andhowed C=0 and
N-H bond vibrations in the FTIR spectryfigure4.13). The broken or damaged cages on
the surface were likely washed off during the collection of the crystals from the SO
solution. Therefore, the C=0 andH\vibrations observable in the FTIR spectra should
originate from damaged cages inside the chyhtt cannot diffuse out through the pores

of the CC3 crystals antk thus left inside.

059 C=N

—— CC3-R Before Soak
04 — After Soak (A)
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Figure 4.13FTIR of CC3-R after aqueous SQexposure for4 days
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The crystallinity of aqueouSQ:; treated CCR was examinetby PXRD Figure
4.14). The reflection at 6229 ([111] crystal face) becomes more pronounced while the
relative intensity of other reflections remains unchangée. most significant change is
that the reflections at 15.42° and 15.82° 2y disappeared. These two reflections
correspond to the [3 3 Hnd [4 2 0] crystal faces, respectively. Their disappearance is

consistent with imine bond cleavage, which was also suggested by FTIR measurements.

|| l CCLS-R before soak

After soak (A)

Intensity/a.u.

After soak (B)

10 20 30 40
2 Theta/Degrees

Figure 4.14 XRD of aqueous SQtreated CC3R

4.3.4 Synthesis adfleterochiral CC3Cages

As noted by Cooper and-aeorkers, CC3R and CC3S cages can efficiently pack
together by chiral recognition and instantaneously precipitate from the mixing eRCC3
and CCS3S solutions (crystals samples resulting from precipitar@edenoteds CC3RS
in thischapte). This observation was explained by the high packing ersstyyeen cages

containing RR)- and §9)- 1,2-diaminocyclohexane. Although the shape and size of the
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CC3RS crystals carbe controlledby varying the tempeature and mixing rate, the

resulting crystals tehto be quite small (< 500 nm).

Here, we attempt to enhance the stability of GC8rystals by using bw-cost
racemic mixture of diaminocyclohexane during the synthesis of @G&ad of mixing
preformed CC3R and CC3S cages, mixed linker CC3 cages were synthesized from
racemic mixtures of diaminocyclohexa@as shown irFigure4.15. This molecule has two
stereocenters and thus has three stereoisomers: two trans enantiomense acid
diastereomer. CG8ans and CG3nix were synhesized as described in the experimental

section.

NH-
O:’NH;
(1R,2R)
Q:“H2
NH,
(15,29)
O,NHQ WNH,
"NH- : “NH,
(1R,2R) (15,29)
O,NHQ : NH2 : NH-
‘NH2 NH; MNH2

(1R2R) (1S2S) (1R,2S)/cis

Figure 4.15 Synthesis routes of various CC3 species, the different cages are color
coded in this paperwhen multiple cagesare presented (CC3-R: black, CC3-S: red,
CC3-trans: magenta, CC3mix: blue)

The morphology of CGR, CC3S, CC3trans and CC3mix is shownin Figure
4.16. In general, alkamples have the same octdtad shap with different sizes. Because

of the faster nucleation and growth in G&€&ns and CGa3nix, these two samples tend to
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grow with a smaller size. Powderrdy diffraction patterns of the samplae shownn
Figure4.17. Reflectimmsfor CC3trans and CG3nix shift to higher2q positionsrelative
to CC3R. Rietveld refinement indicated that G@8x cage molecules pack more densely
than CC3R (Figure4.18). Despite this tighter packing, C@fans and CG3nix showed

higher N and CQ uptake relative to CGR/CC3S (Figure4.19).

Figure 4.16 SEM of (a) CC3R, (b) CC3-S, (c) CC3trans, and (d) CC3mix
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Figure 4.17 Powder diffraction patterns of various CC3 species

Figure 4.18 Rietveld refinement of CC3mix. The resolved structure showed that
CC3-mix has a lattice parameter 0f24.5093 Awhile CC3-R has a lattice parameter
of 25.1642 A
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