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Abstract
Reticular Chemistry of Mesoscopic Constructs, Glasses

and Weaving Materials
by
Yingbo Zhao
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Omar M. Yaghi, Chair

The subject of this dissertation focuses on the development of reticular chemistry, where
molecular building blocks are linked into extended frameworks using strong bonds, in the context
of materials chemistry. Specifically, the work herein advances the frontier of reticular chemistry
is three aspects: (a) bringing metal-organic frameworks (MOFs) and covalent organic frameworks
(COFs), the products of reticular chemistry, into nanometer size regime and integrating them into
mesoscopic constructs; (b) developing reticular chemistry beyond crystalline materials and
synthesizing glassy form of MOFs; (c) Designing woven frameworks where interlacing molecular
threads form crystalline three-dimensional frameworks.

Chapter 1 introduces the principles and main discoveries of reticular chemistry under the
scheme of covalent bond beyond molecules. By linking molecular building blocks into well-
defined extended structures through strong covalent bonds, reticular chemistry has essentially
brought covalent chemistry beyond discrete molecules and led to the discovery of numerous MOFs
and COFs with diverse structures, different functional groups and vast surface areas. The chapters
hereafter explore the synthesis and fabrication of MOFs and COFs as nanosized, glassy and woven
materials.

Chapter 2 describes the fabrication of mesoscopic constructs of MOFs and inorganic
nanocrystals, where thickness controlled and oriented Al2(OH).TCPP MOF [TCPP = 4,4,4,4"-
(porphyrin-5,10,15,20-tetrayl)-tetrabenzoate] enclosures are uniformly grown on inorganic
nanostructures with pristine interface. The fabrication process involves atomic layered deposition
of alumina on inorganic substrates (i.e. silver nanocrystals) and reacting them with TCPP linkers
to nucleate MOF. By growing Al,(OH).TCPP MOF enclosure on silver nanocrystals, surface
enhanced Raman spectroscopy can be employed to study the metalation process of the porphyrin
units in the MOF.



Chapter 3 generalizes the fabrication methodology of Al,(OH),TCPP MOF enclosures to
prepare thickness controlled cobalt metalated Al.(OH). TCPP-Co MOF thin films and studied their
performance as catalysts for electrochemical CO2 reduction. For Al2(OH).TCPP-Co MOF of 50
nm thickness on carbon disk, 76% faradic efficiency for CO can be achieved at -0.7 V vs. RHE in
aqueous media with a turn over frequency of 200 h™ (per cobalt atom). The catalyst was found to
be stable for at least seven hours. This study demonstrates that insulating MOFs can be active
electrocatalyst when fabricated into thin films with thickness of tens of nanometers.

Chapter 4 expands reticular chemistry into glassy materials by developing the synthesis of
porous MOF glasses, which consist of titanium-oxo clusters linked with bisphenol linkers. By
employing m-cresol as a solvent-modulator, monolithic and transparent MOF glasses can be
formed by evaporating viscous m-cresol solutions of the molecular building blocks. In this process,
the glass transition temperature of this solution increases exponentially with decreasing amount of
m-cresol until the vitrification of the glass. After removing m-cresol from the pores, the internal
surface of MOF glasses can be accessible to gas molecules and display surface area of around 300
m?/g.

Chapter 5 turns to COFs and presents the synthesis of woven frameworks COF-505 and COF-
112. In the synthetic design, aldehyde (amine) functionalized derivative of tetra-topic metal
complexes [copper bis-phenanthroline for COF-505 and cobalt bis(diiminopyridine) for COF-112]
are used as the tetrahedral building block, where the position of the aldehyde (amine) groups
approximates a tetrahedral geometry. The tetrahedral building block is linked with a linear amine
(aldehyde) to give a three-dimensional framework with diamond topology. The fact that the
phenanthroline/diiminopyridine units are oriented in a mutually interlacing fashion ensures that
the threads produced from linking them are entirely independent, with the metal ions serving as
templates (points-of-registry) to bring those threads together in a precise manner at well-defined
intervals. For COF-505, the copper(l) ions can be removed and inserted reversibly and tune the
Young’s modulus of the material.

The dissertation concludes in chapter 6, which brings COFs into nanometer size regime and
paves the way for the integration of COFs into mesoscopic constructs. In this chapter, a new
synthetic approach employing Boc-protected amine building blocks is developed to homogenize
the growth of imine COFs (LZU-1, TFPB-PDA COF and Por-COF) to produce monodisperse
nanocrystals and oriented thin films. The synthetic approach avoids the formation of polyimine
precipitate in the early stage of conventional imine COF crystallization process and allows
crystalline COF particles to nucleate directly from clear solutions. This feature enables the imine
COF growth to be tuned by modulators [i.e. poly(vinylpyrrolidone)] to give colloidally stable
nanocrystals and manipulated by selective secondary nucleation to give uniform thin films.
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Chapter 1. Introduction to Reticular Chemistry:
Covalent Bond Beyond Molecules

Section 1.1 Metal-organic Frameworks and Covalent Organic Frameworks

The covalent chemistry of organic and inorganic molecules has long been the practice of
chemists and at the heart of many important advances in science. The building-up and modification
of organic molecules by covalent bonds to make pharmaceuticals, chemicals, and polymers have
fundamentally changed our way of life. Similarly, covalent synthesis of inorganic complexes has
led to useful catalysts capable of high activity and selectivity. The precision and versatility with
which covalent chemistry on such molecules is practiced have not been translated to either the
build-up of extended structures or their modification. This is until the invention of metal-organic
frameworks (MOFs)- and covalent organic frameworks (COFs),* where molecular building units
are covalently linked to make porous crystals of extended structures. These structures can also be
modified by covalent chemistry through post-synthetic modification (PSM) without losing their
long-range order.>’ In essence, MOF and COF chemistry has taken covalent chemistry beyond
molecules to build up crystals of covalently linked extended structures, and to carry out reactions
on such crystals as if they are discrete molecules. The ability to reticulate molecular building units
into frameworks®® not only allows chemistry to be done in a precise manner on those units but
also positions and confines them in a new chemical environment otherwise not possible in solution
or in the molecular crystals of the unlinked constituents. Here, we highlight how this covalent
chemistry practiced beyond molecules has led to: (a) linking of building units into covalent crystals
by combining organic and inorganic constituents to make MOFs and organic units to make COFs,
both as robust materials with ultrahigh porosity; (b) covalent chemistry done by performing PSMs
on MOF crystals, which maintain their order throughout the process and therefore provide means
of designing the interior of MOFs; (c) emergent behavior resulting from mixing of functionalities
within the pores of MOFs that have specific spatial, metric, and compositional characteristics; and
(d) MOFs with sequences of chemical functionality running along their pores that are apportioned
and compartmentalized on the molecular and nano-levels to make mesoscopic constructs.
(Reproduced with permission from J. Am. Chem. Soc. 2016, 138, 3255. Copyright 2016 American
Chemical Society.)

Section 1.2 Covalently Linking Molecules into Extended Structures

A covalent bond is a chemical bond made by sharing electrons between atoms.'® Organic
synthesis of molecules takes full advantage of the directionality of covalent bonds to build-up
elaborate chemical structures using step-by-step reactions as exemplified by the original synthesis
of vitamin B2 1112

In contrast, building-up a covalent extended structure is essentially a one-step synthesis leading
to an insoluble product. Thus, the synthetic procedure has to be carefully designed to yield a well-
defined material. If covalent chemistry beyond molecules is to be carried out with the same
precision as that done for organic and inorganic molecules, the products have to be crystalline so
that they are easily characterized. Furthermore, their crystallinity must be maintained even after



they have been subjected to PSMs. Both of these challenges have been addressed for MOFs and
COFs.

The ‘crystallization problem’ encountered is usually magnified when linking molecular
building units by increasingly stronger bonds (Figure 1.1).8131° For example, it is relatively easy
to make crystals in which weak interactions hold the molecules together such as van der Waals
forces in dry ice and hydrogen bonding in ice, not withstanding are some cases where lower
symmetry and/or flexible molecules are difficult to organize as molecular crystals. Even crystals
of metal-bipyridine type structures are easy to obtain because of the weak bonding between the
metal and the neutral Lewis base linker (Figure 1.1). However, crystallizing extended structures
in which metal to charged ligand bonds and non-metal to non-metal bonds are employed is
relatively more difficult as the case previously experienced for MOFs and COFs (Figure 1.1). The
success in the synthesis of MOF and COF materials as crystals (Figure 1.2), which are held
together by strong bonds, vastly expands the realm of covalent chemistry to include extended and
nanosized structures, as discussed below.2%16-24
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Figure 1.1 Crystallization challenge to form extended structures. Increasing bond energy of linkages between
molecular building blocks leads to increased difficulty in obtaining their corresponding crystalline extended structures.

Section 1.3 Strategies for Addressing the ‘Crystallization Problem’

The crystallization process requires reversible bond formation to allow for self-correction of
defects and avoid the formation of amorphous or poorly crystalline products. Elegant examples
exist where crystalline covalent extended structures are constructed through single-crystal-to-
single-crystal topochemical linking of organic building units by exposure to UV light.?> This
approach is not as widely deployed as that used for MOFs and COFs because it requires meticulous
design of the molecular building blocks and their precise positioning in the crystal prior to carrying
out the covalent bond linkage between adjacent molecules.
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In MOF chemistry, the goal of obtaining crystalline solids has been realized largely by slowing
down the formation of strong metal-oxygen covalent bonds [M-O bonds, M = Ti(1V), V(IlI),
Cr(111), Mn(I1), Fe(111), Co(11), Ni(11), Cu(ll), Zn(11), Zr(1V), Ln(111), Al(I11), and Mg(I1)] between
the inorganic and organic building units (termed secondary building units, SBUs) to a point
permitting self-correction. Typically, the formation of a MOF requires deprotonation of the
organic acid in order to make the metal-oxygen bonds. However, the rate at which this
deprotonation process takes place is a critical factor in controlling the crystallization process of
the MOF. The key development in making MOF crystals of metal-carboxyl bonds was the use of
amide solvents such as N,N-dimethylformamide, N,N-dimethylacetamide, and N-methyl-2-
pyrrolidone.!? Since these solvents are heated in the synthesis of MOFs, they function as sources
for the slow release of basic amines,?® which gradually deprotonate the organic acid and facilitate
the formation of covalent bonds between the inorganic and organic SBUs. Large MOF single
crystals of millimeter sizes have been reported using these solvents.?”? Needless to say, this basic
procedure has been employed in the synthesis of the vast majority of MOFs.? Recently, other
methods involving the use of water as a solvent,>*° microwave irradiation,! and mechanochemical
procedures®23 have been developed for MOFs.

It was also shown that highly crystalline MOFs of zirconium, aluminum, chromium and
lanthanide can be obtained by adding modulators;**3’ these are usually monocarboxylic acids such
as formic acid, acetic acid and benzoic acid. Addition of these modulators along with di- and multi-
topic carboxylate linkers suppresses the hydrolysis of the metal ions to metal oxides due to their
acidity, and slows down the crystal growth process to give the control needed for obtaining MOF
crystals.

Different strategies are applied in COF chemistry to make crystalline covalent organic solids.
Typically, this is achieved by reactions where stoichiometric quantities of a small molecular
byproduct such as water are generated. In a closed system, such byproducts of the covalent bond
formation are used to modulate the extent of equilibrium between the product and reactants
according to Le Chatelier’s principle. For example, water generated from the formation of
boroxine anhydride in COF-102 and boronate ester in COF-108 is capable of hydrolyzing and
modulating the reversibility of the covalent bonds (B-O and C-O bonds) formed in those COFs.*®
The extra space intentionally left in the closed reactor and the combination of hydrophilic and
hydrophobic solvents allow the water formed to be partitioned between the reaction mixture and
the headspace. In this way, the formation of the extended structure is driven by the equilibrium
between water in the reaction mixture and the headspace. Catalysts, such as acetic acid and
hydrochloric acid, which are effective in reversibly controlling reaction rates can be used to
accelerate an otherwise slow covalent bond formation/cleavage as was illustrated in COFs linked
by imine and hydrazone bonds.'®3°-4? Efforts devoted to the crystallization of these extended
structures have produced highly crystalline materials and made possible their structural
characterization by diffraction techniques (powder and single crystal X-ray, neutron, and electron)
and the study of their covalent reaction chemistry.

Section 1.4 Design of Porosity and Access to Encompassed 3D Space

Thus far, we have outlined how building-up covalent extended structures from molecular
building units can lead to crystalline MOFs and COFs. The study of these solids by X-ray
diffraction techniques revealed not only the strong linkages making up the backbone of the
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frameworks, but also the space encompassed within them.! This space is filled with solvent and,
in the case of charged frameworks, solvated counter ions, which have to be removed and
desolvated in order to access the porosity of the material (this process is referred to as ‘activation”)
and allow the development of covalent chemistry within the pores.

Early studies on metal-organic materials composed of metal to neutral Lewis base bonds (e.g.
bipyridine and nitrile-type) reveal that these frameworks collapse when activated because of their
frail architecture.® In contrast, MOFs composed of strong covalent linkages such as metal-carboxyl
bonds are robust upon removal of the guest solvent molecules, and therefore were shown to have
permanent porosity by gas sorption isotherm measurements.
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Figure 1.2 Covalent linkages (inner region) employed in the synthesis of MOFs and COFs (outer region).
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Proof of permanent porosity was obtained as early as 1998 for MOFs! and 2005 for COFs,*
respectively. This has allowed comparisons to be made between these frameworks and the more
traditional porous materials, such as zeolites and related inorganic microporous materials.

It is worth mentioning that activation of MOFs and COFs has been a subject of intense study
because of their high porosity and the challenges associated with evacuating large amounts of
solvent from the pores. The most reliable activation methods have involved: (a) ‘solvent-exchange’
where the as-synthesized material is immersed in a solvent of less polarity and lower boiling point
than the one already in the pores, followed by frequent refreshing and evacuation of that solvent;*?
(b) ‘supercritical CO drying” where liquid COz> is used to exchange the solvent in the pores and
the system’s temperature and pressure are elevated beyond the critical point of CO2, followed by
depressurization to leave behind vacuous pores. The latter method has been proven to be successful
for a few cases in which the framework bears large pores but with small pore apertures, or has
highly hydrophilic pores.*# Presently, these methods are used routinely, thus offering new
opportunity for covalently designing the interior of the pores.

The permanent porosity of MOFs has led to unparalleled precision in: expanding the pores,
designing the pore shape, and the covalent attachment of functional groups to the organic linkers
and/or open metal sites within the backbone of MOFs. Thus, in the remainder of this section, we
focus on the first two aspects, while the third is discussed in a separate section below. From this
point on, we use MOFs as examples because their chemistry is illustrative and, in these respects,
far more developed than COFs.

The precision with which covalent chemistry is used to stitch molecular building blocks into
extended structures, referred to as reticular chemistry, has made available a diverse class of MOFs
in which the pore shape and pore size can be varied nearly at will. For example, isoreticular
expansion (expanding the metrics of the framework without changing its underlying topology) has
yielded the most porous materials and the largest pore opening in crystals.*¢! In the cubic
HKUST-1 system, the most expanded member, MOF-399, [Cu3(BBC)2; BBC = 4,4’,4”-(benzene-
1,3,5-triyl-tris(benzene-4,1-diyl))tribenzoate] (Figure 1.3a), bears a pore of the same shape but 16
times larger in volume than that of the smallest member HKUST-1, [Cu3(BTC).; BTC= benzene-
1,3,5-tricarboxylate].*” In the hexagonal MOF-74 system, [Mgz(DOT); DOT =
dioxidoterephthalate], the organic linker with one phenylene unit was expanded to have 11
phenylene units resulting in a pore aperture of 98 A in diameter for the corresponding IRMOF-74-
X1 (Figure 1.3b).>! Modulation of the pore shape is achieved either by changing the combination
of SBU geometry or by varying the linker length ratio. For example, linking the ZnsO(-COQ)s
SBU with mixed dicarboxylates and tricarboxylates of different length ratios gives: (a) two types
of cages (dodecahedral and tetrahedral cages of 2.5 nm x 3.0 nm and 0.5 nm x 0.5 nm in size) in
DUT-6 [MOF-205, ZnsO(NDC)(BTB)4/3, NDC = naphthalene-2,6-dicarboxylate, BTB = benzene-
1,3,5-tribenzoate] (Figure 1.3c);*%%2 (b) 1.4 nm x 1.7 nm cages and 2.7 nm x 3.2 nm meso-scale
1D channels in UMCM-1, [Zn4sO(BDC)(BTB)43; BDC = benzene-1,4-dicarboxylate] (Figure
1.3d);%3 and (c) three different types of cages (2.7 nm x 4.8 nm, 2.0 nm x 2.0 nm, and 0.6 nm X
0.6 nm) in MOF-210, {Zn4sO(BPDC)(BTE)4s; BPDC = biphenyl-4,4’-dicarboxylate, BTE =
4.4’ 4>°-[benzene-1,3,5-triyl-tris(ethyne-2,1-diyl)]tribenzoate} (Figure 1.3e).46



Figure 1.3 Examples of highly porous MOFs: (a) MOF-399, (b) IRMOF-74-XI, (c) DUT-6 (MOF-205), (d) UMCM-
1, and () MOF-210. The pores are represented as green and yellow spheres. Atom labelling scheme: M (blue
polyhedra, M = Zn, Cu, Mg), C (black), and O (red). All H atoms are omitted for clarity.



Section 1.5 Addressable Reticular Molecules

On a fundamental level, the ability to make MOF structures permanently porous has given
access to molecules within the confines of an extended structure. From the forgoing discussion,
this would not be possible without the covalent chemistry being developed beyond molecules.
Indeed, all atoms [with the exception of a central atom which might reside within an inorganic
SBU as the O in Zn4sO(-COO)s] that make up the inorganic and organic SBUs are accessible to
incoming guests such as gases and organic molecules. This advantage is only possible because the
SBUs are stitched through covalent chemistry and thus are suspended in 3D without being solvated
as discrete molecules. Additionally, they do not suffer from being inaccessible in the solid state,
as would be the case in a closely packed molecular crystal.

Access to each of the atoms in MOFs was revealed by an X-ray diffraction experiment
conducted on single crystals of MOF-5 at 30 K.>* Here, small doses of Ar or N introduced into
the already evacuated pores revealed accessible adsorption sites within the pores: the zinc oxide
SBU (Figure 1.4a-c), the faces and the edges of the phenyl ring of the BDC linkers (Figure 1.4d-
e). This study also served as a benchmark for identifying the origin of the ultrahigh surface areas
found in MOFs. Subsequently, adsorption sites for gases, such as D2(Hz), CHs, CO>, and H20, and
their behavior in MOFs were identified using a variety of techniques,®*®! and their interaction
strength assessed for a large variety of MOFs. Thus, suspending molecules in 3D space and having
access to these molecules by covalently linking them into scaffolds is the best strategy for
maximizing access to them as well as for increasing the number of adsorption sites. Other means
of increasing adsorption sites involve having multiple interpenetrating frameworks in the
crystal.®2%3 It is important to give consideration to the size of substrate to be incorporated in the
pores and the most efficient pore size needed from the division of space to maximize its interaction
with the framework.

&(CH)2

Figure 1.4 Symmetry-independent adsorption sites in MOF-5. These include (a to c) three sites primarily associated
with the secondary building unit and those above the (d) face and (e) edges of the linker. The absorption sites are
represented as green spheres. Atom labelling scheme: Zn (blue polyhedra), C (black), O (red), and H (white). Adapted
with permission from ref 54. Copyright 2005 AAAS.



Metal containing SBUs are strong adsorption sites for gases, and can be stronger and more
selective if they have open metal sites (also known as unsaturated coordination sites). In the field
of molecular metal complexes, however, this chemistry requires steric hindrance around open
metal sites rendering them inaccessible. The covalent chemistry of frameworks helps to address
this problem by using strong covalent bonds to fix the metal atoms in a rigid structure and prevent
their rearrangement, aggregation, and ligation to them when they are coordinatively unsaturated.
This feature greatly facilitates the generation and accessibility of open metal sites in MOFs. In
2000, the first example of open metal sites in MOF was created in MOF-11, [Cux(ATC); ATC =
adamantane-1,3,5,7-tetracarboxylate], and characterized by single crystal X-ray diffraction
experiments.5 Water molecules bound to copper atoms in Cuz(H20)2(-COQ)4 SBUs of the as-
synthesized MOFs were readily removed upon heating at 120 °C to generate open coordination
sites on four-coordinate coppers in Cuz(-COQ)s SBUs of the activated MOF-11. Since then open
metal sites have been produced in MOFs and used for: (a) enhanced storage capacity of Hz, CHa,
CO2, and NH3,%°%8 (b) improved CO2/N; separation,®® (c) molecular recognition,” and (d) Lewis
acid catalysis.”*"

Section 1.6 Covalent Chemistry Within Frameworks

Covalent chemistry could also be employed to modify MOF crystals as if they were discrete
molecules, because the MOF building units retain the same underlying structure and essential
chemical reactivity as their molecular counterparts. PSMs involve either organic reactions
modifying the organic linkers of the MOF and/or covalent bonding of incoming ligands to open
metal sites (Figure 1.5).”4%% These modifications are performed orthogonally to the MOF backbone
structure. Such chemical reactions are carried out at precise locations within the crystal and the
product remains atomically well defined (i.e. crystalline). The ability to carry out reactions on
extended solids in this manner is possible because of the robustness of the MOF structure due to
the strong covalent bonds making up the framework. Furthermore, this chemistry allows functional
groups that are not compatible with the MOF synthesis to be incorporated, and for the design of a
series of MOFs of different functionality using a single synthetic condition. Thus, PSM is a
powerful tool to design complexity within MOFs.

PSMs performed on extended solids require reagents to diffuse throughout the crystal.
Reactions involving insoluble heterogeneous reagents and catalysts or those producing insoluble
byproducts present a challenge to PSMs of MOFs. The candidate reactions for PSM should also
be chemically compatible with the MOF backbone. Increasingly, MOFs with unusual stability in
aqueous and non-aqueous conditions are being used.>®4® More recently, MOFs stable in acidic
and basic media have been reported.?13°%¢ These developments provide plenty of opportunities for
PSMs to be used in the development of covalent chemistry beyond molecules.

A typical example of PSMs using metal coordination is the metalation of MOF-253,
[AI(OH)(BPYDC), BPYDC = 2,2-Bipyridine-5,5-dicarboxylate],’®%”# where BPYDC molecules
linked up with alumina rods are metalated with Cu(Il), Ru(ll) and Pd(ll), rendering the MOF with
unusual gas separation and catalytic properties [e.g. Cu(ll) metalated MOF-253,
AI(OH)(BPYDC)-0.97Cu(BF4)2, shows four-fold increase of selectivity in N2/CO- separation].”
Other examples include metalations, with first row transition metals, of the free-base porphyrin
TCPP-H2 in MOF-545, [ZrsOs(H20)s(TCPP-H,)2, TCPP-H; = 4.4,4,4"-(porphyrin-5,10,15,20-
tetrayl)-tetrabenzoate], and Alo(OH)2(TCPP-Hy).%-%
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Coordinating ligands such as amines and sulfates can bind to metal SBUs containing open metal
sites.292-% These PSMs are facile and have proved to be useful in introducing catalytically active
sites and new gas adsorption sites. For example, MOF-808, [ZrsOs(OH)3(BTC)2(HCOO)s(H20)2],
can be treated with sulfuric acid to produce its sulfated analogue, MOF-808-2.5S04,
[Zrs0s5(OH)3(BTC)2(SO4)25(H20)25], which shows superacidity.”® The sulfate groups are
covalently bound to the zirconium based SBUs in a spatially well-defined manner as confirmed by
single crystal X-ray diffraction.

Modification on the organic linkers has been done using various organic reactions involving
click chemistry, imine condensation, amide bond formation and functional group deprotection
(Figure 1.5). For example, primary amines can be incorporated in IRMOF-74-111 through post-
synthetic deprotection.”® The MOF constructed with linkers bearing tert-butyloxycarbonyl group
protected amines was heated at 230 °C in a ternary mixture of solvents under microwave irradiation
to deprotect and obtain primary amine groups covalently linked in the pores. These primary amine
groups, which are incompatible with the MOF synthesis conditions, enable the MOF to selectively
bind CO; in the presence of water.’® Other examples are the PSMs carried out on IRMOF-3,
[ZnsO(BDC-NH>)3, BDC-NH. = 2-aminobenzene-1,4-dicarboxylate], where the amino groups
react with alkyl anhydride to form amide bond and introduce alkyl groups into the MOF.* It is
shown that with increased length of the alkyl group, the IRMOF-3 becomes more hydrophobic and
resilient to moisture.
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Figure 1.5 Covalent chemistry employed to modify MOF crystals as discrete molecules.%
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Metal binding sites,®® carboxylic acids,®” amines,”® and triazoles®>%% have also been
incorporated into the organic linkers of MOFs using similar PSMs. Bio-molecules such as amino
acids have also been introduced into MOFs by multiple sequential reactions with full preservation
of crystallinity. Aniline units in MIL-68-NH, [In(OH)(BDC-NH>)], were coupled with protected
proline and alanine using 4-dimethylaminopyridine/PyBroP® coupling reagent.!® Upon
deprotection, the free amino acid covalently attached to the organic linkers was obtained. These
versatile multiple step covalent reactions on MOF crystals, just like the synthesis of vitamin B1»
referred to earlier, take full advantage of the directionality of covalent bonds while operating in 3D
extended crystals.

Given the versatility of PSMs and the diversity of MOF structures, which can be modified
without losing their crystallinity, we anticipate further growth of this approach to include precisely
designed interiors of MOFs to carry out complex catalytic reactions. To illustrate this point, we
use IRMOF-74-111 as a platform for covalently dangling amino groups inside its 1.5 nm pores. A
catalytic MOF can be made by covalently attaching a conventional organometallic catalyst inside
the pore using imine condensation (Figure 1.6). Here, the MOF backbone may be considered as
being analogous to the enzyme backbone ‘propping up’ the catalytic active site. The pores of the
MOF help control the selection of substrates and products.101:102

Section 1.7 Multivariate Covalent Chemistry

As covalent chemistry performed on discrete molecules may give mixtures of products, the
same is true when such chemistry is performed on MOFs. However, the ‘reaction mixture’
resulting from PSMs remains as an integral and inseparable part of the MOF structure. Thus, such
MOF crystals have both the functionalized and non-functionalized linkers in the backbone
structure. In other words, the MOF interior and its multiple functionalities are of a multivariate
nature (MTV-MOFs), where phase purity is preserved while incorporating multiple derivatives of
linkers. For example, in the previous case of IRMOF-3 modified with alkyl anhydride, when the
conversion of the amino group throughout the material is incomplete,®® amino and amide groups
coexist to make for mixed linkers in the make-up of the MOF crystal. Here, the amide and amino
groups can only reside as attached units to the ordered arrangement of phenyl ring units of the
linkers. However, the spatial distribution of the functional groups on the linkers is disordered
because they all lie on the same crystallographic position. Thus, the question of how they are
spatially arranged in the crystal is both a challenge and an opportunity. 271% This can be best
understood by conceptually considering the spatial arrangement of the functionalities in MTV-
MOFs as a sequence of information which, in principle, is not very much unlike the sequence of
nucleotide units in DNA molecules. In the MOF, these sequences are propagating in 3D and
therefore are more complicated. The exciting opportunity is whether it is possible to characterize
these functional group sequences and if indeed they could be designed to code for specific
properties. A recent observation is encouraging: MTV-MOF-5, [ZnsO(BDC-X)s, BDC = benzene-
1,4-dicarboxylate, and X=-NO,, -(OC3Hs)2, and -(OC7H7)2], was directly synthesized and shown
to have 4 times better separation of CO2 from CO compared to its best same-link counterpart.?’
Furthermore, it was intriguing to note that the whole performed significantly better than the sum
of the parts.
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Figure 1.6. A conceptual example of precisely designed interiors of MOFs to carry out complex catalytic reactions.
In this example, an organometallic complex is covalently linked in a MOF. A derivative of a ruthenium-based olefin
metathesis  catalyst,  [1,3-bis-(2,4,6-trimethylphenyl)-2-imidazolidinylidene]catecholato(o-isopropoxyphenylm
ethylene) ruthenium,%* is attached to a MOF (IRMOF-74-111) with 1D pore to produce a complex active site. Atom
labelling scheme: Mg (light blue), C (grey), N (blue), O (red), Ru (orange). H atoms are omitted for clarity.

The question of characterizing the functional group sequences is a new one requiring
development of physical techniques capable of deciphering them on the atomic level. However, a
recent effort to determine the distribution of multiple functionalities in the MTV-MOF revealed
that they are not always random. An indication of this was the observation that the ratio of the
linkers used in the reaction is not the same as that actually incorporated into the product. This
indicates biasing towards a specific linker or set of linkers. Indeed, it was shown by solid state
NMR that mixed linkers are apportioned on the nanoscale throughout the crystal, %1% Specifically,
for the MTV-MOF-5 binary mixed linker systems: BDC-NO> and -(OC7H7)2, BDC-NO; and -
(CHa)2, and BDC-NH: and -(CHs)., it was found that they are apportioned in an alternating,
random and small clustering motif, respectively (Figure 1.7).1%

The MTV approach has also been effective in producing MOFs incorporating linkers into
certain topologies not observed when only one kind of linker is used. In the case of MOF-177,
[Zn4O(BTB):], nitro group functionalized BTB (BTB-NO) linkers can be readily incorporated
when mixed with BTB linkers, while the BTB-NO: linker itself, when used alone, does not form
MOF-177.1%7 In catalytic MOFs, the MTV concept has been used in the dilution of active sites,
where ‘doping’ with an active linker into an otherwise inert framework has proved powerful in
optimizing catalytic performance.%

The MTV-MOF concept intellectually leads to further development of the
compartmentalization of space within MOFs. Here, different compartments, which are linked and
open to each other, can be functionalized differently so that they perform different functions; a
likely scenario since in MTV-MOFs equivalent crystallographic positions can bear different
functionalities. One can envision how this could produce multiple compartments spanning many
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unit cells when the functionalities are apportioned in the crystal. We note that compartments of
this kind are possibly intermingling and may very well be able to operate synergistically. This
might be the reason for the unusual emergent properties observed for MTV-MOFs compared to
the physical mixtures of same-linker MOFs, %1105

The missing linker defects and their spatial arrangement in MOFs is another aspect of the MTV
concept®. It is common in zirconium MOFs especially UiO-66, [Zrs04(OH)4(BDC)s], that water
or acetic acid instead of BDC is coordinating to the zirconium SBUs leading to defective
frameworks with improved porosity.8119111 A more elaborate example involves the selective
removal of half of the linkers and a quarter of the metal ions in ZnsO(PyC)s (PyC = 4-
pyrazolecarboxylate) without losing the MOF crystallinity.**2 This process can be reversed with
new metal ions and linkers to give new frameworks of the same topology, with preserved
crystallinity and ordered distribution of linkers. Additionally, when functional mono-dentate
molecules are incorporated, new functionalities arise without compromising the overall structural
integrity and order.* In addition to control of defects, a versatile aspect of this concept is the direct
exchange of the linker and metal ions in MOFs. Here, a MOF is immersed in a solution containing
different linkers or metal ions under mild condition to give a MOF that incorporates these
components.**114117 This approach has enabled the incorporation of otherwise incompatible
building units into MOFs and often affords MOFs of multivariate composition. In the case of UiO-
66, Hf(IV) and Ti(IV) can be incorporated into the SBUs of a MOF by treating the crystals with
the corresponding solution of the desired metal ion.!** All these mixed systems are intrinsically
multivariate and subject to the same uncertainties associated with the question of spatial
arrangement of functionality and metal atoms.

Figure 1.7 Scenarios of linker apportionment in MTV-MOF materials. (a) large clusters, (b) small clusters, (c) random,
and (d) alternating.
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Chapter 2. Mesoscopic Constructs of Metal-Organic
Frameworks on Silver Nanocrystals

Section 2.1 Introduction

Inorganic nanocrystals are important because they occupy a size regime intermediate between
small molecules and extended structures. Their chemistry has been largely explored through
surface functionalization. The fundamental problem is that it is difficult to control the spatial
arrangement and order of the functional units and therefore the chemistry occurring at the interface
between the inorganic nanocrystal and an incoming substrate. We believe that this
‘functionalization problem’ could be overcome by using metal-organic frameworks (MOFs) as
well-defined units for which the spatial arrangement of functional organic and inorganic units,
porosity, density and thickness can be precisely controlled. Addressing this problem requires a
new synthetic approach to overcome four challenges: (a) a pristine interface between inorganic
nanocrystals and MOFs that is free of surfactants and other surface ligands to take advantage of
synergistic effects at the interface, (b) well-ordered and precisely oriented MOF enclosures around
the inorganic nanocrystals to impart high degree of spatial control over the desired functional
groups, (c) sufficiently thin MOF enclosures for facile diffusion and high resolution chemical
mapping, and (d) bridging multiple length scales by combining the MOF atomically defined scale
with the nano dimension for plasmonic structures, thus realizing new chemical and physical
functions. In this way, it would be possible to construct mesoscopic assemblies where the MOF
and the plasmonic nanocrystals are linked across multiple length scales yet operate differently and
synergistically. (Reproduced with permission from J. Am. Chem. Soc. 2015, 137, 2199. Copyright
2015 American Chemical Society.)

Although efforts to grow MOFs on inorganic nanocrystals have been made, a general method
addressing all four challenges has not emerged.™®® In this work, a general method has been
developed to overcome these four challenges using atomic layer deposition (ALD) technique
where a thin metal oxide film is deposited onto plasmonic silver nanocrystals and used as a metal
ion source to nucleate the desired MOF when the appropriate organic linker is added (Scheme 1).
We show that ALD allows control of MOF thickness by controlling the metal oxide thickness,
while the slow release of metal ions from the metal oxide layer results in control of crystallinity of
MOF and ultimately its orientation on the silver nanocrystals. The MOF crystallinity, orientation,
and the pristine interface thus produced enabled metalation and linker variation chemistry to be
carried out on the MOF-silver nanocrystal mesoscopic construct. Integration of MOF onto
nanocrystal surfaces further enables the direct probing of such chemistry by surface enhanced
Raman spectroscopy (SERS) using the plasmonic silver nanocrystal substrates. Specifically, we
show that the course of metalation in a porphyrin based MOF can be tracked and, in addition,
different chemical signatures within MOF can be imaged at high spatial resolution down to a single
nanoparticle level.

On a fundamental level, this system is an illustrative example of how two materials of self-
similar structures can be combined into a mesoscopic ensemble of heterogeneous construction yet
endowed with precisely defined chemical, spatial and metric characteristics. This coupled to the
demonstrated ability to make mesoscopic constructs of these MOF-inorganic nanocrystals
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provides an unparalleled opportunity for tracking, probing and mapping of passing molecules; an
aspect that is expected to be a boon for catalytic chemical conversions, sensing and imaging
applications.

Our strategy to overcome the functionalization problem involves making silver nanoparticle-
MOF constructs (On-nano-AgcMOF) in which silver nanoparticles are wrapped by MOF
enclosures. Silver octahedra were synthesized by the polyol method: silver nitrate salt is reduced
by a pentanediol solvent and polyvinylpyrolidone (PVP) employed as a surfactant.!® Silver
nanocrystals are selected as a model plasmonic metal nanostructure as they have intense local
surface plasmon resonances in the visible range and have been extensively studied as SERS
substrates.'”® The chosen MOF is Alo(OH)2(TCPP) [H4TCPP: 4,4',4",4™-(porphyrin-5,10,15,20-
tetrayl) tetrabenzoic acid], which consists of chains of corner-sharing aluminum octahedra running
along the b-axis and connected by the TCPP units through the carboxylate groups (Fig. 1).%° This
MOF was initially synthesized in bulk by reacting H4sTCPP with AICI3 in water at 180°C to give
large, microcrystalline powder.

(@)

7 Al(OH),TCPP

H,TCPP:
4.4' 4" 4"-(porphyrin-5,10,15,20-tetrayl)
tetrabenzoic acid

Figure 2.1. The structure of Alx(OH);TCPP MOF. Construction of Al,(OH),TCPP MOF from (A) rod-shaped
aluminum oxide units linked by (B) porphyrin units (H4sTCPP) to give a three-dimensional MOF (C) having 0.11 x
0.60 nm? opening along the b-axis. Al, blue octahedral polyhedra and blue spheres in (A); N, blue spheres; O, red
spheres; C, gray spheres. Hydrogen atoms are omitted for clarity.

Section 2.2 Experimental Section
Section 2.2.1 Methods and Materials
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N,N-Dimethylformamide (DMF) (99.8%), dimethyl sulfoxide (DMSQO) (99.5%), anhydrous
acetonitrile, trimethyloxonium tetrafluoroborate, hexadecyltrimethylammonium bromide (CTAB)
(98%) and cobalt(11) acetate tetrahydrate were purchased from Sigma Aldrich. Aluminum chloride
hexahydrate (99.9%) was purchased from Fluka. Ethanol is purchased from Koptec. 4,4',4",4™"-
(porphyrin-5,10,15,20-tetrayl)tetrabenzoic acid (H4TCPP) was purchased from TCI. 2-
Methylimidazole (99%) and biphenyl-4,4'-dicarboxylic acid (97%) were purchased from Aldrich.
Trimethylaluminum, trimethylindium, and diethylzinc were purchased from Strem chemicals.
Hydrochloric acid and anhydrous DMF were purchased from EMD Millipore. Sodium hydroxide
and methanol were purchased from Fischer Chemical.

Attenuated total reflectance (ATR) FTIR spectra of neat samples were performed on a Bruker
ALPHA Platinum ATR-FTIR Spectrometer equipped with a single reflection diamond ATR
module. High resolution electrospray ionization mass (HR-ESI) was acquired on an Finnigan LTQ
FT (Thermo Electron Corporation) instrument, using positive mode and by direct injection of
methanol solutions of the samples using a syringe pump. Powder x-ray diffraction (PXRD)
patterns were recorded using a Rigaku Miniflex 600 diffractometer (Bragg-Brentano geometry,
Cu Ka radiation, A = 1.54056 A) and a Bruker D8 Advance diffractometer (Ko radiation, A =
1.54056 A). The optical absorption spectra were recorded using an UV—Vis—NIR scanning
spectrophotometer equipped with an integration sphere (Shimadzu UV-3101PC). SEM images
were recorded on a Zeiss Gemini Ultra-55 Analytical scanning electron microscope with
accelerating voltage of 5 kV. The low voltage SEM images were obtained using a JEOL JSM-
7800F prime field emission SEM with an accelerating voltage of 5.3 kV, a specimen bias of -5 kV,
and a landing energy of 300 eV. The working distance is 2 mm.

Raman spectroscopic measurements were performed on a Horiba Labram JY HR 800 with an
Olympus SMPLN 100X objective. A 532 nm laser with an output power of 150 mW was used in
all measurements. A D4 neutral density filter is placed in the laser path to decrease the intensity of
the laser by a factor of 10*to minimize damage to the samples.

For transmission electron microscopy (TEM), the specimens were prepared by scraping the
samples wafers and directly dispersed the powders on to the TEM grid. A JEM-2010F equipped
with a CEOS post-specimen spherical aberration corrector (Cs corrector) was operated at 120 kV
for high-resolution transmission electron microscopy (HRTEM) imaging. The electron beam
damage to the specimen was minimized as much as possible (in this study, the beam density during
the observations was measured to be from 50 to 130 electrons/(nm?-s)). Sequences of images (up
to 20 frames) were recorded, with a 1 second exposure time for each frame. After drift correction,
some frames were superimposed to increase the signal-to-noise (S/N) ratio for display. Some of
the TEM studies are also performed on a Hitachi H-7650 TEM operating at 120 kV. Energy
dispersive x-ray spectroscopy (EDS) mapping is performed on a FEI TitanX Microscope operated
in STEM mode with acceleration voltage of 120 kV and 2 minutes acquisition time was used for
EDS mapping.

The GIWAXS data was obtained using Pilatus 2M (Dectris) instrument on beamline 7.3.3 at
the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory (4 = 1.24
A). GIWAXS measurements were taken at incident angles of 0.12°. The sample-detector distance
and beam center were calibrated using silver behenate. 1-D scattering profiles were reduced from
the 2-d data using the Nika package for IGOR Pro (Wavemetrics) (26, 27). The 1-D plot shown in
this material are ploted from GIWAXS data converted to 2 theta values assuming A = 1.54 A.
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Section 2.2.2 Synthesis of Al2(OH)2(TCPP) MOFs and On-nano-AgcMOF Mesoscopic
Constructs

Synthesis of Al2(OH)2(TCPP) MOFs. These MOFs are synthesized using a hydrothermal
method according to previous literature reports.’® HsTCPP or HsTCPP-Co (70 mg) and aluminum
chloride hexahydrate (150 mg) are dispersed in 15 mL of H20 by sonication. The mixture is next
heated to 160°C for 40 min under microwave irradiation and filtered. The solid is washed six times
with DMF and six times with acetone, then heated to 100°C under vacuum to remove remaining
solvent.

Removal of PVP on Silver Nanocrystals. The silver nanocrystals were dispersed in ethanol
and drop cast on 1 cm? silicon substrate. Next, in oxygen free glove box the substrate was soaked
in 1 mL of a 40 mg/mL trimethyloxonium tetrafluoroborate anhydrous acetonitrile solution for 20
min.?’ After this, 1 mL of DMF was added to the solution and the substrate kept immersed for
another 20 min. The substrate was then washed with DMF and ethanol and air dried.

Atomic Layered Deposition. Deposition of Al,O3 thin films was performed in a customized
thermal ALD reactor. The precursors used for Al.Oz deposition were trimethylaluminum and water.
The aluminum precursor was held in a customized vessel that allowed for pulsed doses using
nitrogen as a delivery gas through the vessel, which was maintained at room temperature. The
aluminum and water sources were maintained at room temperature. The substrate temperature for
Al>O3 deposition was 60°C. Typical pulse times for the alumina precursor and water were 1.5 and
1.0 s, respectively. Nitrogen was used as a carrier and purge gas in both processes at a flow rate of
10 standard cubic centimeters per minute (sccm).

Al2(OH)2(TCPP) MOF Nucleation on Silver Nanocrystals. The conversion of the alumina
into MOF is performed in CEM Discover-SP W/Activent microwave reactor. The substrate coated
with alumina is put into 10 mL microwave vessel. 5 mg (6.32 mmol) of the HsTCPP is dissolved
in 1.5 mL DMF and 0.5 mL H2O. This solution is added to the vessel, which is then heated to
140 °C for 10 min. After the reaction, the substrate is washed with DMF and ethanol extensively
and air dried. For metallated and multivariate MOF enclousre, corresponding linker or linker
combination

Post-synthetic Metalation of Al2(OH)2(TCPP) Enclosure on Silver Nanocrystals. The
metalation of Alx(OH)2(TCPP) MOF is carried out under microwave irradiation. 2 mL of 10
mg/mL methanol solution of cobalt acetate is added to a 10 mL glass microwave vessel and purged
with nitrogen. The substrate with On-nano-AgcMOF is soaked in the solution and heated to 100°C
for desired time.

Section 2.3 Results and Discussion
Section 2.3.1 Fabrication of On-nano-AgcMOF Mesoscopic Constructs

With the eventual goal of creating thin films of this MOF on the silver surface, we chose to use
ALD thin films as a localized metal precursor source. The fabrication procedure of the On-nano-
AgcMOF begins with the deposition of Al2Os films on the silver nanocrystals as the aluminum
source for the MOF synthesis. The silver nanocrystal is drop cast on a silicon substrate for
conformal, thickness-controlled alumina deposition at a deposition rate of 0.1 nm/cycle. On silver

nanocrystals, the ALD is carried out at 60°C to prevent the silver nanocrystals from melting. The
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ALD growth rate was in this study calibrated by TEM measurements and was determined to be
0.1 nm/cycle, using silver nanocrystals coated with 30 cycles alumina coating. A coating of 150
cycles was also measured and gave the same growth rate. Using this calibration, we estimated the
thickness of the ALD alumina on FTO and carbon disk substrates. The ALD of ZnO and In203 are
calibrated using a similar method and are determined to be 0.15 nm/cycle and 0.05 nm/cycle,
respectively.

Figure 2.2. SEM images of silver nanocrystals after 30 cycles ALD (). The growth rate of Al,O3 was calibrated by
measuring its thickness on silver nanocrystals by TEM (b).

The alumina coated silver nanocrystals are converted to MOF by reacting with the TCPP linker.
However, the original hydrothermal condition used to synthesize this MOF would not be
appropriate as the high temperature will melt the silver nanocrystals and the TCPP linker is not
soluble enough in water to sufficiently react with alumina. Considering this, the reaction
temperature was reduced to 140°C, and N,N-dimethylformamide (DMF) water mixed solvent is
used. The conversion of alumina to MOF was carried out in a sealed glass tube in a microwave
reactor using, in the initial runs, 20 nm thick layers of alumina. Unfortunately, an interfacial 10
nm thick alumina layer between the MOF and the silver was observed instead of the desired
pristine interface. This lead us to reduce the alumina layer thickness to below 3 nm and found it to
be sufficient to eliminate the interfacial alumina layer while enabling the fabrication of conformal
and thin MOF enclosures.
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Silver Octahedral Nanocrystals Silver Nanocrystals Coated Silver Nanocrystal-MOF Constructs
with Alumina O,-nano-AgCMOF

Figure 2.3. The fabrication of MOF enclosure on silver nanocrystals.
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Figure 2.4. The SEM and TEM images of the On-nano-AgcMOF particles. Octahedral silver nanocrystals (a) are

subjected to ALD deposition of alumina followed by addition of TCPP linkers to make MOF enclosed silver
nanocrystals, Os-nano-AgcMOF, (b).
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Figure 2.5. The SEM images of the silver nanocrystals at different stage of the fabrication procedure: (a) after PVP
ligand removal (b) after 5 cycles of alumina ALD (¢) MOF obtained from 5 cycles ALD alumina using a secondary
electron detector and (d) an in-lens detector. Scale bar 200 nm

28



The phase purity and high crystallinity of the MOF enclosures synthesized using 1, 5, and 30
cycles of ALD Al,QOz is confirmed by grazing incidence wide angle x-ray scattering (GIWAXS)
measurements. Scanning electron microscopy (SEM) was used to characterize the morphology of
On-nano-AgcMOF, and showed that the shape of the silver nanocrystal is retained throughout the
process of fabrication and crystalline plate-like MOF regions are visible on the silver nanocrystal
surface.

We proceeded to quantify the thickness control of the resulting MOF enclosures by controlling
the ALD layer thickness. Figure 2.6 shows typical SEM and transmission electron microscopy
(TEM) images of MOF films obtained from alumina layer thicknesses of 3, 0.5, and 0.1 nm. With
increased cycles of alumina, the size and coverage of MOF crystallites on the Ag surface as well
as the overall MOF layer thickness increases. The average thickness of the MOF enclosures is
approximately 50 nm, 25 nm, and 10 nm for 30 cycles, 5 cycles, and 1 cycle ALD alumina,
respectively. At the lowest limits of the ALD precursor film thickness of less than one nanometer,
highly crystalline MOF enclosures as thin as several nanometers were made. The crystallite size
and morphology of the MOF was finely tuned by varying the reaction conditions: a water:DMF
ratio of 3:1 solvent mixture results in a more uniform, conformal MOF enclosure in contrast to the
plate-like structure.

Figure 2.6. Thickness control of MOF enclosures. Variation in the alumina thickness from 3 to 0.5 to 0.1 nm allows
control of MOF coverage on the silver nanocrystals with their SEM shown respectively (a to ¢) and the corresponding
TEM (d to f) where the thickness and coverage of the MOF is further confirmed. Scale bars are all 50 nm.
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Figure 2.7. The 1-D scattering profiles of GIWAXS pattern of the Al,(OH)2(TCPP) MOF enclosures. Due to the
resolution of the detector, the (001) and (200) planes, the (002) and (400) planes, the (401) and (202) planes are too
close to be resolved and are indistinguishable in the GIWAXS pattern. However, this does not affect the determination
of the phase purity of the MOF.
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Section 2.3.2 Determination of the Orientation of MOF Enclosure

The MOF crystallinity and orientation at the interface was examined by high resolution TEM.
When imaging under the accelerating voltage of 120 kV with a low electron dosage, MOF lattice
fringes were observed. This confirmed, at a microscopic level, the high crystallinity of the MOF
enclosure at the interface and the fact it is pristine. The orientation of the MOF regions was
determined from the TEM images, where the lattice fringes of 1.60 nm correspond to the MOF
(200) planes parallel to the interface. This indicates that the porphyrin units of the MOF are
perpendicular to the silver surface. The two-dimensional lattice fringes of 1.16 nm, which
correspond to MOF (201) planes, are also observed, and thus provide an unambiguous
determination of the MOF orientation being perpendicular to the silver surface. No evidence of
porphyrin units oriented parallel to the silver surface was found among the TEM images. Here we
analyze the silver and MOF orientation in details.

The MOF structure and various set of planes are illustrated in figure 2.8. Fundamentally, the
essence of determining the orientation of MOF enclosure is to elucidate the relative orientation of
the porphyrin units and silver surface. In this perspective, the (h00) and MOF (00I) planes are
equivalent, as they are both parallel to the direction where the porphyrin rings are stacked. As the
length of a-axis is very similar to two times of that of c-axis, the lattice spacing of some planes are
very similar [for example, the lattice spacing of (200) planes is very similar to that of (001)] and
the assignment of the lattice fringes are performed based on structure factor. However, this does
affect the determination of the porphyrin orientation.

Figure 2.8. Crystal structures of Al,(OH),(TCPP) viewed along different axes.

The silver nanocrystal orientation on the TEM grid can be obtained from the TEM images. The
dark square shape is the projection of the silver octahedra when illuminated from <100> direction.
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Figure 2.9. TEM image showing the overall orientation of the On-nano-AgcMOF.

When the MOF (200) lattice fringes are parallel to the silver nanocrystal surface, with the lattice
fringes along the other direction absent, there is ambiguity in the absolute orientation of the MOF.
The MOF crystalline domain could rotate along the <200> direction and still give the same TEM
image. However, this does not affect the conclusion that in this case the porphyrin unit is
perpendicular to the silver surface. When the MOF (200) lattice fringes are perpendicular to the
silver nanocrystal surface the MOF orientation could not be determined. The MOF orientation
could be the same, but now the MOF could rotate along the <001> direction and give the same
TEM image. This prevents us from obtaining the orientation of the porphyrin units.

Figure 2.10. High-resolution TEM image of the MOF crystalline domains on silver nanocrystal and its FFT image.
In the two squares, lattice fringes of MOF (200) plane are observed, where in the white square and its being parallel
to the silver nanocrystal surface and in the red one it is perpendicular to silver surface.
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Figure 2.11. The structure model of the interface in discussed in Ox-nano-AgcMOF. The silver octahedra exposed
their (111) plane.

When the two-dimensional lattice fringes corresponding to MOF (201) planes can be observed,
we could determine the MOF structure unambiguously where porphyrin units are perpendicular to
the silver surface (Figure 2.12). The structural models only have one porphyrin crystallites drawn
for simplicity, and a more realistic model would have MOF crystallites cover all the facets of the
silver nanocrystal.

(201) plane

(20-1) plane

£t

Figure 2.12. The TEM images showing two-dimensional lattice fringes corresponding to MOF (201) planes and
corresponding structural model of the interface.
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(201) plane

Figure 2.13. Summary of MOF orientation on silver nanocrystal with porphyrin units perpendicular to the interface.

This observation of porphyrin orientation is further supported by the high resolution low voltage
SEM images of the On-nano-AgcMOF, where plate-like MOF crystallites are observed growing
vertically on the silver nanocrystal. Combining the crystal structure of the MOF and the
information from the TEM images, we can confirm that the b-axis of the MOF is parallel to the
silver surface and the porphyrin unit is perpendicular to the silver surface.

Figure 2.14. The high-resolution SEM images of the On-nano-AgcMOF. The MOF enclosures are obtained from 5
cycles ALD alumina (a) and 1 cycle ALD alumina, respectively.
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GIWAXS structural analysis was performed on a macroscopic level using a flat silicon substrate
for MOF growth to further confirm the crystallinity and orientation of the MOF at an ensemble
level. The spot pattern on GIWAXS image matches that expected for the preferred orientation of
the MOF with the porphyrin units being perpendicular to the substrate (MOF [200] direction
perpendicular to the substrate). A random orientation of the MOF would result in a ring rather than
a spot pattern in the GIWAXS image. The GIWAXS pattern confirmed the structural model of the
MOF-substrate interface, in which the porphyrin units of the MOF are perpendicular to the
interface. This clearly demonstrates that this synthetic approach is well-suited for fabricating
crystalline and precisely oriented MOF enclosures on inorganic nanocrystals.

Figure 2.15. The GIWAXS pattern and SEM image of MOF grown on silicon substrate. In this case, the porphyrin
units are also perpendicular to the substrate. When grown on flat substrate, the MOF nanocrystals form a thin film. In
the next section, we demonstrate that this orientation of MOF is consistent among different substrates.
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Section 2.3.3 Tracking Post-synthetic Metalation of Al2(OH)2(TCPP) MOF Enclosure on Oh-
nano-AgcMOF by SERS

The metalation of Al2(OH)2(TCPP) MOF is carried out under microwave irradiation. 2 mL of
10 mg/mL methanol solution of cobalt acetate is added to a 10 mL glass microwave vessel and
purged with nitrogen. The substrate with Op-nano-AgcMOF is soaked in the solution and heated
to 100°C for desired time. The completion of the metalation process is confirmed by UV-Vis
absorption spectroscopy and energy dispersive x-ray (EDS) spectroscopies where in the latter,
elemental mapping is utilized to further confirm the enclosed structure of the On-nano-AgcMOF.
For the UV-Vis absorption measurement, the MOF was deposited on a transparent glass slide.

(a) (b)
Before metalation
— A fter metalation

Absorbance (a.u.)

| | | | I
350 400 450 500 550 600 650
Wavelength (nm)

Figure 2.16. Characterization of metalated Alo(OH)2(TCPP) MOF enclosures. UV-Vis spectrum of cobalt metallated
MOF [Alz(OH)2(TCPP-Co)] after 50 min metalation compared to that of the MOF before metalation. EDS mapping
of the On-nano-AgcMOF after metallation.

With the ability to form thin MOF enclosures on plasmonic nanocrystals without an interfacial
surfactant layer, unprecedented opportunities emerge in high resolution probing of chemical
processes in MOF using SERS. The pristine interface enables the synergistic effects between the
MOF enclosure and the silver nanocrystals. In an On-nano-AgcMOF sample, all peaks in the
SERS spectrum match those of the bulk MOF and the TCPP molecule and can be assigned
according to previous literature studies of porphyrin molecules.
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Figure 2.17. The Raman spectra of Op-nano-AgcMOF [AlL(OH)2(TCPP)] and the assignment of the main peaks. This
assignment is based on previous literature studies.?>?? It is worth noticing that all these peaks match with the literature
reported SERS spectrum of HsTCPP.

This spectroscopic handle allowed us to track the metalation of the porphyrin units within the
MOF enclosure. Metalation was carried out by heating the On-nano-AgcMOF in a 10 mg/mL
cobalt acetate methanol solution at 100°C, and SERS spectra of the mesoscopic construct were
measured after different reaction time. Within the enclosure of MOF, this post-synthetic metalation
was tracked with SERS and found to be complete within 50 minutes; thus, pointing to the facile
diffusion of the cobalt acetate reagent due to the porosity of the MOF and access to the silver
interface.

The metalation of the porphyrin molecule was evidenced mainly by the decline of the vg mode
corresponding to the free base porphyrin at 330 cm™ and the rise of the vs mode of the metalated
porphyrin at 390 cm™. The validity of using the 330 cm™*and the 390 cm™ peaks to distinguish the
metalated and un-metalated linkers is confirmed by comparing the SERS spectrum of the MOF
with the Raman spectra of the corresponding MOF and porphyrin linker in powder form. The
Raman spectrum of the un-metalated linker shows the vs mode at 330 cm™ and the spectrum of the
metalated linker shows the vs mode at 390 cm™.

In the metalation process, the 330 cm™ peak gradually declined, and at the same time the 390
cm ™ peak emerged in the SERS spectra of the On-nano-AgcMOF construct. After 50 minutes, the
330 cm peak disappeared completely, indicating the metalation is completed. The evolution of
other peaks in the SERS spectra is also consistent with the metalation process.
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Figure 2.18. Raman spectra of the all-metalated MOF on silver (SERS) compared to HsTCPP-Co linker and bulk all-
metalated MOF model compound.

—— TCPP MOF

——TCPP MOF SERS
——TCPP Linker

AN AN

PO I

1 | | 1 1 |
250 500 750 1000 1250 1500 1750
Raman Shift cm™)

Intensity (a.u.)

Figure 2.19. Raman spectrum of the un-metalated MOF on silver (SERS) compared to the HsTCPP linker and bulk
un-metalated Al>(OH)2(TCPP) MOF model compound.
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Figure 2.20 The Raman spectra of the MOF enclosure after different metalation times.

Porphyrin Skeletal (core) Phenyl Ring In-plane  Phenyl Ring Out-of-plane

Figure 2.21 Illustration of vibrational modes of the H,TCPP molecule.

In addition to the shift of vg mode, the metalation process is also evident by a series of peak
evolutions that are consistent with the literature. Most of the phenyl ring out-of-plane decrease in
intensity while the phenyl ring in-plane modes increase in intensity during the metalation process,
which is attributed to the change of symmetry from Danto Dan after the metalation.
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Section 2.3.4 Mapping of Metalated Linker Distribution in MOF Enclosure by SERS

Confocal SERS mapping was next applied to study heterogeneous MOF enclosures on silver
nanocrystals and the unique capability of this system to generate spatially resolved chemical
information. The size of an Ox-nano-AgcMOF octahedron is 300 nm, which is similar to the
diffraction limited spatial resolution possible with a 532 nm laser in a confocal microscopy setup.
Therefore, chemical information at the limit of a single silver nanoparticle can be obtained. The
multivariate approach, in which different organic linkers are incorporated into the same framework,
is a powerful technique to introduce heterogeneity and complexity into MOFs and one that has
presented challenges to its characterization due to lack of techniques capable of deciphering the
spatial arrangement of the linkers.?>?* Here, pre-metalated porphyrin linker, cobalt(I1) 4,4',4",4"-
(porphyrin-5,10,15,20-tetrayl)tetrabenzoic acid, was mixed with the un-metalated TCPP linker in
a 1:3 ratio in the precursor solution and reacted with the alumina coated silver nanocrystals under
the conditions described above to give a multivariate MOF enclosure. The pre-metalated linker
was also used to synthesize fully metalated MOF enclosure as reference material in this study. In
the synthesis, the alumina coated silver nanocrystals were soaked in a 10 mL glass microwave
vessel filled with 2 mL stock solution containing 5.5 mg Hs-TCPP-Co, 1.5 mL DMF and 0.5 mL
H20 (for multivariate MOF enclosure, 3.75 mg H4TCPP, 1.32 mg H4TCPP-Co 1.5 mL DMF and
0.5 mL H2O were used). The alumina to MOF conversion is carried out under microwave
irradiation under 140°C for 10 min. Following this, the substrate was extensively rinsed with DMF
and ethanol.

The phase purity and crystallinity of the MOF enclosures were determined through electron
microscopy and GIWAXS pattern. The presence of both linkers in the multivariate MOF enclosure
was confirmed by UV-Vis absorption spectroscopy, which shows the Q band of both types of
linkers. The EDS mapping confirms the presence of cobalt in the MOF films.
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Figure 2.22. The SEM image and XRD of fully metalated MOF on silver. The 1-D scattering profiles of GIWAXS
pattern of all-metalated MOF enclosure on silver confirms its crystallinity.
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Figure 2.23. The SEM image and XRD of multivariate metalated MOF on silver. The 1-D scattering profiles of
GIWAXS pattern of all-metalated MOF enclosure on silver confirms its crystallinity.
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Figure 2.24. Characterization of MTV MOF enclosure by UV-Vis spectra and EDS mapping. The UV-Vis absorption
spectrum (a) and EDS mapping (b) of the MTV MOF showing the presence of both metalated and un-metalated linker
in the MOF enclosure.

The SERS spectrum was measured on clusters of On-nano-AgcMOF particles, and found to
have peaks attributable to v mode of both the metalated and un-metalated forms of the porphyrin
unit. One of the fundamental difficulties in nano-MOF chemistry is to decipher whether the
nanoparticles as a whole are homogenous in their composition, especially when a multivariate
approach in metalation or mixing of linkers is employed in the synthesis of the MOF. The materials
prepared here allow us to address this issue. Mapping of the metalated and un-metalated linkers in
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a monolayer of On-nano-AgcMOF using SERS reveals a well-mixed porphyrin system. In that,
on the single particle level there is no segregation of metalated and un-metalated regions of the
MOF. This is quantified by the ratio of the Raman scattering intensity of the two vs modes for the
metalated and un-metalated. This ratio is obtained from integrating the corresponding peaks areas
and it is found to lie at 1.5 which is in between all-metalated and all un-metalated scenarios, which
indicates that the distribution is homogenous from particle to particle as evidenced from mapping
7 wm regions.

Figure 2.25. Monolayer of closed packed Ox-nano-AgcMOF mapped by SERS

The mapping of single particle and clusters is performed on a substrate with drop cast silver
nanocrystals on a silicon substrate. The mapping of discrete particles and clusters is performed
with spatial increment of 120 nm and integration time of 7 seconds. It is worth noting that for the
mapping of discrete particles, both the substrate and the silver nanocrystals are coated with the
MOF and their Raman spectra are shown in figure 2.26. The Raman spectrum taken on the MOF
on silicon substrate is shown as “background”.

The silver nanocrystal monolayer is prepared using the Langmuir-Blodgett approach. For
quantitative Raman mapping of a silver monolayer, a 350 nm spatial increment with a 7 second
integration time is used to minimize damage to the sample. The spectrum is acquired twice on each
pixel and averaged. In the 7 um region mapped, each pixel corresponds to an area of approximately
one single nanoparticle. In other words, the data of each pixel represents the chemical information
of the MOF enclosure on the length scale of a single On-nano-AgcMOF. Mapping of the vg mode
ratios of the two pure-linker MOFs (un-metalated and all-metalated) and the MTV MOF gives
similar standard deviation of this ratio throughout the region (7 um, 400 data points). This shows
that the un-metalated and metalated linkers are homogeneously distributed on this length scale.
The 3D map in figure 2.26 visualizes this uniform ratio distribution.
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Figure 2.26. The SERS spectra for metalated, un-metalated, and multivariate metalated On-nano-AgcMOF (a)
showing the system is multivariate (MTV, mixed metalated and un-metalated MOF enclosures). The ratio of metalated
and un-metalated linkers (b), and the homogeneity of these in the Op-nano-AgcMOF particles packed into a
monolayer is mapped (c) (color going from blue to red corresponding to the value of the vs mode ratio going from 0.5
to 3.5).
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Figure 2.27. The SERS enhancement shown for single particles and clusters of Ox-nano-AgcMOF (a), SEM of
spatially resolved discrete Op-nano-AgcMOF (b), and the result of their SERS mapping (c) showing the one-to-one
correspondence.
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To illustrate the power of combining MOF and plasmonic nanocrystal into one mesoscopic
construct, On-nano-AgcMOF, we examined an area occupied by multiple discrete particles for
their chemical composition using confocal Raman spectroscopy. It is very clear that because of the
thin enclosure of MOF around the silver, it is possible to observe strong SERS signals for each of
the particles and furthermore within each such particle the metalated and un-metalated porphyrin
units in the MOF can be observed. This is possible because the MOF is grown on a plasmonic
inorganic nanocrystal with a clean interface. Figure 2.27 (b) and (c) shows the area of particles
and their corresponding SERS maps, respectively. Comparison of them also reveals that the SEM
and SERS mapping are consistent in providing a highly-resolved picture of the spatial arrangement
of the mesoscopic Op-nano-AgcMOF particles.

Section 2.4 Conclusion

We overcome the ‘functionalization problem’ of inorganic nanocrystals by enclosing them with
metal-organic frameworks as well-defined units for which the spatial arrangement of functional
organic and inorganic units, porosity, density and thickness can be precisely controlled. We
addressed this problem by developing a new synthetic approach that overcomes the four challenges:
(a) a pristine interface between inorganic nanocrystals and MOFs that is free of surfactants and
other surface ligands to take advantage of synergistic effects at the interface, (b) well-ordered and
precisely oriented MOF enclosures around the inorganic nanocrystals to impart high degree of
spatial control over the desired functional groups, (c) sufficiently thin MOF enclosures for facile
diffusion and high resolution chemical mapping, and (d) bridging multiple length scales by
combining the MOF atomically defined scale with the nano dimension, thus realizing new
chemical and physical functions.

We demonstrate this synthetic approach by constructing a mesoscopic construct On-nano-
AgcMOF, where silver octahedra were wrapped with Al.(OH)>TCPP MOF enclosure. The MOF
enclosures have controllable thickness from 5-50 nm, attach directly to the silver nanocrystals, and
have well-defined orientation on the nanocrystal substrates. In the MOF enclosure, the porphyrin
units were determined to be perpendicular to the substrates, which can be inorganic nanocrystals
or nanostructures.

The construction of Ox-nano-AgcMOF mesoscopic construct allows us to study the synergy
between silver nanocrystal and MOF enclosure in structural characterization of MOF by SERS.
We monitored post-synthetic metalation of Al2(OH).TCPP MOF by SERS and concluded that due
to facile diffusion, this chemistry could be completed in 50 minutes. Furthermore, the distribution
of metallated and unmetallated porphyrin linker in multivariate MOF enclosure was found to be
uniform on 300 nm length scale by SERS. Additionally, the enhancement of MOF Raman signal
was clearly demonstrated by comparing the Raman spectroscopic mapping and SEM images of
the same 49 pm? area, where the spatial arrangement of silver nanocrystals (On-nano-AgcMOF
mesoscopic construct) matches the spot on the Raman mapping where intense Alo(OH)>TCPP
MOF signal was recorded.
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Section 2.6 Appendix
Section 2.6.1 Synthesis of HsTCPP-Co

The H4TCPP-Co is synthesized with slight modification of the literature reports (28). HsTCPP
(H4TCPP is the un-metalated form of the porphyrin unit, which is the abbreviated form of HsTCPP-
H>) (72 mg) and cobalt chloride hexahydrate (25 mg) are dissolved in 30 mL of DMSO solvent
and heated to reflux under nitrogen for 12 hours. The solution is then cooled to room temperature
and 60 mL of 1 M HCI is added. The solid precipitates are collected by centrifugation, washed
with HCI and water, and dissolved in 20 mL 0.1 M NaOH aqueous solution. The solution is next
acidified with HCI, and the solid precipitates are washed with water and dried. Figure A2.1
illustrates the ESI-HR mass spectroscopic results for the HsTCPP-Co: calcd. 847.12 found 847.12.
FTIR v = 1684 (s), 1603 (s), 1397(m), 1220 (m), 1173(m), 1093(m), 1018(m), 962(s), 865 (m),
792 (s) cm
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Figure A2.1. ESI-HR mass spectrum of H4TCPP-Co molecule.
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Section 2.6.2 XRD Patterns of Al2(OH).TCPP and Al2(OH).TCPP-Co

Intensity (a.u.)

Figure A2.2 PXRD pattern of all-metalated Al,(OH),TCPP-Co MOF
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Figure A2.3 PXRD pattern of Alx(OH),TCPP-Co MOF
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Section 2.6.3 Morphological Control of Al2(OH).TCPP MOF Enclosure by Solvent

Figure A2.4. The HRTEM image (a), TEM image (b) and SEM image (c) of the Alx(OH)2(TCPP) MOF enclosure
synthesized in a water rich solvent condition (75% water 25% DMF) with other conditions the same as above.
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Section 2.6.4 Removal of PVP on Silver Nanocrystals

As the PVP layer at the interface between the silver and MOF would give a strong Raman signal
that overwhelm the spectrum of MOF, an additional surface cleaning step using a Meerwein’s salt
treatment to remove PVP surfactant was employed before coating the silver with alumina to ensure
a pristine interface between the MOF and Ag nanocrystal (Figure A2.5). The evolution of PVP
signal is monitored by SERS. These spectra are sampled on the same spot of silver nanocrystal
island by using a marked silicon substrate. The PVP signal declined after the Meerwein salt
treatment and the ALD process. In the ALD process both heating under vacuum and the growth of
alumina on the silver surface further reduce the PVP signal. The signal intensity and peak position
of the SERS spectrum of the MOF both confirm that the final spectrum is free from PVP signal.

It is worth noting that prolonged treatment of Meerwein salt would result in deformation of the
silver nanocrystals and after PVP removal the silver nanocrystals are prone to oxidation if left in
air. Without the passivation of PVP, the silver nanocrystals would also melt at lower temperature
(around 150 °C).
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Figure A2.5. The Raman spectrum of the silver-MOF construct at different stage of the fabrication. As synthesized
silver nanocrystal shows strong signal of PVP, which is significantly reduced after Meerwein salt treatment and ALD

deposition of alumina. It is clear that the features in the Raman spectrum that emerge after MOF nucleation originate
from the MOF enclosure on silver nanocrystals.
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Section 2.6.5 Fabrication of Al2(OH)2(TCPP) MOF on Other Substrates

This approach for making mesoscopic constructs can also produce MOF films on other
substrates such as carbon disk with the same morphology and crystallinity. The carbon disk, silicon
wafer, FTO substrates are directly put in the ALD chamber and coated with alumina using the
same alumina ALD parameters as for the Al2(OH)2(TCPP) MOF. The substrates are each soaked
in a 10 mL sealed glass microwave vessel with a stock solution of 5 mg H4sTCPP, 1.5 mL DMF,
and 0.5 mL H20. The alumina to MOF conversion is carried out under microwave irradiation at
140°C for 10 min. Following this, the substrates are extensively rinsed with DMF and ethanol. The
control over MOF thickness by controlling the thickness of alumina through ALD can also be
applied on these substrates.
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Figure A2.6. The GIWAXS pattern of Aly(OH).(TCPP) MOF on FTO coated glass showing the same orientation as
on silicon substrate and the surface of silver nanocrystals.
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Figure A2.8. SEM image of Al>(OH).TCPP MOF obtained from 5 cycles ALD alumina on silicon.

51



Figure A2.9. SEM image of Al,(OH),TCPP MOF obtained from 30 cycles ALD alumina on a carbon disk substrate.
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Figure A2.10. 1-D scattering profiles of GIWAXS data of Aly(OH)2(TCPP) MOF obtained from different thickness
of ALD alumina on silicon (a) and on various substrates (b).
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Section 2.6.6 Fabrication of Other MOFs on Silver Nanocrystals

This method of MOF fabrication is also applicable to a variety of MOFs made up of other
metals. Here, the appropriate metal oxide could be used as a precursor. For example, a film of
ALD indium oxide was used as the metal precursor to react with HsTCPP to give an isoreticular
(having the same net topology) indium MOF as the present aluminum MOF. Different linkers
could also be used to react with the same oxide to give the corresponding MOF, as in the case of
DUT-5 7, in which biphenyl-4,4'-dicarboxylic acid was used. A member of a subclass of MOFs,
ZIF-8, could also be fabricated using ALD zinc oxide. We expect that since this MOF fabrication
approach is substrate independent, it is generalizable and can be extended to produce multiple
oriented and ordered MOF enclosures on a variety of inorganic nanostructures.

In2(OH)2TCPP. The ALD of In20s3 is carried out at 150°C. The indium precursor used is
trimethlindium. Typical pulse times for the indium precursor and water were both 2 s. Nitrogen
was used as a carrier and purge gas in both processes at a flow rate of 10 sccm. In our experiments,
indium oxide is deposited as an amorphous film. The indium oxide coated silver nanocrystals are
then soaked in a stock solution of H4sTCPP (5 mg in 1.75 mL DMF, 0.25 mL H20). The indium
oxide to In-TCPP MOF (which is assumed to have the same net topology as the AI(OH)2(TCPP)
MOF with the indium substituting the aluminum) nucleation is carried out under microwave
irradiation at 140°C for 10 min. After the reaction, the substrate is rinsed extensively with DMF
and ethanol.
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Figure A2.11. SEM image (a) and PXRD pattern (b) of In-TCPP MOF enclosures on silver nanocrystal.
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DUT-5. Alumina is deposited on the ligand removed silver using the same ALD parameter.
The alumina to MOF conversion is performed under microwave irradiation: the substrate is put
into a 10 mL glass microwave vessel with 30 mg of the biphenyl-4,4’-dicarboxylic acid, 1.5 mL
DMF and 0.5 mL H20 and heated to 160°C for 20 min. The substrate is then taken out of the vessel
and extensively washed with DMF and ethanol.
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Figure A2.12. SEM image (a) and PXRD pattern (b) of DUT-5 enclosures on silver nanocrystal.

ZIF-8. The ALD of ZnO is carried out at 85°C. The zinc precursor used is diethylzinc, which
is held at room temperature. Typical pulse times for the zinc precursor and water were 100 ms and
200 ms, respectively. Nitrogen was used as a carrier and purge gas in both processes at a flow rate
of 10 sccm. The ZnO coated silver nanocrystals are then soaked in a 10 mL glass microwave vessel
with 2 mL stock solution of 2-methylimidazole and CTAB (5.45g 2-methylimidazole, 11.1 mg
CTAB dissolved in 70 mL H.0). The addition of CTAB is not necessary but is used in this case
as a modulator to give a cubic shaped MOF. The ZnO to MOF conversion is performed under
microwave irradiation at 85°C for 10 min. The substrate is then washed extensively with water
and ethanol.
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Figure A2.13. SEM image (a) and PXRD pattern (b) of ZIF-8 enclosures on silver nanocrystal.
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Chapter 3. Application of MOF Thin Film in
Electrochemical CO, Reduction

Section 3.1 Introduction

One of the most attractive approaches towards providing carbon-neutral energy is the
electrochemical conversion of atmospheric carbon dioxide (CO2) into energy dense carbon
compounds to be used as fuels and chemical feedstock.'* Extensive efforts have been devoted to
the development of homogeneous and heterogeneous catalysts for this purpose. The outstanding
challenges remain in the design of catalyst systems featuring (1) selectivity for CO> reduction in
water with minimum Hz generation, (Il) long term stability, (I11) catalytic efficiency at low
electrochemical overpotential and (V) compositions of earth abundant materials. In this report,
we show that nanosized metal-organic frameworks (MOFs) meet these criteria and also present
additional opportunities due to the modular nature of MOFs in which their organic and inorganic
components can be functionalized and modified prior to precisely arranging in the MOF crystal
structure.>? We chose a stable cobalt porphyrin MOF where these porphyrin units are linked with
aluminum oxide rods to form a three-dimensional porous structure with pores of 6 x 11 A.
Electrochemical CO> reduction studies were performed on thin films of this MOF, which was
found to convert CO; to CO selectively (76% Faradaic efficiency) and with high turnover number
(TON = 1400). In situ spectroelectrochemical measurements revealed that the Co(ll) centers are
reduced to Co(l) throughout the MOF and subsequently reduce CO>. This is the first MOF catalyst
construct for the electrocatalytic conversion of aqueous CO> to CO, and its high-performance
characteristics are encouraging for the further development of this approach. (Reproduced with
permission from J. Am. Chem. Soc. 2015, 137, 14129. Copyright 2015 American Chemical
Society.)
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Figure 3.1. MOF catalyst allows for modulation of metal centers, molecular linkers, and functional groups at the
molecular level (a). The organic building units, in the form of cobalt metalated TCPP, are assembled into a 3-
dimensional MOF, Alz(OH),TCPP-Co with variable inorganic building blocks (b). Co, orange spheres; O, red spheres;
C, black spheres; N, blue spheres; Al, light blue octahedra; pyrrole ring, blue. In this structure, each carboxylate from
(a) is bound to the aluminum inorganic backbone. The MOF is integrated with a conductive substrate to achieve a
functional CO2 electrochemical reduction system (c).
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In the context of aqueous electrocatalytic CO reduction studies where heterogeneous catalysts,
such as metal foils,”>¥" metal nanostructures,’®?® oxide derived metals,?”? 2-dimensional
materials,®® carbon nanomaterials,®** as well as bio-inspired catalysts,®3 and homogenous
molecular catalysts®**® are used; MOFs combine the favorable characteristics of both
heterogeneous and homogeneous catalysts. Exploration of MOFs and COFs for CO; reduction has
just begun through their use as photocatalysts in colloidal dispersions with the aid of sacrificial

reagents,**>% and MOFs have only recently been utilized as electrocatalysts for CO; reduction.>*
57

Our strategy to construct the MOF-based electrochemical CO> reduction system was to select
MOFs with catalytic linker units and fabricate them into thin films covering conductive substrates
(Figure 3.1): appropriate catalytic linker units (Figure 3.1a) are assembled into a porous thin film
MOF (Figure 3.1b) which is grown on a conductive substrate (Figure 3.1c). We first screened
MOFs with systematically varied building blocks and then chose the most promising MOF catalyst
for in depth electrochemical studies. The thickness of the selected MOF was next optimized to
yield the final CO> reduction system, which was shown to be active, selective, and stable towards
CO production. We also demonstrate that the majority of cobalt centers are reduced from Co(ll)
to Co(l) during the electrochemical process through in situ spectroelectrochemical measurements.
Using MOFs as heterogeneous electrocatalysts represents an efficient strategy to reticulate
catalytic molecular units into a porous network in which the number of active sites is maximized
and both charge and mass transported could be simultaneously balanced by controlling the
nanoscopic MOF morphology and thickness.

Section 3.2 Experimental Section
Section 3.2.1 Methods and Materials

Chemicals: N,N-Dimethylformamide (DMF) (99.8%), dimethyl sulfoxide (DMSQO) (99.5%),
anhydrous acetonitrile, potassium bicarbonate and cobalt(Il) acetate tetrahydrate were purchased
from Sigma Aldrich. FTO substrates (7 ohm/sq) were purchased from Sigma Aldrich and cut on-
site into desirable dimensions. Aluminum chloride hexahydrate (99.9%) was purchased from Fluka.
Ethanol was purchased from KOPTEC. 4,4',4",4™-(porphyrin-5,10,15,20-tetrayl)tetrabenzoic acid
(H4TCPP) was purchased from TCI. 2-Methylimidazole (99%) and biphenyl-4,4-dicarboxylic acid
(97%) were purchased from Aldrich. Trimethylaluminum and trimethylindium were purchased
from Strem chemicals. Hydrochloric acid and anhydrous DMF were purchased from EMD
Millipore. Sodium hydroxide and methanol were purchased from Fischer chemical. Carbon disk
substrates are purchased from Ted Pella. All chemicals were used as received without further
purification.

Atomic Layer Deposition: Atomic layer deposition (ALD) was performed with a home build
thermal ALD system. Trimethylaluminum, trimethylindium, and water were used as aluminum,
indium, and oxygen sources, respectively. Precursors were held in customized vessels to allow for
pulsed delivery. Alumina deposition was carried out at 150 °C and indium oxide deposition was
carried out at 200 °C. Pulse times for trimethylaluminum, trimethylindium, and water were 1.0,
2.0, and 0.5 seconds, respectively. Nitrogen functioned as both a purge and carrier gas and was
flowed at a rate of 10 standard cubic centimeters per minute. Following the desired amount of
ALD cycles, the chamber was purged with nitrogen and the samples were taken out and allowed
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to cool naturally to room temperature in an air environment. The calibration of the amorphous
alumina growth rate was previously performed with TEM measurements on a variety of surfaces
and was consistently 0.1 nm/cycle.

Powder X-ray Diffraction: Powder X-ray diffraction (PXRD) patterns were acquired with a
Bruker D8 Advance diffractometer (Cu Ka radiation, A = 1.54056 A).

UV-Vis Spectroscopy: The optical absorption spectra were recorded using an UV—Vis—NIR
scanning spectrophotometer equipped with an integration sphere (Shimadzu UV-3101PC). A
quartz cuvette functioned as a one-compartment electrochemical cell with a Ag/AgCI reference
and Pt wire counter electrode.

Section 3.2.2 Preparation, Characterization and Electrochemical Study of MOF Catalyst

MOF Synthesis: Following the ALD coating on the desired substrate, no further modifications
were made and the substrate as-made was put through the MOF synthesis. MOF synthesis was
performed in pyrex microwave vials using a CEM Discover-SP W/Activent microwave reactor. In
a typical synthesis, the desired ALD coated sample was mixed with 5 mg of the H4TCPP, 1.5 mL
DMF, and 0.5 mL water. The vessel is heated to 140 °C for 10 minutes. Following this, the sample
is allowed to naturally cool to room temperature and washed with DMF and ethanol. Further
purification is carried out by soaking the sample for 4 days in DMF and exchanging the liquid
daily. After the DMF soak, the samples are soaked in acetone for 1 day and held under vacuum at
room temperature for one more day. The growth of the MOF thin films is believed to occur via a
dissolution-recrystallization mechanism. XRD, UV-Vis absorption, HRTEM, and GIWAXS
measurements all confirm the identity and phase purity of the MOF.

Electrochemistry: For all experiments, 0.5 M potassium carbonate was used as the electrolyte.
Prior to electrochemical testing, the electrolyte was purified overnight by applying 2V potential
difference between a working and counter Ti foil electrodes to remove trace metals salts and
organic species. A standard 3 electrode setup was employed with a titanium counter electrode and
Ag/AgCI reference electrode. For product quantification, a home-built 2 compartment setup was
used that featured a nafion membrane separating the working and counter compartments. All
current densities are normalized by projected surfaces area.

Gas Chromatography: A home-built electrochemical cell was utilized for quantitative product
measurement. The cell had two compartments separated by a nafion membrane to prevent product
oxidation at the counter electrode. A flow mode was used to quantify gas products. Liquid products
were quantified after the electrochemical measurement. During the chronoamerometric
measurement, gas from the cell was directed through the sampling loop of a gas chromatograph
(SRI) and was analyzed in 20 min intervals. The gas chromatograph was equipped with a molecular
sieve 13X and hayesep D column with Ar (Praxair, 5.0 Ultra high purity) flowing as a carrier gas.
The separated gas products were analysed by a thermal conductivity detector (for H2) and a flame
ionization detector (for CO and gaseous hydrocarbons). Liquid products were analyzed afterwards
by quantitative NMR (Bruker AV-500) using dimethyl sulphoxide as an internal standard.

ICP-AES: ICP-AES is performed on a PerkinElmer optical emission spectrometer Optima
7000DV instrument. Carbon disk (5.25 cm?) coated with the MOF is put in the bottom of a 20 mL
glass vial with an acid resistance cap. 2 mL of 99.5% nitric acid is then added to the vial and
reacted violently with the carbon disk, where the carbon disk is exfoliated and deformed.
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Substantial amount of heat is released during the process and orange smoke, presumably NO2, is
generated. 2 minutes later, 2 mL deionized water is added to dilute the acid so that the oxidation
of the carbon disk is terminated. This solution is kept for 3 days to completely digest the MOF.
Next, 4 mL of deionized water is added to the vial to further dilute the nitric acid. The clear solution
for ICP measurement is obtained by centrifuging this carbon-nitric acid mixture at 4400 rpm for 1
minute and collecting the supernatant. The concentration of cobalt in this solution is determined
to be 3.8 ppm with approximately 10% error, giving a total cobalt amount of 30.4 micrograms,
which is calculated to be 5.1*10-7 molar. Considering the overall surface area of 5.25 cm2 on the
carbon disk, the cobalt loading on carbon disk is 6.1*1016 cobalt atom per square centimeter.

Spectroelectrochemistry: Fluorine-doped tin oxide (FTO) coated glass (7 ohm/sq) was
utilized as a transparent conducting substrate for in situ spectroelectrochemical measurements. The
alumina deposition and conversion to MOF procedure was identical as to the carbon disk substrate.
A quartz 5 mL cell served as one compartment electrochemical cell, with Ag/AgClI and Pt serving
as reference and counter electrodes, respectively. The cell was filled with 0.5 M carbonate buffer
saturated with carbon dioxide prior to measurements, and a carbon dioxide atmosphere was
maintained throughout. The FTO working electrode was held at the desired potential for 3 minutes
to reach steady state conditions before acquiring a spectrum. A Shimadzu-3101 PC spectrometer
fitted with an integrating sphere was used for all measurements.

Raman Spectroscopy: Raman measurements are performed on a Horiba Labram JY HR 800
with an Olympus SMPLN 100X objective. A 532 nm diode laser was utilized as an excitation
source. An open one compartment cell served as the in situ cell for the measurement with Ag/AgCl
and Pt functioning as the reference and counter electrodes, respectively. The electrolyte used was
0.5 M potassium carbonate, saturated with carbon dioxide. Surface enhanced Raman spectroscopy
(SERS) substrates were fabricated through electrochemically roughening silver films. First, 300
nm of silver was thermally evaporated onto a titanium foil substrate. Next, the silver was
electrochemically roughened through oxidation-reduction cycles in 3 M potassium chloride
electrolyte. The silver coated titanium electrode was cycled 10 times between -1.2 VV and 0.3 V vs.
RHE at 50 mV/second. All SERS measurements were conducted at steady state conditions.

Grazing Incidence Wide Angle X-ray Scattering (GIWAXS): GIWAXS spectra were
acquired with a Pilatus 2M (Dectris) instrument on beamline 7.3.3 at the Advanced Light Source,
Lawrence Berkeley National Laboratory (A = 1.24 A). The incidence angle was held at 0.12° to
optimize signal collection. Silver behenate was used to calibrate the sample-detector distance and
the beam center. The Nika package for IGOR Pro (Wavemetrics) was utilized to reduce the
acquired 1-D raw data to a 2D format.

Due to the fact that the carbon disks are covered by the salt precipitating from the electrolyte
after electrolysis, the GIWAXS measurements on those samples are not successful due to the
strong scattering of the residue salts near the surface on high angle saturating the detector. The
SEM images are also influenced by the presence of the salt.

MOF Stability Characterization: Due to the fact that the carbon disks are covered by the salt
precipitating from the electrolyte after electrolysis, the GIWAXS measurements on those samples
are not successful due to the strong scattering of the residue salts near the surface on high angle
saturating the detector. The SEM images are also influenced by the presence of the salt.
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Section 3.3 Results and Discussion
Section 3.3.1 Catalytic Activity Screening of Alz(OH): TCPP-M’ MOFs

The catalysts we selected in this work are the Al2(OH).TCPP-H; series [TCPP-H, = 4,4',4",4™-
(porphyrin-5,10,15,20-tetrayl)tetrabenzoate],>® which incorporate the porphyrin-based molecular
units previously reported as selective and efficient homogeneous CO: reduction
electrocatalysts.*%°%%0 Specifically, the cobalt metalated porphyrin units are known to be of
particular interest for CO- reduction and are explored in detail in this work.5:%® The advantage
over using molecular porphyrins as homogeneous catalysts is that each active site is
simultaneously exposed to the electrolyte and electrically connected to the conductive support. We
employ our previously developed methodology for thin-film MOF synthesis,®* which involves the
ALD deposition of metal oxide thin films as metal precursors onto the electrode and subsequent
MOF creation through reacting the coated electrode with the appropriate linker in a DMF solvent
in a microwave reactor.%®

Initially, we studied the effect of employing different metal centers in the porphyrin units on
the catalytic properties of the MOF. We began with 50 ALD cycles of alumina thin films (thickness
of 5 nm) deposited onto conductive carbon disk electrodes, and converted the alumina film to
porphyrin-containing MOF [Al2(OH)>TCPP-M’] structures with free-base porphyrin as well as
porphyrin centers metalated with M’ = Zn, Cu, and Co. Cyclic voltammetry (CV) measurements
of the synthesized metalated porphyrin containing MOFs under an argon or carbon dioxide
environment were used to screen the MOF catalytic performance. The voltammogram traces
feature redox waves attributed to the reduction of the metal centers and catalytic peaks stemming
from the reduction of either protons or aqueous CO., qualitatively matching the behavior of
previously studied analogous porphyrin homogeneous catalysts.>® Notably, the cobalt metalated
MOF exhibits the highest relative increase in current density after saturating the solution with
carbon dioxide (1 atm, 33 mM concentration), increasing from 3.5 to 5.9 mA/cm?. Hence, this
particular catalyst is chosen for further in-depth examination. Previous works have reported
differences in activity and selectivity amongst porphyrins and porphyrin analogues with different
metal centers and cobalt was consistently among the best.®46” The increase in current density under
a CO2 atmosphere for this catalyst may be due to the preferred binding to CO> and increased
kinetics of CO> reduction relative to hydrogen generation for this active site. To exhibit a further
layer of modularity with our MOF-based catalyst design, we modified the inorganic backbone to
prepare cobalt metalated [M2(OH).TCPP-Co, M = Al and In] MOFs (Appendix, Figure A3.2). The
In and In-Al based MOF catalysts also exhibit significant current density increases under a CO>
saturated aqueous bicarbonate electrolyte relative to an argon bubbled electrolyte, suggesting that
the porphyrin units are the essential catalytic active center and the inorganic backbone may be
tuned for additional purposes.
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Figure 3.2. Catalytic performance screening of Al,(OH),TCPP-M series of MOFs. The electrochemical performance
of thin film MOFs with catalytic units comprised of porphryins that were un-metalated (a) or metalated with copper
(b), zinc (c), and cobalt (d) was evaluated. Each MOF displayed an increase in current density in a CO, saturated
solution (e-h), with the cobalt metalated system showing the biggest increase

Section 3.3.2 Catalytic Performance of Al2(OH).TCPP-Co MOF Thin Films

Based on our initial catalyst screening, we focused our subsequent investigation on the
[Al2(OH),TCPP-Co] MOF. The voltammogram trace of this MOF showed an enhanced current
density under a CO- saturated solution relative to argon saturated solution and displayed a redox
couple in addition to an irreversible catalytic peak (Figure 3.3a). Increasing the CV scan rates
(Figure 3.3b) illustrated that a cathodic wave centered roughly -0.4 to -0.5 V vs. reversible
hydrogen electrode (RHE), an irreversible catalytic peak immediately following, and an anodic
peak at -0.2 V vs. RHE increase in magnitude linearly proportional to the square root of the sweep
rate, indicative of a diffusion limited process (Figure 3.3c).63% The first cathodic wave and the
lone anodic wave are likely due to counter ion diffusion to balance a Co(ll/l) redox change and
the irreversible cathodic peak, which is not voltammetric, at the most negative potentials stems
from the diffusion and subsequent reduction of carbon dioxide. The anodic-cathodic wave
separation increased from ~100 mV to ~250 mV with increasing sweep rate, which provided
further evidence that the underlying reaction is not a simple reversible redox process. Previous
electrochemical studies of cobalt porphyrins have attributed a cathodic wave at approximately -
0.5 V vs. RHE to the reduction of the Co(ll) to Co(l) center and we see similar behavior for the
homogeneous HsTCPP-Co (Appendix, Figure A3.5).7° Spectroelectrochemical studies confirmed
the chemical nature of this cathodic wave as discussed below.

60



Balancing reactant diffusion and charge transport is essential for electrochemical catalysis. To
this end, the thickness of the MOF catalyst film was tuned to optimize the performance of the MOF
catalyst by varying the starting ALD alumina layer thickness from 0.5 to 10 nm (Figure 3.3d).
Upon testing a carbon disk electrode with only 5 layers (0.5 nm) of ALD precursor converted to
the MOF, resulting in a ~10 nm thick MOF layer, we observed a two-fold increase in the catalytic
current density (measured at -0.57 V vs. RHE at a sweep rate of 100 mV/s) relative to the bare
carbon disk substrate. The performance of the MOF catalyst increased with increasing active site
loading until reaching a maximum at 50 ALD cycles (MOF thickness of ~30-70 nm). Inductively
coupled plasma atomic emission absorption (ICP-AES) was utilized to quantify the total cobalt
loading on this sample and indicated an upper limit of 6.1 x 10 cobalt atoms (1.1 x 10" mol) per
cm?. The performance decrease observed for higher active site loading is likely limited by charge
transport limitations from the electrode to the MOF periphery or impedance through a thin
insulating alumina layer not fully converted to the MOF. This result highlights the strength of our
ALD-based MOF conversion technique, which allows nanometer precision of catalyst loading to
balance active site density with mass/charge transfer.
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Figure 3.3. Electrochemical CO; reduction catalyzed by Al,(OH),TCPP-Co MOF thin films. The voltammogram
trace of the MOF catalyst exhibits a current increase in a CO2 environment relative to an argon saturated environment
(a). As the scan rate is systematically increased in a CO2 saturated electrolyte (b), the electrochemical waves increase
in magnitude proportional to the square root of the scan rate (c), indicative of a diffusion limited process. The MOF
catalytic performance is maximized at a starting layer thickness of 50 ALD cycles (d), which offers a balance of charge
transport, mass transport, and active site density. The selectivity for each product is tested over a potential range of -
0.5t0-0.9 vs. RHE (e) and reaches upwards of 76% for CO. The steady state current density for product quantification
is illustrated in (). In the low overpotential region, the Tafel slope of 165 mV/decade is closest to that of a one-electron
reduction from CO2 to the CO2- rate limiting step (g).
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Comprehensive product analysis using gas chromatography (GC) and nuclear magnetic
resonance (NMR) was carried out to reveal the nature of the chemical processes occurring within
our MOF catalysts (Figure A3.6). As illustrated in Figure 3.3e, the two main products measured
were CO and Ha, with current selectivity for CO reaching up to 76% at -0.7 V vs. RHE. The
average steady state current density from these measurements is displayed in Figure 3.3f. In
contrast, the un-metalated MOF produces primarily Hz (Figure A3.7). When plotting the partial
current density for CO production on a logarithmic scale vs. the thermodynamic overpotential
(Figure 3.3g) we obtain a Tafel slope of 165 mV/decade in the low overpotential region, which
points to a one electron reduction of CO> to form the CO,' radical as a probable rate limiting step,
though the reaction is likely to be at least in part diffusion limited.'®"*-® However, the exact nature
of the rate limiting step is difficult to determine from the Tafel slope alone, especially in a more
complicated system such as ours. For comparison, studies of porphyrin homogeneous catalysts
have measured Tafel slopes ranging from 100 to 300 mV/decade; thus, the rate limiting step and
mechanism may depend on more than just the active site itself.”*"® We stress that this is the first
incarnation of our MOF electrocatalyst and efforts are being undertaken to further exploit the
modular nature of such systems for the next generation of catalyst.
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Figure 3.4. The stability of the Aly(OH),TCPP-Co MOF catalyst. The catalyst stability was evaluated through
chronoamperometric measurements in combination with faradaic efficiency measurements (a) The green trace
represents geometric current density and blue diamonds denote CO Faradaic efficiency. XRD analysis indicates that
the MOF retains its crystalline structure after chronoamperometric measurement (b). SEM images of the MOF catalyst
film before (c) and after electrolysis (d) reveal the retention of the plate-like morphology.

The stability of the MOF catalyst was next tested over an extended period of time. In controlled
potential electrolysis at -0.7 V vs. RHE in carbon dioxide-saturated aqueous bicarbonate buffer,
the current density reached a stable state after several minutes and subsequently showed no sign
of decrease for up to 7 h, generating 16 mL of CO (0.71 mmol, 5.25 cm? substrate) (Figure 3.4a,).
The lower limit of the TON of the MOF catalyst is quantified through ICP analysis of the electrode
after a testing and is measured to be 1400 assuming every cobalt atom is an electrochemically
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active site (Turnover frequency (TOF) = ~200 ht). The MOF largely retains its crystallinity after
electrolysis and preservation of the framework was evidenced through the retention of the major
powder X-ray diffraction (XRD) peaks (Figure 3.4b). Furthermore, scanning electron microscopy
(SEM) analysis reveals the plate-like morphology has been retained (Figure 3.4c, d). In situ surface
enhanced Raman spectroscopy (SERS) was utilized to confirm the integrity of the organic units
throughout the catalytic process (Figure A2.10). At each applied potential, the primary SERS
peaks attributed to the porphyrin linker remain in the SERS spectrum.

Section 3.3.3 Oxidation State Study of Al2(OH).TCPP-Co Catalyst

In situ spectroelectrochemical testing was next employed to ascertain the cobalt oxidation state
under operating conditions. Such techniques have proven valuable for studying the electronic
structure of porphyrins.70,77-83 We grew the MOF on a transparent conductive fluorine-doped
tin oxide (FTO) substrate and measured the film UV-Vis absorbance for a series of applied
electrochemical potentials (Figure 3.5a). A typical absorption of the cobalt-metalated
[AlI2(OH)2TCPP-Co] MOF in open circuit states featured a Soret band (S0—>S2) at 422 nm and a
Q-band (SO—>S1) at 530 nm. The increase in absorbance at lower wavelengths has also been
attributed to the back-donation of Co(l) into the porphyrin system.62 Upon applying increasingly
negative potential (0 to -0.7 V vs. RHE) to the FTO/MOF electrode in a CO2 saturated electrolyte,
the Soret band at steady state conditions decreases in intensity at 422 nm and increases at 408 nm,
with isosbestic points at 413 nm and 455 nm (Figure 3.5a). Plotting the difference spectra (Figure
3.5b) illustrates the band bleach and increase in the aforementioned spectral regions, which is
subsequently quantified to deduce the formal redox potential (E1/2) of the cobalt center in our
system. The peak in the first derivative of the difference magnitude in these two wavelengths
signified the formal reduction potential of the cobalt porphyrin unit in the MOF at -0.4 V vs. RHE
(Figure 3.5¢), which is consistent with the position of the first cathodic wave in the voltammogram
trace. However, even at more positive potentials than -0.4 V vs. RHE, a fraction of the cobalt
centers are still reduced and are likely to be participating in the catalytic conversion of CO2 to CO.
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Figure 3.5. In situ spectroelectrochemical analysis reveals the oxidation state of the cobalt porphyrin unit of the MOF
under reaction conditions. Upon varying the voltage from 0.2 to -0.7 V vs. RHE, the Co(ll) Soret band decreases at
422 nm and is accompanied by a Co(l) Soret band increase at 408 nm (a). This change is quantified (b) and plotted to
elucidate a formal redox potential of the Co center, which is deemed to be at the peak of the first derivative (c) of the
Co(ll) bleach and Co(l) enhancement.
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The buildup of a Co(l) species under operating conditions and a Tafel slope of 165 mV/decade
indicates that the rate limiting step in our reaction mechanism may be either a CO2 molecule
adsorbing onto a Co(l) porphyrin coupled with a one electron reduction or a one electron reduction
of a Co(1)-CO- adduct. We stress the importance of this spectroelectrochemical data in signifying
that the majority of the cobalt centers are electrically connected to the electrode and are reduced
to the catalytically active Co(l) state.

Section 3.4 Conclusion

We have adapted the method to fabricate the MOF enclosure on On-nano-AgcMOF
mesoscopic constructs to prepare thickness controlled thin film of Al2(OH).TCPP-M’ (M’=Co,
Zn, Cu, H2) MOF on carbon disks. We further applied this approach to fabricate M(OH).TCPP-
Co MOF (M=Al, In) with controllable aluminum and indium distribution on carbon disk and
silicon nanowire. We screened the M2(OH).TCPP-M’ MOF as catalysts for electrochemical
carbon dioxide reduction and found that composition of the inorganic building block of MOF
(aluminum or indium) gave similar catalytic performance, while cobalt metalated porphyrin gave
best catalytic performance among other metalated porphyrin linkers.

The catalytic performance of the Al2(OH).TCPP-Co MOF thin film was subjected to in-depth
study. The thickness of the film was optimized according to the catalytic current. With increasing
film thickness, the current first increase due to higher catalyst loading then decreased due to
limitation in electron and CO> transport in the MOF layer, thus giving an optimized thickness of
50 nm. For MOF film of optimized thickness, the faradic efficiency of CO reach 76% at -0.7 V vs.
RHE with TOF of 200 h%. The catalyst was stable for at least 7 h giving a TON of 1400.

In the catalytic conversion, the cobalt center of the MOF linker was first reduced to Co(l) before
reducing CO2 to CO. The MOF thin film was found to be fully electrocatalytically active by in situ
spectroelectrochemical measurements.

This study verified the applicability of MOF-integrated catalytic systems as modular platforms
for the electrochemical reduction of aqueous CO2. This study represents the development of the
first generation of MOF-based CO2 reduction electrocatalysts in which the active site, inorganic
backbone, and thickness/loading were rationally chosen and the resulting MOF integrated onto a
conductive support. The modularity of these systems yields many opportunities to further improve
performance and open new directions in electrocatalysis.
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Section 3.6 Appendix
(a)

Figure A3.1. The typical morphology of the thin film MOF catalyst prepared from 50 cycles of ALD alumina as the
starting material. Cross section (a,b) and top down (c,d) views depict a flake —like morphology of 30-70 nm thickness.
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Figure A3.2 Integrated GIWAXS spectra reveal that the MOF with un-metalated and Co, Cu, and Zn metalated linkers
grows in the same phase and crystallographic orientation. The X-axis of the spectra is converted to 2-theta values (Cu

Ka).
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Figure A3.3. The one-dimensional MOF SBU is varied (a) between aluminum (blue) indium/aluminum (blue/yellow)
and indium (yellow). MOFs featuring aluminum (b), aluminum/indium (c), and indium (d) SBUs all feature enhanced
current density under the presence of COs.
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Figure A3.4. (a) Elemental mapping is utilized to demonstrate a uniform distribution of the indium/aluminum mixed
metal MOF. Silicon nanowires were used as a platform for mapping because of their compatibility with transmission
electron microscope energy dispersive spectroscopy. The ratio displayed signifies the atomic ratio of
aluminum:indium. The ALD deposition and MOF conversion procedure used in this sample are the same as that for
the carbon disk electrode. (b) Integrated GIWAXS spectra reveal the MOFs with indium and mix-metal SBU has the
same phase as the Aly(OH),TCPP MOF.
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Figure A3.5. CV scans of the Co-TCPP linker drop cast on titanium foil at 100 mV/s under a CO, atmosphere also
displayed a cathodic peak at -0.4 V vs. RHE preceeding an irreversible catalytic peak.
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Figure A3.6. Formate and methane were quantified in trace quantities through GC and NMR analysis.
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Figure A3.7. The MOF activity is stable under -0.8 V vs. RHE for over 2 hours. Upon changing the electrolyte after
1.1 hours of electrolysis, the activity is similar as before, decreasing the likelihood of a homogeneous catalyst being
responsible for the CO2 reduction.

Figure A3.8. The MOF retains its plate-like morphology after 1.5 hours of electrolysis at reducing potentials of -0.5
to -0.9 V vs. RHE.
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Figure A3.9. Electrochemically roughened SERS platforms before (a) and after (b) MOF coating. The roughened
silver served as a clean, surfactant-free substrate which allowed us to acquire clean spectra of the MOF catalyst during
testing. The SERS spectrum (d), after holding for 15 minutes at each potential increment from -.1 V vs. RHE (bottom
trance) to -0.7 V vs. RHE (top trace) further indicates structural preservation of the MOF for this time frame. The
SERS spectra were taken under the same conditions as electrochemical testing. © peaks represent phenyl out of plane
modes and v peaks represent porphyrin core mo
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Chapter 4. Synthesis of Glassy Metal-organic
Frameworks

Section 4.1 Introduction

Conceptually, MOF glasses with permanent porosity can be constructed by applying the
concept of reticular chemistry to conventional glasses (e.g. silicate glasses),'™ where the silicon
atom is replaced by a metal cluster (metal node) and the bridging oxygen atom is replaced by a
ditopic organic linker (organic strut) that linked to the metal node. According to constraint theory,
" the stability of this expanded network should then be equivalent to that of the conventional glass
in terms of the balance between constraints and degrees of freedom. However, in this case, similar
to the ‘isoreticular expansion’ known in crystalline MOFs, the void volume of the system should
become a strong function of the length of the strut, the size of the cluster node, and the manner of
connection between them. Thus, we should be able to combine the maximum (strain-free) rigidity
condition with a large empty space condition, thereby producing nanoporous glasses.
Consequently, we now expect the range of nanoporous MOF glass compositions to greatly exceed
those found in atomic systems such as the classical Ge-As-Se system for which the original
"magic" stability condition, <r> = 2.4, (<r>, the average bond density) was deduced.® (Reproduced
with permission from J. Am. Chem. Soc. 2016, 138, 10818. Copyright 2016 American Chemical
Society.)

Previously, reports of MOF glasses were based on destructive treatments (i.e. thermally induced
amorphization) of crystalline MOFs.21? However, these treatments exclusively lead to
compromised porosity and these MOF glasses were not accessible to gases (no surface area based
on Nz isotherm have been reported).'® Other reported amorphous MOFs, although sometimes have
gas uptake, are essentially amorphous mass, the light scattering by which excludes any description
as a "glass".**> Glasses can be taken through a thermodynamic cycle which includes passage into
the liquid state, and returned to the same state they started in provided the same thermal protocol
is followed. Another class of solution processible porous material, polymers with intrinsic porosity
(PIMs) is of pure organic composition and consists of irregularly packed organic chains,® thus are
fundamentally different from the 3D MOF frameworks developed in this report.

Herein, we use a constructive approach to obtain monolithic, transparent nanoporous MOF
glasses, which relies on a solvent-modulator that dissolves the organic linker and competitively
coordinates to the metal nodes. This solvent-modulator is analogous to mono-dentate modulators
used to tune the morphology and crystallinity of MOFs (e.g. acetic acid in the synthesis of UiO-
66).1” The synthetic procedure we developed start with dissolving the metal nodes and organic
linker in the solvent-modulator to form a liquid. The gradual removal of the solvent-modulator
from the liquid by evaporation enables the linker to coordinate to the metal nodes and form MOF
networks with increasing completeness (or connectivity). This process proceeds until the liquid
turns into a glassy solid, which has the robustness and porosity of a MOF but the shape of a liquid.

The organic linkers we chose to demonstrate this chemistry are bisphenols (Table 1), and the
corresponding modulator, m-cresol is an extraordinary solvent for polymeric compounds (to keep
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the dynamically forming network dissolved) and volatile enough for facile evaporation.'® The
metal-nodes we used are titanium-oxo (Ti-oxo) clusters,**?° which form labile covalent bond with
phenols that can support a 3D porous network but at the same time allows for the necessary
dynamic ligand exchange.?*2? In particular, the Ti1sO16(OEt)s2 cluster is known to undergoes facile
ligand exchanges with phenol and alchohols without the decomposition of the Ti1s016 core.?°

Table 4.1. Various bisphenol struts used in glassy MOF synthesis

Structure formula and

strut character chemical name (CoMmOon Neme) Abbreviation T, (°C) T4 (°C)
HO —@—OH
rigid 1,4-benzenediol HQ 171 -
(Hydroquinone)
sae
- _ A
rigid HO™ ™ OH BPA 158 35.8
2,2-Bis(4-hydroxyphenyl)propane
(Bisphenol-A)
/©/ == OH
I
i,
semi-rigid Ho

4,4'-(1,4-Phenylenediisopropylidene)bisphenol BPP 193 44 1
(Bisphenol-A)
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Section 4.2 Experimental Section
Section 4.2.1 Methods and Materials

Chemicals. 2,2-Bis(4-hydroxyphenyl)propane (BPA) and 2,2-Bis(4-hydroxyphenyl)propane
(BPP) were purchased from Tokyo Chemical Industry Co., Ltd. m-Cresol, titanium ethoxide
[Ti(OEt)4] titanium isopropoxide [Ti(i-OPr)s], 5,10,15,20-tetrakis(4-hydroxyphenyl)porphyrin
(TPPP), anhydrous acetone and ethanol were purchased from Sigma-Aldrich Co. Tetrahydrofuran
(THF), N,N-dimethylformamide (DMF), tetraethylene glycol and methanol were purchased from
Fisher Scientific International Inc.

Analytical techniques and instrument. low-pressure gas adsorption experiments (up to 760
torr) were carried out on a Quantachrome AUTOSORB-1 automatic volumetric instrument
(‘volumetric’, contrary to ‘gravimetric’ represents the method used for determining equilibrium
gas-solid adsorption isotherms: In the volumetric method, pressure is measured before and after

gas expansions from a chamber with known volume to the chamber containing the absorbent at
bath temperature; In the gravimetric method, the mass of the sample is measured by a suspension
balance as pressure is increased). Ultrahigh-purity-grade N2 and He gases were used in all
adsorption measurements. The N2 (77 K) isotherms were measured using a liquid nitrogen bath
(77 K). The backbone density of the glasses is measured by pycnometry on a Quantachrome upyc
1200e V5.04 instrument using He gas. Powder X-ray diffraction patterns (PXRD) were recorded
using a Rigaku Miniflex 600 (Bragg-Brentano geometry, Cu Ko radiation A = 1.54056 A)
instrument. Solution 1H NMR spectra were acquired on a Bruker AVB-400 NMR spectrometer.
Elemental microanalyses (EA) were performed in the Microanalytical Laboratory of the College
of Chemistry at UC Berkeley, using a Perkin Elmer 2400 Series Il CHNS elemental analyzer.
Attenuated total reflectance (ATR) FTIR spectra of neat samples were performed in-house on a
Bruker ALPHA Platinum ATR-FTIR Spectrometer equipped with a single reflection diamond
ATR module. Electron microscopy was performed on a 200-kV Tecnai G220S-TWIN TEM
equipped with a Gatan Orius SC200 CCD camera. The heat capacity studies were carried out on a
Perkin Elmer DSC-7 instrument with the scans conducted at 20 K/min.

Section 4.2.2 Synthesis and Activation of MOF Glasses

The synthesis of Ti-BPA from Tii1sO16(OEt)s2 cluster. 2.5 g Ti(OEt)s was reacted with 107
mg water in 2.5 mL ethanol at 100 °C in a sealed tube for 2 days to give single crystals of
Ti16016(OEt)32 cluster. 154 mg of Ti1s016(OEt)32 and 228 mg of BPA is dissolved in 10 mL THF
and heated at reflux overnight. The yellow precipitate is filtered off and dissolved in 2 mL of
DMF/cresol 1:1 mixture with heating. This solution was heated to 140 °C, casted into a petri dish,
and kept at 140 °C until the solvent evaporates and the glass solidified.

The synthesis of Ti-BPP and Ti-BPA from Ti(O-iPr)s or Ti(OEt)s. 228 mg of BPA and 284
mg of Ti(O-iPr)4 [or 228 mg of Ti(OEt)4] were dissolved in 5 mL of THF respectively, the two
solutions are mixed in a 20 mL vial, which was heated briefly with heat gun (until yellow
precipitate formed) and placed in an oven preheated to 85 °C for 30 minutes. The yellow precipitate
was then collected and dissolved in 2 mL m-cresol/DMF =1/1 mixture and heated to 140 °C. This
mixture was poured in a petri dish preheated to around 150 °C. The solvents (DMF and cresol)
rapidly evaporated (almost boiling), thus lowering the temperature of the petri dish and prevent

75



the continuous boiling of the mixture. The petri dish was then kept at 140 °C until the glass
hardened (typically took 5 to 10 minutes). Prolonged heating or overheating in the cresol
evaporation step can lead to oxidation of cresol (evident by a dark red color of the glass), formation
of bubbles in the glass, and loss of transparency or porosity of the glass.

The Ti-BPP glass can be synthesized using a similar procedure as Ti-BPA glass. 300 mg of
BPP and 90 mg of Ti(OEt)s were dissolved in 5 mL of THF respectively, the two solutions are
mixed in a 20 mL vial, which was heated briefly with heat gun (until yellow precipitate formed)
and placed in an oven preheated to 85 °C for 30 minutes. The yellow precipitate was then collected
and dissolved in 2 mL m-cresol/DMF =1/1 mixture and heated to 140 °C. This mixture was poured
in a petri dish preheated to around 150 °C. The solvents (DMF and cresol) rapidly evaporated
(almost boiling), thus lowering the temperature of the petri dish and prevent the continuous boiling
of the mixture. The petri dish was then kept at 140 °C until the glass hardened (typically took 5 to
10 minutes).

In general, the process of MOF synthesis is robust and insensitive to the stoichiometry of the
reactants. Empirically, excess bisphenol linkers would be removed after the MOF formation by
solvent exchange (see below, activation process) as evidenced by the chemical composition
analysis; inadequate amount of bisphenol linkers relative to titanium would give glass prone to
decomposition in the solvent exchange process.

preparation of MOF glass solutions for glass transition characterization. BPA and
Ti(OEt)s with stoichiometry of Ti:BPA=1:2 were dissolved in THF and heated at reflux overnight
to form yellow precipitates. This THF suspension was then dried and all the resulting solid was
dissolved in cresol with controlled weight. This solution with known composition was evaporated
to the specified cresol content in and measured for glass transition temperature.

For the heating-in-tube experiment, activated MOF glass solids and designated amount of cresol
were put in the bottom of a Pyrex tube, which was flame sealed under vacuum and put in an oven
pre-heated to 200 °C overnight.

The synthesis of mixed linker MOFs. Different ratio of tetraethylene glycol and BPA were
mixed in THF to react with Ti(O-iPr)s keeping the overall molar ratio of Ti:BPA=1:1. The
precipitate was collected by filtration and dissolved in 1:1 cresol/DMF mixtures, which was then
heated and casted according to the procedure mentioned above.

For TPPP and cobalt TPPP (Co-TPPP) doped MOF glass, 20 mg of TPPP (or Co-TPPP) and
102 mg of BPA was reacted with 142 mg of Ti(i-OPr)s in THF. The precipitate was collected by
filtration and dissolved in 1:1 cresol/DMF mixtures, which was then heated and casted according
to the procedure mentioned above.

Activation of the MOF glasses. The activation of the titanium bisphenol glasses started with
solvent exchange. The glass was collected from the petri dish, transferred into a 20 mL vial and
soaked in 15 mL anhydrous acetone for 3 hours. The acetone was then refreshed three times with
the interval of at least three hours to allow for adequate diffusion of the cresol into acetone. Then
the acetone was replaced with anhydrous ethanol or methanol (also refreshed 3 times), which
turned slightly yellow after soaking the glass. In this process, the alcohol not only removed residue
free cresol but also replaced bonded m-cresol (phenoxide) by competing for titanium coordination,
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which further opened up the pore and facilitated the diffusion of m-cresol and unbounded BPP out
of the interior of the glass. Subsequently, the alcohol was replaced by anhydrous acetone again
(refreshed three times) to remove all unbounded alcohols. At this point, the interior of the glass
was filled with acetone, which can be exchanged with supercritical CO». The wet glass was then
transferred to a supercritical CO2drier, in which the sample was washed five times with liquid CO>
with the interval of half hour (liquid CO2 was refreshed every half hour for five times). The system
was heated up to 45 °C and the CO; reached critical point. The supercritical CO2 was bled for 3
hours in very slow flow rate to ambient pressure. The sample was then heated at 120 °C under
dynamic vacuum overnight to completely remove CO> adsorbed in the pore. This activated sample
was then ready for N2 uptake measurement.

The absence of unbounded cresol molecules are evidenced by the absence of —OH vibrations
above 3600 cm™ in the IR spectrum. Also in the digested NMR spectrum, the amount of cresol is
quantified and shown to be of stoichiometric amount, which indicates the cresol found in the NMR
reside as bounded cresolate in the activated glass. The detailed analysis of the activation process
can be found below.

Section 4.2.3 EXAFS Study of Ti-BPA Glass

Extended x-ray absorption fine structure (EXAFS) data was collected at the Advanced Light
Source Beamline 10.3.2. The x-ray wavelength was monochromatized by a Si(111) double-crystal,
fixed exit monochromator. The intensity of the incident x-ray radiation, lo, and the transmitted
intensity, I, were monitored with nitrogen filled ionization chambers. The data was collected at
the Ti K-edge and all spectra were calibrated with a Ti foil measured in transmission mode and
aligned according to a glitch in lo near the absorption edge. The EXAFS of the Ti MOF was
collected in transmission mode because the sample could be poured into a film that, when hardened,
produced an even thickness ideal for transmission.

EXAFS data reduction was performed in Athena.S* Edge step normalization for each spectrum
was performed by subtracting the pre-edge and post-edge backgrounds. For EXAFS background
removal, a cubic spline was fit to the data and the k-space data was Fourier transformed resulting
in an R-space spectrum which was fit in Artemis with multiple k-weight fitting (k*, k?, k3). EXAFS
data was fit to the following EXAFS function:

shells

N; .
XG{) = 55 Z k—Rlei (k)B_Zkzg’z"«’_ZR"M{k] Sin[ZkRi - ‘Pi(k]]
i=1 i

Each coordination shell included in the fit has a specific amplitude contribution to the EXAFS
function that is summed to generate a fit to the data. SZ represents an amplitude reduction factor
which is typically assumed to be chemically transferable and is affected by shake-up effects at the
absorbing atom. N; and R; are the coordination number and half-path length between the central
absorbing atom and a scattering atom, respectively. Since S5 and N; are correlated, it is only
possible to fit the data with one of the two. In this case, being limited by the number of fitting
parameters that could be used in a multi-shell fit, the coordination number was fixed to that from
the model and the SZ was varied. The mean-square disorder in the distance from the central
absorbing atom to a given shell due to thermal fluctuation and structural disorder is represented by
of and is also a fitted parameter. The photoelectron mean free path is represented by A. Lastly,

77



F; (k) is the backscattering amplitude and ¢; (k) is the phase factor for a given coordination shell,
I. These parameters are calculated through ab initio methods using FEFF6 as embedded in Artemis
and Atoms.

Section 4.3 Result and Discussion
Section 4.3.1 Chemical Composition and Building Blocks Analysis of MOF Glasses

The Ti-oxo cluster was synthesized according to literature reports,?® where titanium ethoxide
was reacted with water in ethanol give single crystals of TiisO16(OEt)s2 cluster. This cluster was
then reacted with BPA linkers in THF at reflux overnight, at which condition ethoxide ligand was
replaced by phenolates to form a network. This network can be dissolved in cresol with heating
and the subsequent evaporation of the cresol at 140 °C gives monolithic, transparent glasses. It
was during this process that the Ti-cresolate type bonds of the broken network were systematically
replaced by bridging bonds of the Ti-O-(strut)-O-Ti type, as can be followed by monitoring the
glass transition temperature vs. weight fraction of m-cresol (see below). This MOF glass can also
be obtained by using titanium alkoxide as precursor and the Ti-oxo clusters can be formed in-situ
during the reaction. The transparent orange monolithic glassy product of this process is shown in
Figure 4.1b. This Ti-BPA MOF glass is insoluble in water and common organic solvents such as
DMF, acetonitrile, THF, acetone and only soluble in cresol when heated, indicating the glass is an
extended network instead of an irregular assembly of molecular oligomers.

Removal of solvent to vitrify an assembly of large molecules has actually been used as a means
of preparing glassy solids. The solvent removal plays a role analogous to that of cooling a liquid
of fixed composition, by decreasing the configurational freedom of the large molecules in a
solution. Then, according to the celebrated Adam-Gibbs equation, the viscosity rises exponentially
with configurational entropy (Sc) decrease,?® until the shear relaxation time reaches the order of
minutes and the structure "freezes" for experiments of that time scale. In the MOF glasses case,
the configurational restrictions are accelerated by the formation of the covalent bridging node-to-
node linkages. There are some similarities in our process to the formation of hydrocarbon-
containing silicas(ormosils).?*? However, the organic components of ormosils were highly
flexible hydrocarbon chain fragments, and quite different in their function from that of the Table
1 struts. No generation of porosity was sought nor detected.
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Figure 4.1. MOF glasses consist of Ti-oxo clusters linked up with bisphenol linkers. (a) the structure core of
Ti1s016(OEL)32, Ti, gery; oxygen, red; ethoxides are omitted for clarity. (b) Photograph of monolithic MOF glass in a
10 cm diameter Petri dish, following vitrification by m-cresol evaporation. (c) The X-ray absorption spectrum of the
MOF glass and (d) the fitting of Ti1O16(OEt)s2 structure model to EXAFS of the MOF glass.

We confirmed the presence of Ti-oxo clusters as metal nodes in the MOF glasses by X-ray
absorption spectroscopy at the Ti K-edge. The pre-edge feature is similar to that of Neptunite and
indicates the Ti is six coordinated, which is consistent with the chemical environment of Ti in the
Ti-oxo cluster Ti1sO16(OEt)32 (Figure 4.1c). Also, the position, area and line shape of the pre-edge
peak contradicts known phases of TiO2 The extended X-ray absorption fine structure (EXAFS)
also supported the presence of Ti-oxo clusters, as the TiisO16(OEt)s2 model cluster can be
successfully fit to the EXAFS data acquired for the MOF glass. Specifically, the path length for
the first Ti-Ti scattering was found to be around 3.04-3.07 A, which resembles the path lengths of
Ti-Ti scatterers in the Ti-oxo cluster and the number of Ti-Ti scatters found confirmed the absence
of Ti-O-Ti dimers typically found in Ti-phenol networks.?®

The EXAFS data of the Ti-BPA MOF clearly shows scattering paths of oxygen at ~1.4 A and
a second and third shell peak at ~2.5 and 2.9 A (distances not corrected for a phase factor). Fits to
the data were attempted for both the Ti-oxo cluster and rutile TiO2, though there is no evidence of
crystalline TiO2 formation. These two models have different symmetry but similar coordination
shells, with the main differences being the path lengths and that the first and second oxygen
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coordination numbers in the Ti-oxo cluster are 2 and 4 respectively, while in rutile TiO; they are
reversed. In addition, the shortest Ti-Ti scattering paths have lower symmetry in the Ti-oxo cluster,
meaning not every scattering path could be included due to the limitation on the number of
parameters allowed in the fit which was dictated by the number of independent points used. For
both models, the first two oxygen scattering paths and two shells of Ti scattering paths were
included. Both models fit the data with similar accuracy, but the results for the fitting parameters
demonstrate that the Ti MOF EXAFS better resembles the coordination of the Ti-oxo cluster, with
its successful fitting being limited by the number of scattering paths which can be included. As
shown in Table S1, using either model resulted in a path length for the first Ti-Ti scattering path
of ~3.04-3.07 A. This resembles the path lengths of Ti-Ti scatterers in the Ti-oxo cluster and not
in rutile TiO2, which has a path length of ~2.96 A. For either model, the fitted SZ value was ~0.6,
which has been found in other fits to Ti EXAFS data. A first-shell fit was then performed in which
the S2 was fixed to the result from the multi-shell fit. This was required due to the limitation in the
number of parameters allowed in the first-shell fit. It can be seen in Table S2 that when the
coordination number of the second oxygen is set to 2 in the case of rutile TiO2, the o2 value for
that path was fitted to an unreasonably low value to compensate for the lower amplitude
contributed by the smaller coordination number. The first-shell fit to the Ti-oxo cluster produced
physically reasonable values, demonstrating that the first two shells of oxygen resembled the
distorted octahedron motif of the Ti-oxo cluster, not rutile TiO. The analysis by X-ray absorption
spectroscopy clearly showed that the MOF glass is composed of Ti-oxo clusters as the metal node,
although though it cannot rule out the presence of other Ti-oxo clusters with similar structure to
Ti16016(OEt)32 [€.9. Ti12016(0-iPr)16].2°

Table 4.2. Multiple-shell EXAFS fitting results for fits to the Ti-BPA MOF.

Ti-oxo model Rutile TiO2 model
Shell N R (A) 6? (102 A? N R (A) 6? (102 A?
0.1 2 1.80(3) 1.7(4.8) 4 1.85(2) 4.7(3.4)
0.2 4 1.96(2) 5.2(5.1) 2 2.01(3) 1.7(4.6)
Ti.l 3 3.07(3) 10.1(3.9) 2 3.04(2) 6.4(2.9)
Ti.2 2 3.35(6) 10.6(7.1) 8 3.32(5) 34.3(9.9)

Fitting was carried out with the Ti-oxo cluster or rutile TiO, FEFF models. The fitting ranges are Ak = 2-11 A-1 and
AR =1-3.2 A. The fitted S02 values were 0.61 + 0.12 (Ti-oxo0) and 0.59 + 0.10 (TiO2). The fitted energy parameters
were AEQ = -5.76 + 2.11 (Ti-oxo) and AEO = -5.46 + 1.69 (TiO2).
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Table 4.3. First-shell EXAFS fitting results for fits to the Ti-BPA MOF.

Ti-oxo model Rutile TiO2 model
Shell N R (A) 62 (102 A? N R (A) 6? (102 A?
0.1 2 1.80(3) 1.2(2.9) 4 1.84(3) 4.3(2.2)
0.2 4 1.95(3) 4.8(3.3) 2 2.00(4) 0.6(3.2)

Fitting was carried out with the Ti-oxo cluster or rutile TiO, FEFF models. The fitting ranges are Ak = 2-11 Al and
AR =1.0-2.0 A. The So? values were fixed to those from the multiple-shell fits. The fitted energy parameters were AEg
=-6.46 £ 2.87 (Ti-oxo) and AEq = -6.99 + 2.69 (TiO,).

The presence of Ti-oxo clusters also is consistent with the chemical composition analysis of
the MOF glass, where elemental analysis, ‘digensted” NMR (Figure 4.2 and 4.3) and ICP-AES
were combined to give a typical chemical formula of Ti1sO16(BPA)x(OR)32-x [X ~ 4, OR is cresolate,
hydroxide, and ethoxide]. Infrared spectroscopy was used to confirm the incorporation and
integrity of the BPA and BPP linkers in the glass. Thus, from X-ray absorption spectroscopy and
chemical composition analysis, we confirmed that the Ti-BPA and Ti-BPP MOF glasses are
composed of Ti-oxo clusters linked up with BPA and BPP linkers respectively.

For a typical Ti-BPA glass sample, elemental analysis (CHN analysis by combustion) and
inductively coupled plasma atomic emission spectroscopy (ICP-AES) were combined to give Ti
30.7%, C 33.9%, H 3.9% amd O 31.5%. Since the glass had been activated under dynamic vacuum
at 120 °C overnight to remove all free solvent, the carbon in the Ti-BPA glass can be attributed to
deprotonated alcohols and phenols (i.e. alkoxides and phenoxides), which are: deprotonated BPA
(C15H1402%), cresolate (C7H70), and ethoxide (C2HsO"). Their ratio was calculated from the NMR
spectrum of the "digested” glass in DCI-DMSO mixture to be BPA/cresol/ethanol = 1/0.66/0.58.
Thus, the chemical formula of this batch of the Ti-BPP glass was determined to be
Ti1s016[(BPA)3z.40(cresolate)z os(ethoxide)1.81(OH)2096], which can  be represented as
Ti1s016[(BPA)x (OR)32-2x](x=3.4) . This formula is coincident with the titanium cluster,
Ti16016(OELt)32. The analysis of Ti-BPP glass gave similar results, where their chemical formulae
can be represented by Ti12016(BPP)x(RO)16-2x 0or Ti1sO16(BPP)x(OR)s22x, with x varying from
around 3 to 5 [Ti12016(O-iPr)16 is also a well-known titanium-oxo cluster synthesized in similar
condition to Ti1sO16(OEt)32].

The high Ti/bisphenol ratios found for our MOFs make it necessary to propose a Ti-O cluster
node (as opposed to the single atom node in silicate glasses). These are linked together by
bisphenol struts to give a highly cross-linked, rigid network that allows for the presence and
accessibility of pores in the glass.

Here we describe in detail the procedure of chemical composition analysis using a Ti-BPP glass
as example. The elemental analysis gave relative amount of carbon and hydrogen in the material,
which is 51.44 and 5.07 wt%, respectively. Then 11.6 mg of the Ti-BPP glass was dissolved in
concentrated nitric acid to form a clear solution, which was then diluted to 150 mL in volume. The
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titanium concentration of this solution was determined by ICP-AES to be 18.19 ppm, which
corresponded to 23.5 % weight percentage of titanium in the Ti-BPP glass. As the Ti-BPP glass is
composed of Ti, H, C, O, the oxygen weight percent could be obtained as 20 wt%. This yields an
empirical formula for the Ti-BPP glass of TiCgsH10028 (Ti12C106H120033). Since the glass had
been activated under dynamic vacuum at 120°C overnight to remove all free solvent (in one case,
at 180 °C), the carbon in the Ti-BPP glass can be attributed to deprotonated BPP (C24H240,%), m-
cresol (C7H-0"), and ethanol (C2Hs0"), the ratio between which was determined by digested NMR.
In digested NMR, the MOF glasses were dissolved in DCI-DMSO mixture (typically 1-3 mg glass
in 0.1 mL DCI and 0.6 mL DMSO-ds mixture) overnight and the *H NMR spectrum of this clear
solution was acquired. The integration of peaks corresponding to BPP, ethanol, and cresol in this
NMR spectrum gave their relative ratio, which, in this case, was BPP/cresol/Ethanol = 1/0.78/0.73.
The assignment of carbon to deprotonated BPP, ethanol and cresol gives their relative amount with
respect to titanium, which also accounted for the majority of hydrogen and part of oxygen in the
material. The residue hydrogen and oxygen in the empirical formula were assigned to be OH" and
bridging oxygen with the consideration of overall charge balance. Thus, the chemical formula of
this batch of the Ti-BPP glass was determined to be Ti12O16[(OH)a(C24H2402)3.45(C7H70)255
(C2H50)255]. This is equivalent to Ti12016(BPP)s5(RO)9, where the RO is hydroxide, ethoxide and
cresolate.

Chemical composition analysis of the MOF glasses after each synthetic step. The
precipitate from reacting BPP and titanium alkoxide in THF was analyzed in a similar manner to
give C 69.88% H 6.83% Ti 10.88% O 12.41%. Combining the result from digested NMR, a typical
chemical formula of this powder is TiO(BPP)(THF)oss. This matches well with the chemical
composition of crystalline networks formed by reacting titanium alkoxide with other ditopic
phenols in THF reported in literature. After dissolving the powder in cresol and casting of the glass,
the overall amount of titanium and BPP is preserved as no solid is removed in this process.

The as casted Ti-BPP glass typically has 40 wt % cresol, 60 wt% plymer with composition
Ti:BPP=1:1 [143 mg BPP, 19 mg Ti, 120 mg cresol]. After washing with acetone, 7 wt% cresol
(15 mg) was left and after washing with methanol around 38 mg of BPP was left to give the final
activated product. These results are based on weight analysis on the Ti-BPP glass after each step
of activation and the corresponding analysis of Ti-BPA gave similar result. Some qualitative
conclusions can be made from this analysis: (a) during the entire process, titanium is always
incorporated in the solid and negligible amount of titanium is lost; (b) In the THF heating step, the
titanium alkoxide starts to hydrolyze, only one equivalent of BPP (for BPA, typically 1.5
equivalent) is incorporated in the precipitate, also, the alkoxide ligand can be completely removed
in this step; (c) after the glass is casted, most residue cresol can be removed by acetone, consistent
with the fact these cresol are not chemically bounded; (d) Most of the residue bisphenol can only
be removed by methanol wash, indicating that these bisphenol molecules are likely to be
chemically bond. It is reasonable to speculate that these bisphenols bound to the titanium cluster
with one hydroxyl group and dangling in the pores; (e) during the methanol wash, methanol
molecules replace bonded cresol and dangling bisphenol molecules, making the pores accessible.
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Section 4.3.2 Structural and Porosity Characterization of Ti-BPP and Ti-BPA Glass

The structures of the above mentioned Ti-BPA glass and its derivative Ti-BPP glass were
characterized by X-ray powder diffraction, which gave dominant low angle peaks in the vicinity
of 260 = 2-5°, corresponding to pore-pore separations of about 2 nm comparable to those known
for crystalline zeolite A (Figure 4.6a).2” Transmission electron microscopy (TEM) was employed
to confirm the absence of crystallinity, as no lattice fringes are observed for both the Ti-BPP and
Ti-BPA glasses, with a typical image shown in Figure 4.6b.

a) b)
[ Zeolite A
1854 -/ \—~ S
@ > 20 >
B Ti-BPP
2 176 A
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\,\ Ti-BPA
\-
10 20 30 40 50
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Figure 4.6 Structural characterization of the MOF glasses. (a) XRD pattern for MOF glasses with (i) BPP struts and
(ii) BPA struts, compared with the low angle line of zeolite A (known internal pore dimension = 25 A).?” The
prominent low angle peaks 26 = 4.8° for (i) and 5.0° for (ii) would correspond to 18.5 A and 17.6 A d-spacings in a
crystalline material. (b) The typical TEM image of the MOF glass (Ti-BPP) showing the absence of lattice fringes.

The accessible internal surface of the MOF glasses is clearly demonstrated by N2 adsorption
isotherm. According to the adsorption isotherm shapes of Figure 4.7, the accessible internal surface
is heterogeneously distributed, which is hardly surprising for a glassy material. The total internal
surface area, which is the important quantity, amounts to some 330 m?/g for the Ti-BPA MOF
glass and 267 m?/g for the Ti-BPP MOF glass. The latter result has been obtained for three separate
preparations of this material. Its lower value than for the Ti-BPA material shows that the naive
picture of a strut-length dependent internal surface is inaccurate, no doubt due to the non-rigid
nature of the single oxygen link to the node combined with the extra sp? carbon in the strut. It is
reasonable to expect that the dissolution-evaporation vitrification principle that we have introduced
here will permit extensions to more rigid node-strut connections. Either of the above compares
favorably with the most porous glass that has previously been made by physical methods (Corning
"thirsty glass”, 250 m?/g, made by laborious phase separation and leaching method).?® In the case
of the BPA struts, the gas uptake is quite reversible. The hysteresis so often encountered is only in
evidence for the higher uptake levels, and even then, is not very pronounced.
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Figure 4.7 N, adsorption isotherms of MOFs glasses. The Ti-BPA g-MOF shows highly reversible behavior at low
gas uptake. From these data we calculate internal surface values of 330 and 267 m?/g. Due to the high backbone
density measured by He pycnometry, i.e. 2.7 g/cm? for Ti-BPP, these MOFs are actually more porous than the surface
area indicates. In the case of Ti-BPP, it has free volume of 0.33 cm®cm?, with volumetric N uptake of 216 cm®/cm?.

The internal surface of our MOF glass can be better understood when the high density of the
framework is taken into account and a volumetric measure for porosity is used. The framework
density can be obtained by the helium pycnometry method which, applied to our Ti-BPP g-MOF
samples, yields a value of 2.7 g/cm®. From this we can derive a nitrogen uptake volume of 216
cm?®cm?® of glass corresponding to 33 % open space; a value that places g-MOF at higher porosity
than the first porous MOF (MOF-2, 11 %) and in the range of typical MOFs (MOF-5, 60 %).2

Section 4.3.3 Glass Transition in MOF Glasses

We further consider an interesting aspect of the glass transition signature (Tg) by which the
cohesive energy of a glassy phase is commonly assessed,?® and by which the properties of the
liquid phase above T4 are commonly scaled.?>®! In this respect the Ti-BPA and Ti-BPP glasses,
with 3-dimensional network structure, prove to imitate very dry silica,® vitreous water in its low-
density polyamorphic (LDA) form,*® and also most of the common ambers (highly cross-linked
organic glasses from geologically distant times). These are all problematic because their Ty's are
undetectable except by very sensitive measurements. In the known cases, like the present one, they
seem to become systematically non-existent as the modulator (or network breaking component) is
removed. The significance of vanishing T to theory of the glass transition is currently at the center
of debate. For fragile liquids, configurational heat capacities [Cpconf)] are usually increasing as Tg
is approached whereas, for the smaller number of very strong liquids, the opposite is true, with
Chp(conf) disappearing in some cases. In the "superstrong” cases of water and a-silicon, "ubiquitous”
glass signatures disappear,3*3® including excess entropy in the case of LDA water,% meaning its
glass is in a unique low entropy state ("perfect” glass).36-* Thus the disappearing Cp in our g-MOF
case is intriguing and will be the focus of future investigation.
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Figure 4.8 Glass transition temperature of Ti-BPA solution. (a) Differential scanning calorimetry (DSC) thermograms
of Ti-BPA in m-cresol solutions. The thermogram shows the glass transition followed by m-cresol crystallization,
followed by m-cresol remelting at the high m-cresol contents. As m-cresol content drops to 69.3 wt% m-cresol no
longer crystallizes and both the overshoot and magnitude of the glass transition have greatly diminished. Concomitant
increases in the liquid viscosity suggest greatly increased network formation, which is evidently almost completed at
50 % m-cresol. Insert: T4 vs. m-cresol wt fraction. T4 of pure BPP is 44.2 °C. (b) Indirect characterization of the glass
transition of Ti-BPA with cresol content less than 50%. These Ti-BPA samples have same morphology before heating,
as the overall cresol volume is small. After heating the 40% cresol sample vitrified, the 30% cresol sample clumped.

Figure 4.8 shows the behavior of Ti-BPA solution in cresol, as the wt % of the Ti-BPA network
was increased from effectively zero (1.27 wt %) to the 50 wt % domain. As in polymer-plus-
plasticizer phenomenology,® a highly non-linear relationship between T4 and macromolecule
content was found but, quite unlike the chain polymer case, the strength of the glass transition is
also diminishing. Indeed beyond 50 wt % Ti-BPA the glass transition cannot be detected by
calorimetry but can only be qualitatively speculated by observing the morphology change of the
MOF glasses upon heating. By heating the MOF glasses with different cresol composition at
200 °C overnight, the sample with no cresol retained its morphology, while the one with 30%
cresol clumped and the one with 40% cresol vitrified, indicating the trend of glass transition
diminishes with the decrease in cresol content holds throughout all cresol content. This is more
like the classic behavior of alkali silicate glass formers as the alkali oxide component is evaporated
off, or of organic polymers as crosslink density is maximized. The fact that the Tg4 disappears
(Figure 4.8) while there is still so much m-cresol present, strongly suggests that the network is
already complete at 50 % cresol, and the remaining solvent is sequestered, in a dynamic
plasticizing role, in the intra-network pore spaces.

This constructive approach to synthesize MOF glasses is highly versatile, as multi-dentate
alcohols and phenols can be used to substitute the BPA and BPP strut and still produce monolithic
glasses. For example, flexible organic linkers, such as tetraethylene glycol, can also be
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incorporated in monolithic glasses (Appendix, Figure A4.3 and A4.4). Additionally, functional
molecule with hydroxyl groups can be mixed with BPA struts to produce functionalized MOF
glasses, as exemplified by the incorporation of tetrakis-(4-hydroxyphenyl)-porphine (TPPP)
molecule in the Ti-BPA glasses. In this experiment, 10% TPPP is mixed with BPA a give a purple
glass with slightly higher porosity (Figure A4.4).

Section 4.4 Conclusion

Glassy metal-organic frameworks with intrinsic porosity were synthesized for the first time
with titanium-oxo cluster as inorganic nodes and bisphenol linkers are organic strut by a solvent-
modulator approach. In this synthetic process, the inorganic nodes and organic struts were
dissolved in m-cresol solvent, which has the same phenol functional group as the bisphenol struts
and thus capped the inorganic nodes and prevent the formation of extended MOF framework. The
evaporation of m-cresol led to the formation of monolithic and translucent MOF glass, where the
inorganic nodes were linked by the organic struts with residue solvents filling the pore.

Activation of these MOF glasses by removing solvent from the pore gave rise to accessible
internal surface of approximately 300 m?/g, which is comparable to the early crystalline MOFs.
The glass transition temperature of these MOF glasses was found to increase exponentially with
decreasing amount of cresol filling the pore. This feature allowed the MOF glasses to be processed
as liquid in the preparation process and had high thermal stability after hardened by solvent
evaporation.
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Figure A4.2. Image of as casted MOF glasses incorporating tetraethylene glycol (TEG) linker in different ratio
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Chapter 5. Reticular Design of Woven Frameworks

Section 5.1 Introduction

Weaving, the mutual interlacing of long threads (Scheme 5.1a), is one of the oldest and
most enduring methods of making fabric. The equivalent of this important design concept is yet to
be emulated in extended chemical structures. Learning how to link molecular building units by
strong bonds using reticular synthesis into weaving forms would be a boon to making materials
with exceptional mechanical properties and dynamics.® In order to successfully design weaving of
chains into two- and three-dimensional chemical structures, long threads of covalently linked
molecules (i.e. one-dimensional units) must be able to cross at regular intervals. It would also be
desirable if such crossings serve as points-of-registry so that the threads can have many degrees of
freedom to move away and back to such points without collapsing the overall structure.

The concept of weaving in chemistry has long been sought after and examples are known of
structures made from weaving of metal-organic chains.? However, it remains a challenge to
achieve well-defined materials and to assemble their structures by design. In addition, weaving in
crystalline inorganic or covalent organic extended structures is undeveloped. Herein, we report a
general strategy and its implementation for the designed synthesis of the first weaving material
(covalent organic framework-505, COF-505). This COF has helical organic threads interlacing to
make a weaving crystal structure with the basic topology of Scheme 5.1b, and show that this
material has an unusual behavior in elasticity. Although terms such as interweaving® and
interpenetrating*® have been used to describe interlocking of two- and three-dimensional extended
objects (Scheme 5.1c and d), most commonly found in metal-organic frameworks, we reserve the
term weaving to describe exclusively the interlacing of one-dimensional units to make two- and
three-dimensional structures (Scheme 5.1a and b). Weaving is distinctly different from the
commonly observed interpenetrating frameworks as the latter is topologically interlocking (i.e.
interlocking rings, Scheme 5.1, insets), while the weaving constructs we envision have many more
degrees of freedom for enormous spatial deviations, by each of the threads, to take place
independently and still preserve the underlying topology. We believe this freedom is necessary for
reversible control over the mechanical properties of materials.

Our synthetic strategy for making weaving structures by design is based on the reticular
synthesis of COFs. In this synthetic design, aldehyde (amine) functionalized derivative of tetra-
topic metal complexes, where the position of the aldehyde (amine) groups approximates a
tetrahedral geometry are used in reticular COF synthesis as the tetrahedral building block. This
building block would be linked with di-topic amine (aldehyde) to give a diamond topology
framework with interlacing imine-bonded molecular threads with the counter ions (i.e.
tetrafluoroborate anions) occupying the pores.
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Scheme 5.1. Illustrations of weaving and entanglement. Weaving of threads in two- (a) and three-dimensions (b) and
entanglements of sheets (c), three-dimensional networks (d), and interlocking of rings (insets).

Section 5.2 Experimental Section
Section 5.2.1 Methods and Materials

Chemicals. Tetrahydrofuran (HPLC grade, Aldrich) was passed through a PureSolv MD 7
Solvent Purification System before use. 4,4'-(1,10-Phenanthroline-2,9-diyl)dibenzaldehyde was
synthesized according to published literature.® Co(BF4)2-6H20 (purity > 99 %), Fe(BF4)2 -6H.0
(purity > 97 %), p-phenylenediamine (PDA, purity > 99 %), polyvinylpyrrolidinone (PVP, M.
10,000, and M. 360,000), ethanol (anhydrous, purity > 99.5 %), and triethylamine (TEA, purity
> 99.5 %) were obtained from Sigma-Aldrich. 1,3,5-Triformylbenzene (TFBZ, purity > 98 %), 4-
(tert-butoxycarbonylamino)-aniline (NBPDA, purity > 97 %), acetone (anhydrous, purity >
99.8 %), isopropanol (anhydrous, purity > 99.8 %) were obtained from Acros Organics. 2,6-
Pyridinedicarboxaldehyde (PCBA, purity > 98 %) was obtained from TCI. Toluene (anhydrous
purity > 99.8%)), acetonitrile (purity > 99.8%), glacial acetic acid (purity 100%) and trifluoroacetic
acid (TFA, purity > 99.7 %) were obtained from EMD Millipore Chemicals.

All reactions were performed at ambient laboratory conditions, and no precautions taken to
exclude oxygen or atmospheric moisture, unless otherwise specified. Pyrex glass tube charged
with reagents and flash frozen with liquid N2 were evacuated using a Schlenk line by fitting the
open end of the tube inside a short length of standard rubber hose that was further affixed to a
ground glass tap which could be close to insolate this assembly from dynamic vacuum when the
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desired internal pressure was reached. Tubes were sealed under the desired static vacuum using an
oxygen propane torch.

Analytical techniques and instrument. Gas adsorption experiments (up to 760 torr) were
carried out on a Quantachrome AUTOSORB-1 automatic volumetric instrument. Ultrahigh-purity-
grade N2 and He gases were used in all adsorption measurements. The N2 (77 K) isotherms were
measured using a liquid nitrogen bath (77 K). The backbone density of the COF-112 was measured
by pycnometry on a Quantachrome-UPYC 1200e V5.04 instrument using He gas. Powder X-ray
diffraction(PXRD) patterns were recorded using a Rigaku Miniflex 600 (Bragg-Brentano
geometry, Cu K, radiation A = 1.54 A) instrument. Solution *H NMR spectra were acquired on a
Bruker AVB-400 and AV-600 NMR spectrometer. Elemental microanalyses (EA) were performed
in the Microanalytical Laboratory of the College of Chemistry at UC Berkeley, using a Perkin
Elmer 2400 Series Il CHNS elemental analyzer. The amount of Co, Fe and B in COF-112 was
analyzed by an ICP—AES spectroscometer with Optima 7000 DV (PerkinElmer) instrument.
Attenuated total reflectance (ATR) FTIR spectra of neat samples were performed on a Bruker
ALPHA Platinum ATR-FTIR Spectrometer equipped with a single reflection diamond ATR
module. Scanning electron microscope (SEM) images were recorded on a Zeiss Gemini Ultra-55
analytical scanning electron microscope with accelerating voltage of 5 kV. Optical refractive index
was measured using ellipsometer (Gaertner Scientific Corporation). Single crystal X-ray
diffraction data was collected using synchrotron radiation on beamline 11.3.1 at the Advanced
Light Source (ALS) at Lawrence Berkeley National Lab (LBNL), equipped with a Bruker Photon
100 CMOS area detector using synchrotron radiation (16 keV) and Bruker D8 Venture
diffractometer equipped with a fine-focus Mo target X-ray tube operated at 40 W power (40 kV,
1 mA) and a PHOTON 100 CMOS detector. Samples were mounted on MiTeGen® kapton loops
and placed in a 100 K nitrogen cold stream unless otherwise specified. Grazing-Incidence Wide-
Angle X-ray Scattering (GIWAXS) patterns were acquired with a Pilatus 2 M (Dectris) instrument
on beamline 7.3.3 at the ALS (A = 1.24 A). The incidence angle was held at 0.120° to optimize
signal collection. Silver behenate was used for calibration. The Nika package for IGOR Pro
(Wavemerics) was used to reduce the acquired 1D raw data to a 2D format.

A cold field emission JEM-2100F equipped with a DELTA Cs corrector operated at 60 KV was
used for HRTEM imaging. Since COF materials are electron beam sensitive, the electron beam
damage to the specimen was minimized as much as possible (in this study, the beam density during
the observations was less than 500 electrons/(nm?-s)). A Gatan 894 CCD camera was used for
digital recording of the HRTEM images. A single HRTEM image with an exposure time of 2
seconds or a sequence of images (up to 20 frames) was recorded, with a 1 or 2 seconds exposure
time for each. After drift compensation, some frames can be superimposed to increase the signal-
to-noise (SN) ratio for display. HRTEM images are filtered by a commercial software named
HREM-Filters Pro (HREM Research Inc. Japan). COF crystals were dispersed into ethanol by
ultrasonic oscillation and dropped on a carbon film supported TEM grid. 3D electron diffraction
tomography (3D-EDT) data were collected on a JEOL JEM-2100, with LaB6 filament and the
control of EDT-collect program.” The data was further processed by EDT-process program.

Model building in Material Studio: The rough positions of metal ions were obtained at the
maxima of reconstructed 3D potential map from Fourier analysis of HRTEM image. metal
complex molecules were put into one unit cell as a rigid body with metal ion positions fixed. The
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orientation of complex was initially refined using PXRD pattern at first. To make it an extended
structure, one metal complexes was connected to its four neighbors through corresponding COF
building blocks. Then the crystal structure was optimized through energy and geometrical
minimization. Anions BF4 were located during Rietveld refinement using PXRD patterns.

Section 5.2.3 Synthesis and Characterization of COF-505

Synthesis of Cu(PBD)2.[Cu(CH3CN)4]BF4 (388 mg, 1.00 mmol) was dissolved in anhydrous
CH3CN (8 mL) under a N2 atmosphere and added to a solution of 4,4'-(1,10-phenanthroline-2,9-
diyl)dibenzaldehyde (157 mg, 0.500 mmol) in CHCIs (16 mL), affording a dark red solution, which
was stirred at room temperature for 30 min. The solution was then concentrated under vacuum to
afforded an analytically pure compound as a red solid (545 mg, quantitative). *H NMR (400 MHz,
CDCls) 6 9.69 (s, 4H), 8.29 (d, 3J = 7.9 Hz, 8H), 8.18 (d, %J = 8.4 Hz, 4H), 8.07 (d, 3J = 8.4 Hz,
4H), 7.70 (d, 3J = 7.9 Hz, 8H), 7.60 (s, 4H). ESI-MS for [Cs;H32CuN4O4]* (Calcd. 839.17): m/z
=839.17 ([M]*, 100%); Elemental analysis: Calcd. For C100HesBCuFsNs: C, 67.36; H, 3.48; N,
6.04%. Found: C, 66.34; H, 3.37; N, 5.81%.

Synthesis and Activation of COF-505. A Pyrex tube measuring 10 x 8 mm (0.d x i.d) was
charged with Cu(PBD): (15 mg, 0.016 mmol), BZ (6.0 mg, 0.032 mmol), 1 mL of anhydrous THF
and 0.1 mL of 6 M aqueous acetic acid solution. The tube was flash frozen at 77 K (liquid N2 bath),
evacuated to an internal pressure of 50 mTorr and flame sealed. Upon sealing, the length of the
tube was reduced to 18-20 cm. The reaction was heated at 120 °C for 72 h yielding a brown solid
at the bottom of the tube which was isolated by centrifugation and washed with anhydrous THF
and dried at 120 °C under 50 mTorr for 12 h. This material is insoluble in water and common
organic solvents such as hexanes, methanol, acetone, tetrahydrofuran, N,N-dimethylformamide,
and dimethyl sulfoxide, indicating the formation of an extended structure. Yield: 18.7 mg, 94.4%
based on Cu(PBD).. Elemental analysis: for For C76HsBCuFsNg-4H20: Calcd. C, 70.45; H, 4.36;
N, 8.65%. Found: C, 70.13; H, 4.03; N, 8.50%.

Synthesis of the molecular analogue of COF-505, Cu(l)-bis[(1E,1'E)-1,1"-((1,10-
phenanthroline-2,9-diyl)bis(4,1-phenylene))bis(N-([1,1'-biphenyl]-4-yl)methanimine)]
tetrafluoroborate [Cu(PBM)2]: A mixture of Cu(PBD)2 (50.0 mg, 0.108 mmol) and 4-phenyl-
aniline (110 mg, 0.648 mmol) in anhydrous p-xylene and chloroform 1:1 mixture (15 mL) was
stirred under reflux with a Dean-Stark apparatus over 24 h. An dark grey solid was precipitated by
adding additional p-xylen after cooling down the mixture to room temperature, which was then
collected by filtration and dried under vacuum (49 mg, 99% yield). *H NMR (600 MHz, DMSO-
ds) 0 8.81 (d, 3J = 8.1 Hz, 4H), 8.33 (s, 4H), 8.19 (d, 3J = 8.2 Hz, 4H), 8.12 (s, 4H), 7.76 (d, 3J =
7.8 Hz, 8H), 7.72 (d, 3J = 7.5 Hz, 8H), 7.60 (d, 3J = 7.9 Hz, 8H), 7.49 (t, %J = 7.7 Hz, 8H), 7.39 (s,
4H),7.37 (d, 3 = 7.5 Hz, 8H), 7.13 (d, 3J = 7.7 Hz, 8H). ESI-MS for [C100HesCuNs]" (Calcd.
1444.49): m/z =1444.48 ([M]*, 100%); Elemental analysis: Calcd. For C100HssBCuFNs: C, 78.40;
H, 4.47; N, 7.31%. Found: C, 76.25; H, 4.55; N, 6.92%.

X-ray single-crystal structure analysis of Cu(PBD)2. Single-crystals of the complex were
crystallized by the slow diffusion of hexane vapor into a CH2Cl, solution of Cu(PBD)2. A red
block-shaped crystal (0.150 x 0.120 x 0.100 mm) was measured and the specimen was cooled to
-123 °C using an Oxford Cryosystem chilled by liquid nitrogen. Bruker APEX2 software package
was used for data collection; SAINT software package was used for data reduction; SADABS was
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used for absorption correction; no correction was made for extinction or decay. The structure was
solved by direct methods in a triclinic space group P-1 with the SHELXTL software package and
further refined with least squares method. The details of crystallography data are shown in
Appendix (Table A5.1).

Figure 5.1 Crystal structure of Cu(PBD),. Thermal ellipsoids are shown with 50% probability.

Solid-State 3C CP-MAS nuclear magnetic resonance spectroscopy. Solid-state nuclear
magnetic resonance (NMR) spectra were recorded at ambient pressure on a Bruker AV-500
spectrometer using a standard Bruker magic angle-spinning (MAS) probe with 4 mm (o0.d.)
zirconia rotors. The magic angle was adjusted by maximizing the number and amplitudes of the
signals of the rotational echoes observed in the °Br MAS FID signal from KBr. The transmitter
frequnce of *C NMR is 125.80 MHz.

The solid-state *C NMR spectra were acquired using cross-polarization (CP) MAS technique
with the ninety degree pulse of *H with 4.2 ps pulse width. The CP contact time was 2 ms. High
power two-pulse phase modulation (TPPM) *H decoupling was applied during data acquisition.
The decoupling frequency corresponded to 32 kHz. The MAS sample spinning rates was 11 kHz.
Recycle delays between scans were 2 s. The 3C chemical shifts are given relative to neat
tetramethylsilane as zero ppm, calibrated using the methylene carbon signal of adamantane
assigned to 38.48 ppm as secondary reference.

The experimental setup for cross-polarization and polarization inversion (CPPI) spectral editing
is the same as the CPMAS experiment. Pulse sequences are included in work by Zilm and co-
workers (14). Spectral editing parameters were determined as *H with 6 ps pulse width, cross-
polarization times of 2 ms, and a polarization inversion time of 40 ps.

Demetalation and remetalation of COF-505. To a suspension of COF-505 powder was added
a 0.3 M KCN solution ina 1:5 mixture of CH3sOH and H-O, and was heated at 90 °C. The solution
was replaced by a fresh solution of KCN every 24 h and this procedure was repeated three times.
Control experiment without KCN solution was also conducted under otherwise identical
conditions. Subsequently, both samples were washed with anhydrous CH3zOH and dried at 120 °C
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under 50 mTorr for 12 h. The demetalated material was observed to be pale-yellow in color, in
contrast to the dark brown color of COF-505.

The remetalation process was carried out in similar conditions with the complexation reaction
to yield complex Cu(PBD).. Dried powder of the demetalated material was immersed in anhydrous
CHCl3, to which was added a 0.01 M Cu(CH3sCN)BF4 solution. This mixture was stirred for 12 h
under N2 at room temperature and dark brown color was recovered.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to determine
the copper component in these materials. Samples were dissolved in OPTIMA grade nitric acid.
The stock solutions were then diluted to 1:10 (v/v) with H20O, which were analyzed on an Agilent
7500ce ICP-AES using helium collision gas mode. The copper content in COF-505
(C76H4sBCuFsNg-4H20) is calculated to be 4.9% and measured to be 4.8%, while in the
demetalated material, it was determined to be in the range of 0.15% to 0.38%, approximately 3-8%
of the original Cu concentration. After remetalation, the Cu content was determined to be 3.9% to
4.2%, which is 82-88% of COF-505.

Mechanical studies of COF-505 by atomic force microscope (AFM). Nano-indentation
based on AFM (Nanoscope Dimension 3100) was employed to measure Young’s modulus of COF-
505 and the demetalated material.® AFM images of the particles were first acquired under non-
contact mode, followed by indentation at the summit of the aggregate which is relatively flat.

Following the standard procedure of nano-indentation, the Young’s modulus is related to the
indentation curve by Eq. (1):

s=-P_p2E, Ja (1)
dh Vs

For COF-505, we found the indentation curve is close to pure elastic deformation at small depth
described by Hertz theory. Its Young’s modulus is calculated to be 12.5 GPa using a tip radius of
15 nm, and Poisson’s ratio of v = 0.3. This value lies within the typical range of MOFs.® The
measured Young’s moduli of other COF-505 particles and remetalated COF-505 are within 30%
deviation. On the contrary, the demetalated material is very soft and shows significant plastic
deformation under moderate force. Applying Eq. (1) we obtained its Young’s modulus around 1.3
GPa, assuming a tip radius of 15 nm and a tip angle of 30°.

Section 5.2.3 Synthesis and Characterization of COF-112

Synthesis of 2,6-pyridinedicarboxaldhydebis-(p-aminophenylimine) (NH2-DIP): 2,6-
pyridine- dicarboxaldehyde (270 mg, 2 mmol) was dissolved in 16 mL of anhydrous isopropyl
alcohol under nitrogen. This solution was added dropwise into 1,4-benzenediamine (648 mg, 6
mmol) in 16 mL of ethanol. The reaction mixture was stirred for 30 min and filtered. The
precipitate was washed with ethanol thoroughly and dried to give compound NH2-DIP (518 mg,
82%). 'H NMR (400 MHz, d-DMSO) ¢ 8.64 (s, 2H), 8.11 (d, 3J = 7.6 Hz, 2H), 7.98 (t, 3J = 8.0
Hz, 1H), 7.25 (d, 3J = 8.8 Hz, 4H), 6.62 (d, 3J = 8.4 Hz, 4H), 5.43 (s, 4H). HRMS (ESI*) for
[C19H18Ns]" (M+HY): m/z Calcd. 316.3875, found =316.1557.

Synthesis of 2,6-pyridinedicarboxaldhydebis-(p-aminophenylimine) (NHBoc-DIP): 2,6-
pyridine-dicarboxaldehyde (128 mg, 0.95 mmol) was dissolved in 5 mL of isopropyl alcohol
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purged with nitrogen. This solution was added dropwise into 4-(tert-butoxycarbonylamino)-aniline
(396 mg, 1.90 mmol) in 5 mL of ethanol. The reaction mixture was stirred for 30 min and filtered.
The precipitate was washed with ethanol thoroughly and dried to give compound NHBoc-DIP
(387.0 mg, 79%). *H NMR (600 MHz, d-acetone ¢ 8.71 (s, 2H), 8.56 (s, 2H), 8.30 (d, 3J = 7.8 Hz,
2H), 8.01 (t, 3J = 7.8 Hz, 1H), 7.67 (d, 3J = 8.4 Hz, 4H), 7.40 (d, 3J = 8.4 Hz, 4H), 1.50 (s, 18H).
HRMS (ESI*) for [C29H3304Ns]* (M+H"): m/z = Calcd 516.6215, found 516.2611.

Synthesis of Co(NH2-DIP)2(BF4)2. Co(BF4)2:6H20 (102.2 mg, 0.3 mmol) was dissolved in 5
mL of MeCN and added to a solution of NH>-DIP (188.2 mg, 0.6 mmol) in 5 mL of CHCl,
affording a dark brown solution, which was stirred under N2 at room temperature for 30 min. The
solution was then concentrated under vacuum to afford this compound as a dark brown solid (258
mg, quantitative). HRMS (ESI*) for [CssH3aN10Co1]** m/z = Calcd 344.6144, found 343.1152.
This complex was further studied by single crystal X-ray diffraction (Figure A5.1).

Synthesis of Co(NHBoc-DIP)2(BF4)2. Co(BF4)2-6H20 (128 mg, 0.375 mmol) was dissolved
in 5 mL of MeCN and added to a solution of NHBoc-DIP (387 mg, 0.75 mmol) in 5 mL of CH.Cl,
affording a dark brown solution, which was stirred under N2 at room temperature for 30 min. The
solution was then concentrated under vacuum to afford an analytically pure title compound as a
dark brown solid (473.0 mg, quantitative). HRMS (ESI*) for [CssHssOsN10C01]** m/z = Calcd
544.7193, found 544.7194.

Synthesis of Fe(NH2-DIP)2(BF4)2. Fe(BF4)2:6H20 (101.2 mg, 0.3 mmol) was dissolved in 5
mL of MeCN and added to a solution of NH2-DIP (188.2 mg, 0.6 mmol) in 5 mL of CHCly,
affording a dark solution, which was stirred under N2 at room temperature for 30 min. The solution
was then concentrated under vacuum to afford the title compound as a dark brown solid (256.0 mg,
quantitative). HRMS (ESI*) for [CasH3sN1oFe]** m/z = Calcd 343.1153, found 343.1152.

One-pot homogeneous synthesis route to COF-112-Co. A Pyrex tube measuring 10 x 8 mm
(0.d x i.d) was charged with 2,6-pyridinedicarboxaldehyde (5.4 mg, 0.04 mmol), 4-(tert-butoxy-
carbonylamino)-aniline (8.3 mg, 0.04 mmol), Co(BF4)2:6H.0 (6.8 mg, 0.02 mmol), 0.3 mL of
anhydrous MeCN, 0.4 mL of anhydrous toluene and 0.05 mL of aqueous trifluoroacetic acid
solution (trifluoroacetic acid: water: 1:4). The tube was flash frozen at 77 K (liquid N2 bath),
evacuated to an internal pressure of 50 mTorr and flame sealed. Upon sealing, the length of the
tube was reduced to 18-20 cm. The reaction was heated at 85 °C for 48 h, yielding brown solids at
the bottom of the tube which was isolated by centrifugation and washed with anhydrous acetone
and dried at 120 °C under 50 mTorr for 12 h. This material is insoluble in water and common
organic solvents such as hexanes, methanol, acetone, tetrahydrofuran, N,N-dimethylformamide,
and dimethyl sulfoxide, indicating the formation of an extended
structure. C26H1sNsC01B2Fg2H20: Calcd.: C, 45.72; H, 3.25; N, 12.30; Co, 8.63; B, 3.17; F, 22.25;
0, 4.68%. Found: C, 45.57; H, 3.81; N, 12.05; Co, 8.41; B, 3.14%.

Metal-complex synthetic route to COF-112-Co with Co(NH2-DIP)2(BFa4)2. A Pyrex tube
measuring 10 x 8 mm (o0.d x i.d) was charged with Co(NH2-DIP)2(BF4)2 (8.6 mg, 0.01 mmol), 2,6-
pyridine-dicarboxaldehyde (2.7 mg, 0.02 mmol), Co(BF4)2:6H20 (3.4 mg, 0.01 mmol), 0.4 mL of
anhydrous MeCN, 0.6 mL of anhydrous toluene and 0.1 mL of 6 M aqueous acetic acid solution.
The tube was flash frozen at 77 K (liquid N2 bath), evacuated to an internal pressure of 50 mTorr
and flame sealed. Upon sealing, the length of the tube was reduced to 18-20 cm. The reaction was
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heated at 120 °C for 72 h, yielding brown solids at the bottom of the tube. The solids were isolated
by centrifugation and washed with anhydrous acetone and dried at 120 °C under 50 mTorr for 12
h.

Homogeneous synthesis of COF-112-Co with Boc-protected complex Co(NHBoc-
DIP)2(BFa)2. A Pyrex tube measuring 10 x 8 mm (o.d x i.d) was charged with Co(NHBoc-
DIP)2(BFs)2 (12.6 mg, 0.01 mmol), 2,6-pyridine-dicarboxaldehyde (2.7 mg, 0.02 mmol),
Co(BF4)2:6H20 (3.4 mg, 0.01 mmol), 0.3 mL of anhydrous MeCN, 0.4 mL of anhydrous toluene
and 0.05 mL of aqueous trifluoroacetic acid solution (trifluoroacetic acid: water: 1:4). The tube
was flash frozen at 77 K (liquid N2 bath), evacuated to an internal pressure of 50 mTorr and flame
sealed. Upon sealing, the length of the tube was reduced to 18-20 cm. The reaction was heated at
100 °C for 48 h yielding brown solids at the bottom of the tube.

Synthesis of COF-112-Fe. A Pyrex tube measuring 10 x 8 mm (o0.d x i.d) was charged with
Fe(NH2-DIP)2(BF4)2 (8.6 mg, 0.01 mmol), 2,6-pyridinedicarboxaldehyde (2.7 mg, 0.02 mmol),
Fe(BF4)2:6H20 (3.3 mg, 0.01 mmol), 0.4 mL of anhydrous EtOH, 0.6 mL of anhydrous toluene
and 0.1 mL of 6 M aqueous acetic acid solution. The tube was flash frozen at 77 K (liquid N2 bath),
evacuated to an internal pressure of 50 mTorr and flame sealed. Upon sealing, the length of the
tube was reduced to 18-20 cm. The reaction was heated at 120 °C for 72 h yielding black solids at
the bottom of the tube which was isolated by centrifugation and washed with anhydrous acetone
and dried at 120 °C under 50 mTorr for 12 h. This material is insoluble in water and common
organic solvents such as hexanes, methanol, acetone, tetrahydrofuran, N,N-dimethylformamide,
and dimethyl sulfoxide, indicating the formation of an extended structure. Elemental analysis:
CasH1sNsFe1B2Fg'H20: Calced.: C, 45.18; H, 3.05; N, 12.70; Fe, 8.44; B, 3.27; F, 22.96; O, 2.42%.
Found: C, 47.03; H, 3.68; N, 12.15; Fe, 8.95; B, 3.07%.

Synthesis of Non-Metallated Polyimine Chain and Amorphous counter part of COF-112.
PCBA and PDA were condensed without cobalt under conventional heterogeneous imine COF
synthesis condition to give a crystalline polyimine, the PXRD pattern of which differs from COF-
112. From well-known polymer chemistry, linear polymers often pack in parallel manner instead
of interlacing manner. Thus, although the exact structure of the polyimine could not be solved
from powder X-ray diffraction, it is clear that it has a structure substantially different from COF-
112. When reacting the crystalline polyimine with cobalt salt under the same heterogeneous imine
COF synthesis condition, metalation took place (the powder become reddish brown) and the
powder X-ray diffraction peaks disappeared, indicating the reversible imine condensation enable
the partially metallated polyimine chain to change its configuration but not sufficiently to arrive
in the complete woven structure of COF-112. We believe this experiment rationalizes the failure
of one-pot heterogeneous route to get COF-112, where the partially metallated polyimine chain
would first form upon mixing of reagents, followed by metalation. Solvent annealing in this case
would also be insufficient to correct defects and yield crystalline COF-112.
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Section 5.3 Result and Discussion

Our synthetic strategy for making weaving structures by design is shown in Scheme 3, where
we start with the aldehyde functionalized derivative of the well-known Cu(l)-bis[4,4'-(1,10-
phenanthroline-2,9-diyl)dibenzaldehyde] tetrafluoroborate, Cu(PDB)2(BF4) complex salt (Scheme
3A). The position of the aldehyde groups approximates a tetrahedral geometry and therefore can
be used in reticular synthesis as a building block to be linked with benzidine (BZ) and make imine-
bonded PDB-BZ threads weaving arrangement with the tetrafluoroborate anions occupying the
pores (Scheme 3B). The fact that the PDB units are oriented in a mutually interlacing fashion
ensures that the threads produced from linking of the building units are entirely independent, with
the copper(l) ions serving as templates (points-of-registry) to bring those threads together in a
precise manner at well-defined intervals. Since the PDB-BZ threads are topologically independent
of the copper ions, the resulting weaving structure is formally a COF (termed COF-505). The
overall tetrahedral geometry of the aldehyde units ensures the assembly of the threads into a three-
dimensional framework (Figure 5.1). In the present case, the topology of the framework is that of
diamond as expected from the principles of reticular chemistry. In this study, we show that by
removing the copper(l) ions, the structure and its topology remain intact regardless of how the
threads deviate from their points-of-registry, and upon remetalating the overall structure is
reversibly restored. We find a ten-fold increase in elasticity when going from the metalated to the
demetalated forms of the material.

The copper(l)-bisphenanthroline core of the Cu(PDB). has been studied extensively as a
discrete molecule for the formation of supramolecular complexes; %1% however, as yet it has not
been used to make extended structures especially of the type discussed here. The tolerance for
robust reaction conditions makes this complex suitable for imine COF synthesis,'>*2 especially in
weak acidic conditions. Thus, the tetrahedral building unit, Cu(PDB)2, was designed bearing
aldehyde groups in the para positions of the two phenyl substituents (Figure 5.2a). The synthesis
of Cu(PDB)2(BF4) molecular complex was carried out by air-free copper(l) complexation of 4,4'-
(1,10-phenanthroline-2,9-diyl)dibenzaldehyde according to a previously reported procedure.® The
single crystal structure of this complex reveals a distorted tetrahedral geometry around copper(l)
center, where a dihedral angle of 57° is found between the two phenanthroline planes.

COF-505 was synthesized using imine condensation reactions by combining a mixture of
Cu(PDB)2(BF4) (15 mg, 0.016 mmol) and BZ (6.0 mg, 0.032 mmol) in tetrahydrofuran (THF, 1
mL) and aqueous acetic acid (6 mol/L, 100 uL). The reaction mixture was sealed in a Pyrex tube
and heated at 120 °C for 3 days. The resulting precipitate was collected by centrifugation, washed
with anhydrous THF, and then evacuated at 120 °C for 12 h to yield 18.7 mg [94.4% based on
Cu(PDB)2(BF4)] of a dark brown crystalline solid (COF-505), which was found to be insoluble in
common polar and nonpolar organic solvents.
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Figure 5.2. A general strategy for the design of weaving structures from organic threads using copper(l) as a template
(a) to make extended weaving structure (b).
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FT-IR and solid-state NMR spectroscopy studies were performed on COF-505 to confirm the
formation of imine linkages (Figure A5.2-A5.4). A molecular analogue of COF-505 fragment,
Cu()-bis[(1,10-phenanthroline-2,9-diyl)bis(phenylene)bis(biphenyl)methanimine)]
tetrafluoroborate, Cu(PBM)2(BFs4), was used as a model compound and synthesized by
condensation of Cu(PDB)2(BF4) and 4-aminobiphenyl (Figure A5.3). The FT-IR spectrum of
COF-505 shows peaks at 1621 and 1196 cm™ [1622 and 1197 cm® for Cu(PBM)2(BF4)], which
are characteristic C=N stretching modes for imine bonds.**'® Furthermore, the **C cross-
polarization with magic-angle spinning (CPMAS) solid-state NMR spectrum acquired for COF-
505 displays a series of peaks from 140 to 160 ppm, similar in shape and occurring at chemical
shifts characteristic of those expected for C=N double bonds. In order to differentiate imine
bonds from C=N double bonds of the phenanthroline unit, a cross-polarization and polarization
inversion (CPPI) technique was applied, which leaves the signal for quaternary 3C
groups unchanged, while the residual tertiary **CH signal should approach zero.'® The observation
of decreased intensity for the *CH signal under these conditions confirmed the existence of
imine CH=N double bond (Figure A5.4). Overall, these observations served as initial confirmation
of having covalently linked imine extended threads in COF-505.

Prior to determining the single crystal structure of COF-505, we studied the morphology and
purity of the as-synthesized material. We found, using scanning electron microscopy (SEM),
crystallites of approximately 200 nm are aggregated into spheres of 2 um in diameter (Figure 5.3),
which is possibly due to weak interactions of the synthesized material with the solvent, THF. No
other phase was observed from SEM images taken throughout the material.

Figure 5.3. Morphology of COF-505 studied by SEM. (a) Crystalline spheres from aggregated crystallites. (b) Crystal
plates on the surface of a sphere.
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Figure 5.4. Structural characterizations of COF-505. (a) Crystallites aggregated on a crystalline sphere observed by
SEM. (b) TEM image of a single sub-pum crystal used for 3D-EDT. (c) 2D projection of the reconstructed reciprocal
lattice of COF-505 obtained at 298 K from a set of 3D-EDT data (the inset shows image of used crystal). (d) HRTEM
image of COF-505 taken with the [1-10] incidence. (e) 2D projected potential map obtained by imposing pgg plane
group symmetry on figure 5.4d. (f) Reconstructed 3D electrostatic potential map (threshold: 0.8). (g) Indexed PXRD
pattern of the activated sample of COF-505 (black) and the Pawley fitting (red) from the modeled structure.
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A single sub-pum crystal (Figure 5.4b) from this sample was studied by three-dimensional
electron diffraction tomography (3D-EDT), which is a powerful tool for solving structures of nano-
scale single crystal.”*"'® One EDT data set was collected from the COF-505 (Figure 5.4c) by
combining specimen tilt and electron-beam tilt in the range of —41.3° to +69.1° with a beam-tilt
step of 0.2°. From the acquired data set 3D reciprocal lattice of COF-505 was constructed that was
identified as a C-centered orthorhombic Bravais lattice. The unit cell parameters were determined
tobea=189A b=21.3A,¢c=30.8AandV = 12399 A% which can be used to index reflections
observed in both powder X-ray diffraction (PXRD) pattern and Fourier diffractograms of high-
resolution TEM images (Figure 5.4d). Later, the unit cell parameters were further refined to be
a=186 A, b=214A c=30.2A, Vv =12021 A3 by Pawley refinement of PXRD pattern (figure
5.49). The observed reflection conditions were summarized as hkl: h+k = 2n; hk0: h,k = 2n; hOl: h
= 2n; Okl: k = 2n, suggesting five possible space groups, Cm2a (No. 39), Cmma (No. 67), Cmca
(No. 64), Cc2a (No. 41) and Ccca (No. 68). Three of them, Cm2a, Cmma, and Ccca, were excluded,
as their projected symmetries along [1-10] did not coincide with that of HRTEM image, pgg (figure
5.4e). Furthermore, by performing Fourier analysis of the HRTEM images and imposing symmetry
to the reflections, copper(l) positions were determined from the reconstructed 3D potential map
(figure 5.4f). The structure of COF-505 was built in Materials Studio by putting Cu(PDB)2 units
at copper positions and connecting them through biphenyl (reacted BZ) molecules. The chemical
compositions are determined by elemental analysis, therefore once the number of copper atoms in
one unit cell is obtained, the numbers of other elements in one unit cell are also determined, which
indicates that the unit-cell framework is constructed by 8 Cu(PDB). and 16 biphenyl units.
However, symmetry operations of the space group Cmca requires two PDB units connected to one
copper onto a mirror plane perpendicular to a axis, which is not energetically favorable geometry.
Therefore, the final space group was determined to be Cc2a, according to which a structure model
was built and optimized. The PXRD pattern calculated from this model is consistent with the
experimental pattern of activated COF-505.

According to the refined model, COF-505 crystallizes in a diamond (dia) network with the
distorted tetrahedral building units Cu(PBD)2 and biphenyl linkers BZ through trans imine bonds.
As a result, adamantane-like cages of 19 x 21 x 60 A2 are obtained and elongated along the c-axis
(dimensions are calculated based on copper-to-copper distances). This allows for two diamond
networks of identically weaving frameworks to form the crystal. In other words, two weaving
frameworks are mutually weaving in COF-505 crystals along the c direction, with the two
frameworks related by a C. rotation on the b-axis, leaving sufficient space for BF4 counter-ions.

Fundamentally, each of the threads making up a framework is a helix (Figure 5.5a). For clarity,
only a fragment of one weaving framework is shown (Figure 5.5b and c). The helices are entirely
made of covalently linked organic threads. As expected, they are weaving and being held by copper
ions at their points-of-registry. These threads are propagating in two different directions along
[110] and [-110]. Although the helices are chemically identical, they have opposite chirality giving
rise to an overall racemic and weaving framework of the same topology as in Scheme 5.1b.
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Figure 5.5. The woven structure of COF-505. The woven COF-505 consists of chemically identical helices (marked
in blue and orange because they are of opposite chirality) with the pitch of 14.2 A (a). The orange helices propagate
in the [1-10] direction, whereas the blue helices propagate in the [110] direction with copper (1) ions as the points of
registry (b). Neighboring blue helices are woven with the orange helices to form the overall framework (c). Blue and
orange helices and their Cosymmetry-related green and gray copies are mutually woven (d). Additional parallel helices
in (c) and (d) are omitted for clarity.
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Since COF-505 structure is a weaving of helices, we sought to remove the copper centers and
examine the properties of the material before and after demetalation. Heating COF-505 in a KCN
methanol-water solution results in a significant decrease of copper content in the resulting
demetalated material. Using inductively coupled plasma (ICP) analysis, we find up to 97% of the
copper ions have been removed. The dark brown color of COF-505, due to the copper-
phenanthroline metal-to-ligand charge transfer (MLCT),® changed to pale-yellow as demetalation
proceeded. Despite the fact that the crystallinity of demetalated material was decreased in
comparison to that of COF-505, SEM images show similar morphology before and after
demetalation (Appendix Figure A5.5). Additionally, the imine linkages were also maintained. FT-
IR peaks at 1621 and 1195 cm™ (Figure A5.7 and A5.8), which are representative of C=N
stretching modes for imines, are consistent with COF-505 (1621 and 1196 cm™). Furthermore, the
material can be remetalated with copper(l) ions by stirring in a CHClz and CH3OH solution of
Cu(CHsCN)4(BF4) to give back crystalline COF-505. This remetalated COF-505 has identical
crystallinity to the original as-synthesized COF-505 as evidenced by the full retention of the
intensity and positions of the peaks in the PXRD. In the FT-IR spectrum, the peak representing
imine C=N stretch was retained, indicating that the framework is chemically stable and robust
under such reaction conditions. This demonstrates that the open phenanthroline sites in the
demetalated material can be complexed again with copper ions, and that the process of
demetalation and remetalation is chemically reversible.

COF-505

Demetalated COF-505

Intensity (a.u.)

Remetalated COF-505

10 20 30 4Q
20 (°, CuKal)

Figure 5.6. PXRD patterns of as-synthesized COF-505, the demetalated and remetalated materials. The crystallinity
of COF-505 decreases upon demetalation and can be fully restored after remetalation with copper(l) ions.
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Given the facility with which demetalation can be carried out and the full retention of the
structure upon remetalation, we examined the elastic behavior of the metalated and demetalated
COF-505. Using nano-indentation atomic force microscope, a single particle of each of these two
samples was indented by a conical tip and the load-displacement curves were recorded for both
loading and unloading process.® The effective Young’s moduli (neglecting the anisotropy of the
elasticity) of the two COF-505 materials were measured to be approximately 12.5 GPa and 1.3
GPa for the metalated and demetalated particles, respectively (Figure 5.7). Remarkably, this ten-
fold increase in elasticity upon demetalation of COF-505 is similar to the increase found in going
from porous MOFs to polyethylene.® The distinct increase of elasticity could be attributed to the
loose interaction between the threads upon removal of copper. Moreover, the elasticity of the
original COF-505 could be fully recovered after the process of demetalation and remetalation,
being facilitated by the unique structure of weaving helical threads that easily ‘zip’ and ‘unzip’ at
their points-of-registry. It is worth noting that the large difference in elasticity modulus is caused
by loss of copper(l) ions, which in total only represent a minute mole percentage (0.67 mol%) of
the COF-505 structure.
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Figure 5.7. AFM study of the as-synthesized and demetalated COF-505. AFM images are shown for COF-505 (a)
before and (b) after demetalation. Scale bar: 200 nm. Grey scale range: 240 nm. (c) The load of indentation P for COF
particles before and (d) after demetalation as a function of elastic displacement Ah.
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The weaving strategy reported here is potentially applicable to the conversion of other network
topologies to weaving structures as illustrated in figure 5.8. In addition to the dia net of COF-505,
a variety of other two- and three-dimensional topologies can also be achieved by weaving of
threads (variously colored) using metal ions as points-of-registry. Tetrahedrally coordinated metal
complexes with two ligands can be employed as tetratopic building units in reticular synthesis to
construct weaving structures of corresponding topologies (e.g. pnf, gtz and sod). Metal ions with
an octahedral coordination geometry, which provides another type of points-of-registry by
coordinating three ligands, can also be used to synthesize weaving structures (e.g. kgm and pcu).
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Figure 5.8. Weaving molecular threads into frameworks of various two- and three-dimensional topologies
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Before attempting to synthesis frameworks of these complex topologies with more than two
sets of threads, we first explored other designs of woven framework with dia topology but more
ideal woven structure where the molecular threads can be straight and not mutually woven. In
COF-505, the 57° dihedral angle between the two phenanthroline rings gives a distorted tetrahedral
coordination geometry of copper(l) ion and directs the polyimine chains to be helical and mutually
woven in the COF structure. With a less distorted tetrahedral building unit, more symmetrical
arrangement of the organic threads can be expected which would give ideal woven structures. This
can be realized by employing cobalt bis(diiminopyridine) complexes as the tetrahedral building
unit, where the dihedral angles between the two pyridine rings can be close to the ideal angle of
90°.2022 As the Schiff base diiminopyridine (DIP) ligand can be synthesized through imine
condensation, conventional one-pot COF synthesis was initially set up with PDA, PCBA and
Co(BF4)2-6H20 as starting materials. However, this yielded no crystalline product despite testing
a wide range of synthetic parameters. Throughout this process, we observed that yellow
precipitates often formed initially, which quickly turned reddish brown, indicating the imine
condensation proceeded to give polyimines before the coordination of cobalt ions by the in situ
formed DIP motifs. As the non-metallated polyimine threads can pack into structures dramatically
different from that of the woven framework (Figure A5.9), we speculated that defect correction
with conventional solvent annealing is insufficient to afford crystalline products. Consequently, to
obtain crystalline woven COF, the formation of polyimine precipitates would need to be avoided
to allow the metal complexes to direct the propagation and entanglement of the polyimine chains.
Thus, we employed NBPDA as the starting material where one of the two amine groups in PDA
is protected with Boc group, which can form the DIP ligand and corresponding cobalt complexes
rapidly at room temperature yet avoid the precipitation of polyimine. (Reproduced with
permission from J. Am. Chem. Soc., submitted for publication. Unpublished work copyright 2017
American Chemical Society.)

The one-pot homogeneous synthesis of COF-112 was thus carried out with NBPDA, PCBA
and Co(BF4). as starting materials in a solvent mixture of acetonitrile and toluene with
trifluoracetic acid as the catalyst for imine condensation and the deprotection reagent for the Boc
group (Scheme 1C). This clear solution was heated in a sealed Pyrex tube at 85 °C for 48 h, to
yield reddish brown microcrystals. In this synthetic route, NBPDA and PCBA first undergo imine
condensation to form the Boc-protected diiminopyridine ligand (NHBoc-DIP, Scheme 1C). This
rapidly binds cobalt ions to form the Co(NHBoc-DIP)2(BF4)2 complex giving the red color to the
homogeneous solution. While being heated, crystalline solids emerged from this red solution as
the in situ deprotected amine groups reacted with the remaining PCBA to form the interlacing one-
dimensional polyimine chains and the COF-112 structure (Scheme 1). In this homogeneous
synthetic route to COF-112, the building up of the molecular threads is being directed by the metal
complex leading to successful crystallization. This is in contrast with the unsuccessful
heterogeneous route, where the polyimine chains formed prior to metal complexation (Scheme
1B). To further compare the homogeneous and heterogeneous synthesis routes, the deprotected
amine intermediate [Co(NH2-DIP)2(BF4)2] of the homogeneous route was used to react with PCBA
and the cobalt salt (Scheme 1D) in an imine COF synthesis similar to that leading to COF-505.
This metal-complex route also gave crystalline COF-112; indicating the initial cobalt complex
formation in the homogeneous one-pot route is the key to obtaining crystallinity.
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Scheme 5.2. The conventional heterogeneous, homogeneous (one-pot), and metal-complex route for crystalline woven
covalent organic framework-112.
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We found that reacting the polyimine precipitate, resulting from PCBA and PDA (in the
absence of cobalt), with Co(BF4). in the presence of acid catalyst gave amorphous product. Thus,
we concluded that the utilization of the protected amine homogenizes imine COF synthesis and
enables metal-ligand coordination reaction to occur prior to polyimine chain formation and this
leads to the successful crystallization of woven COF-112. It is worth noting, that the Co(NH.-
DIP)2(BF4)2 used in the metal-complex route should be perceived as an isolated reaction
intermediate instead of an amine building block, as it was observed to dynamically disassemble
under the de novo COF synthesis (Figure A5.10 and 5.11). The crystallites produced in this metal-
complex route were also small and highly aggregated (Figure 5.9), while the homogeneous one-
pot route with NBPDA gave larger, discrete crystals that can be studied by 3D electron diffraction
tomography (3D-EDT) for COF structural determination.**

Figure 5.9. The SEM images of COF-112 crystallites synthesized in the metal-complex route. The the crystallites
were highly aggregated and not separable by sonication.

Furthermore, the Co(NH2-DIP)2(BF4)2 used in the metal-complex route should be perceived as
an isolated reaction intermediate instead of an amine building block, as it was observed to
dynamically disassemble under the COF synthesis conditions used and thus cannot be used to
condense with other aldehyde building blocks to give different imine COFs. The dynamic nature
of the Co(NH2-DIP)2(BF4). in imine COF synthesis condition can be best demonstrated by its
reaction with bromine substituted Br-PCBA, which is unlikely to form or be incorporated in COF-
112 due to the steric hindrance of Br. Under conventional imine COF synthesis, the reaction
yielded a mixture of COF-112 and presumably a crystalline phase of Br-polyimine, as evidenced
by the PXRD pattern of the product (Figure A5.11) containing diffraction lines of both COF-112
and an unknown phase with small d-spacing, presumably a packed polyimine.
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Scheme 5.3. Dynamic nature of Co(NH2-DIP)2(BF4)2 in imine COF synthesis
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The product mixture of the above reaction was further studied by SEM, which reveals the COF
112 phase that does not contain any Br and a polymer phase that contains Br but no cobalt. Similar
phenomena were also observed when terephthalaldehyde or biphenyl-4,4’-dicarbaldehyde was
used instead of Br-PCBA to react with Co(NH2-DIP)2(BF4) in the attempt to construct other imine
COFs with Co(NH2-DIP)2(BF4)2 as amine building block, where COF-112 and the presumably
corresponding polyimine phase coexisted in the product mixture.This further confirms the above-
mentioned conclusion that the Co(NH2-DIP)2(BF4)2 starting material in the metal-complexroute is
unstable in imine COF synthesis and should be perceived as an intermediate rather than a stable
amine building block.

The completeness of the imine condensation to make COF-112 was assessed by IR
spectroscopy where no vibrational modes were observed for any unreacted amine, aldehyde, and
Boc protecting group (Figure 5.10). The presence of the DIP motif was further supported by
comparing the IR spectrum with Co(NH2-DIP)2(BF4). (Figure 5.11). Solid state UV-Vis
spectroscopy (Figure Ab.12) combined with inductively coupled plasma atomic emission
spectroscopy (ICP-AES) and elemental analysis further confirmed the composition of COF-112.
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Figure 5.10. Infrared spectrum of COF-112 and its starting material. It is clear that the Boc group (characteristic
vibration C=0, 1692 cm™*, CH3, 2981 cm'!) and amine group (N-H, beyond 3000 cm) in NBPDA and aldehyde group
in PCBA (C=0, 1713 cm™ are absent in COF-112.
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Figure 5.11. Infrared spectrum of COF-112 and Co(NH.-DIP)2(BF4)2. The two compounds display similar vibrational
modes, where in COF-112 the vibrational mode of N-H stretch (beyond 3200 cm™) disappear and that of imine bond
(1622 cm™) strengthened, both consistent with their slight structural difference.
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Figure 5.12. Structural determination of COF-112. The COF-112 crystals were 200 nm in size as observed by SEM
(a). 3D-EDT study (b) and (c) gave the unit cell parameters a and b, from which the unit cell can be determined by
Pawley refinement of the powder X-ray diffraction pattern. High resolution TEM images (d) and (e) were combined
to give the cobalt positions by Fourier analysis (f). The COF-112 structural model was thus built and optimized by
Rietveld refinement with Rp and Rwp values of 1.66% and 2.48% respectively.
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The crystal structure of COF-112 was solved by a combination of X-ray and electron
crystallographic studies (Figure 5.12). One three-dimensional electron diffraction tomography
dataset was collected from a submicron crystal by using a goniometer tilt of 3° and an electron-
beam tilt of 0.3° (Figure 5.12a, b and c). From the reconstruction of the reciprocal lattice, two of
the unit cell parameters were uniquely determined, while the third one remained uncertain due to
insufficient reflections and possible twinning. Subsequently, the PXRD pattern was indexed
confirming an orthorhombic lattice, and providing the third cell parameter. Pawley refinement was
then conducted with the data from the PXRD pattern, resulting in unit cell parameters a = 19.74
A, b=25.13 A, c=12.26 A. The first four strong reflections in the PXRD pattern can be indexed
as (111), (220), (131) and (040). The observed reflection conditions from electron diffraction and
PXRD patterns were summarized as hkl: h+k, h+l, k+I = 2n; Okl: k, | = 2n&k+l = 4n, which
indicated an F-center Bravais lattice and the most likely space group of Fdd2. Two HRTEM
images of COF-112 were taken along the [-101] and [0-11] incidences (Figure 5.12d and e). The
Fourier analysis of two HRTEM images after imposing the space group symmetry indicated the
positions of the cobalt centered complexes, which was consistent with that given by the electron
density map reconstructed by applying the charge flipping method with the reflection intensities
extracted from the PXRD pattern (Figure 5.12f). Moreover, with the unit cell and space group
determined, the position of cobalt atoms can also be confirmed from the measured sample density
of 1.4 g/cm®. This indicates one unit cell has only eight cobalt atoms, and their coordinates can be
determined from the Wyckoff positions. The structural model of COF-112 was thus built and
geometrically optimized using Materials Studio software by putting the diiminopyridine ligand
around these cobalt atoms under the constraint of Fdd2 symmetry. This model was further
optimized by Rietveld refinement against the experimental PXRD pattern to give the COF-112
structure.

The structure of the COF-112 consists of two sets of one-dimensional zig-zag polyimine chains,
which propagate linearly along [110] and [-110] direction of the crystal and weave at the
coordinated cobalt ions as the point of registry at regular interval of 1.6 nm (Figure 5.13). This
structure is an ideal example of molecular weaving, which represents one of the simplest three-
dimensional woven structures as it involves only two sets of threads that are straight and parallel
and one point of registry. Topologically, COF-112 is a non-interpenetrated COF with dia topology,
with the Co(DIP).** complex considered as the tetrahedral building unit. It is worth noting that the
two sets of polyimine chains cross at an angle of 77.3°, which is very similar to the 80° dihedral
angle between the two pyridine rings in the Co(NH2-DIP)2(BF4). complex (Figure Ab5.1),
supporting our initial design principle that the coordination geometry of the metal template would
direct the propagation of the molecular threads. Additionally, an isostructural COF-112-Fe can be
also constructed with iron(1l) instead of cobalt(1l) as the point of registry, which demonstrates the
versatility of the bis-diiminopyridine metal complex templates in woven COF synthesis (Figure
A5.13-A5.15). Fundamentally, the COF-112 framework is an example of constructing a highly
complex structure from simple building blocks, where metal coordination and imine condensation
reactions take place coherently in a one-pot reaction enabled by a homogenized imine COF
synthetic route.

115



Figure 5.13. The structure of COF-112. (a) COF-112 is composed of two sets of interlacing polyimine threads (marked
blue and orange for their different propagating directions) crossing at 77.3° angle (a). The threads are weaved with
cobalt(ll) ions as point of registry at regular interval of 1.6 nm (b), which form a three-dimensional framework (c) that
represents a simple 3D woven network (d). Additional parallel threads are omitted for clarity in (c).

Section 5.4 Conclusion

Molecular weaving has been achieved by interlacing organic threads into crystalline covalent
organic frameworks. Two woven frameworks of diamond topology, COF-505 and COF-112, were
successfully synthesized by applying metal templation in COF chemistry, and both consist of
interlacing polyimine threads weaved around metal ions as the point of registry at regular interval.
For COF-505, an aldehyde functionalized derivative of the copper bis-phenanthroline complex
where the position of the aldehyde groups approximates a tetrahedral geometry was linked with
benzidine to form the woven framework with mutually woven helical organic threads; for COF-
112, a one-pot three-component reaction was developed to crystalline the woven framework which
has straight organic threads and non-mutual woven structure.

The spatial arrangement of coordinating ligands (phenanthroline and diiminopyridine in COF-
505 and COF-112, respectively) around the metal ion template directs the structure of the woven
framework, which can be solved by a combination of electron diffraction tomography (EDT), high-
resolution TEM (HRTEM) imaging and X-ray crystallography. In structure determination of the
woven frameworks, we also developed a systematic structure analysis process: (a) EDT was first
used to obtain unit cell parameters; (b) Fourier analysis of HRTEM images was employed to obtain
the position of metal centers; (c) structure model can be built by placing the organic threads around
the metal centers in a manner consistent with the PXRD pattern; (d) counter ion positions refined
by Rietveld refinement.

116



Section 5.5 Reference

(1) Yaghi, O. M.; O’Keeffe, M.; Ockwig, N. W.; Chae, H. K.; Eddaoudi, M.; Kim, J., Nature 2003,
423, 705-714.

(2) Leong, W. L.; Vittal, J. J., Chem. Rev. 2011, 111, 688-764.

(3) Chen, B.; Eddaoudi, M.; Hyde, S. T.; O'Keeffe, M.; Yaghi, O. M., Science 2001, 291, 1021-
1023.

(4) James, S. L., Chem. Soc. Rev. 2003, 32, 276-288.
(5) Maji, T. K.; Matsuda, R.; Kitagawa, S., Nat. Mater. 2007, 6, 142-148.

(6) Linke, M.; Chambron, J. C.; Heitz, V.; Sauvage, J. P.; Encinas, S.; Barigelletti, F.; Flamigni,
L., J. Am. Chem. Soc. 2000, 122, 11834-11844.

(7) Gemmi, M.; Oleynikov, P., Z. Kristallogr. 2013, 228, 51-58.

(8) Olivera, W. C.; Pharra, G. M., J. Mater. Res. 2004, 19, 3-20.

(9) Tan, J. C.; Cheetham, A. K., Chem. Soc. Rev. 2011, 40, 1059-1080

(10) Dietrich-Buchecker, C. O.; Sauvage, J.-P., Angew. Chem. Int. Edit. 1989, 28, 189-198.

(11) Dietrich-Buchecker, C. O.; Sauvage, J. P.; Kern, J. M., J. Am. Chem. Soc. 1984, 106, 3043-
3045.

(12) Jimenez, M.-C.; Dietrich-Buchecker, C.; Sauvage, J.-P., Angew. Chem. Int. Ed. 2000, 39,
3284.

(13) Pakhomova, S. V.; Proskurnin, M. A.; Chernysh, V. V.; Kononets, M. Y.; Ivanova, E. K., J.
Anal. Chem. 2001, 56, 1042-1049.

(14) Zhang, Y.-B.; Su, J.; Furukawa, H.; Yun, Y.; Gandara, F.; Duong, A.; Zou, X.; Yagh, O. M.,
J. Am. Chem. Soc. 2013, 135, 16336-16339.

(15) Uribe-Romo, F. J.; Hunt, J. R.; Furukawa, H.; Klock, C.; O'Keeffe, M.; Yaghi, O. M., J. Am.
Chem. Soc. 2009, 131, 4570-4571.

(16) Wu, X.; Zilm, K. W., J. Mag. Reson. 1993, 102, 205-213.

(17) Mugnaioli, E.; Andrusenko, I.; Schiiler, T.; Loges, N.; Dinnebier, R. E.; Panthofer, M.; Tremel,
W.; Kolb, U., Angew. Chem. Int. Ed. 2012, 51, 7041-7045.

(28) Sun, Q.; Ma, Y.; Wang, N.; Li, X.; Xi, D.; Xu, J.; Deng, F.; Yoon, K. B.; Oleynikov, P.;
Terasaki, O.; Yu, J., J. Mater. Chem. A 2014, 2, 17828-17839.

(19) Scaltrito, D. V.; Thompson, D. W.; O’Callaghan, J. A.; Meyer, G. J., Coord. Chem. Rev. 2000,
208, 243-266.

(20) Blake, A. J.; Lavery, A. J.; Hyde, T. I.; Schroder, M. J. Chem. Soc., Dalton Trans. 1989, 5,
965-970.

117



(21) Vance, A. L.; Alcock, N. W.; Heppert, J. A.; Busch, D. H. Inorg. Chem. 1998, 37, 6912-6920.

(22) Leigh, D. A.; Lusby, P. J.; Teat, S. J.; Wilson, A. J.; Wong, J. K. Angew. Chem. Int. Ed. 2001,
40, 1538-1543.

118



Section 5.6 Appendix

Table A5. 1 Single crystal diffraction of Cu(PBD)-

Compound Cu(PBD):

Chemical formula Cs3H34BCIl2CuFsN404
Formula mass 1012.09

Crystal system triclinic

Space group P-1

2 (R) 0.7107(3)

a(A) 12.987(5)

b (A) 12.995(5)

c(A) 14.074(5)

a (°) 88. 288(7)

B(°) 81.131(7)

7 (%) 67.000(6)

VA 2

Size /mm?® 0.150 X 0.120 X 0.100
Measured reflections 73691

Unique reflections 7962

Rint 0.1378

@range (°) 1.465-25.427

R1, WR2 0.0399, 0.0999
Max/min res. dens. (e/A%) 0.78/-0.49
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Table A5.2 Crystal data and structure determination for Co(NH.,-DIP)2(BF4),

Compound Co(NH2-DIP)2(BF4)2
Chemical formula C42H40B2C0OFgN12
Formula mass 945.41

Crystal system triclinic

Space group P-1

A(A) 0.7749(1)

a(A) 12.1126(16)

b (A) 14.208(2)

c(A) 15.083(2)

a (°) 113.528(4)

B () 90.375(4)

v () 112.600(4)

YA 2

V (A%) 2157.7(5)
Temperature (K) 100(2)

Size /mm? 0.030 X 0.020 X 0.010
Density (g/cm®) 1.455

Measured reflections 3913

Unique reflections 2898

Parameters 586

Restraints 66

Rint 0.1378

@range (°) 2.10-21.71

R1, WR2 0.0810, 0.2050

S (GOF) 1.026

Max/min res. dens. (e/A%) 0.47/-0.56

aR; = 2||F0| - |Fc||/Z|F0|, bWRZ = [EW(FO2 - FCZ)ZIZW(FOZ)Z]UZ; ¢S= [ZW(FO2 - FCZ)Z/(Nref - Npar)]llz.
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Figure A5.1. Single crystal structure of Co(NH2-DIP),(BF4), (a). The torsion angle between the pyridine rings

(highlighted in orange) in Co(NH.-DIP),(BF4) is 80°, rendering the complex a more ideal tetrahedral (b) and directing
the angle between the polyimine chains (c)
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Transmittance (%)
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Figure A5.2. FT-IR spectra for the starting materials, molecular analogue, and activated sample of COF-505.

121



3C CP/MAS SSNMR of COF-505 and molecular analogue
Transmitter frequency = 125.80 MHz

'H Pulse width = 4.2 us

Contact time = 2 ms

Recycle delay=2s

Decoupling frequency = 32 kHz

Spinning rate = 11 kHz

Chemical shift calibrated against admantane (*C = 38.48 ppm)

+ COF-505
+ Molecular Analogue
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Figure A5.3. Solid-state 1*C CP/MAS NMR spectrum of COF-505 and its molecular analogue.

13C CPPI-SSNMR of COF-505

Transmitter frequency = 125.80 MHz

H Pulse width = 6 us

Contact time =2 ms

Polarization inversion time = 40 us

Recycle delay =2's

Decoupling frequency = 32 kHz

Spinning rate = 11 kHz

Chemical shift calibrated against admantane ('3C = 38.48 ppm)

* COF-505 before CPPI
« COF-505 after CPPI
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Figure A5.4. Solid-state **C NMR spectrum of COF-505 before and after CPPI technique.
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Figure A5.5 SEM image of the demetalated material, which shows similar morphology to COF-505.

Demetalated Remetalated
Material A COF-505

COF-505

Figure A5.6. Powder of COF-505 (left), demetalated material A (middle), and remetalated COF-505 (right).
The sample changed color from dark brown to yellow as it was demetalated and after remetalation, the dark
color was recovered.
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Figure A5.7. FT-IR spectrum of the demetalated material.
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Figure A5.8. FT-IR spectrum of recovered COF-505 after remetalation.
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Figure A5.9. The powder X-ray diffraction pattern of crystalline polyimine with same chemical composition as the
organic threads in COF-112

Intensity (a.u.)

| ] 1 |

10 15 20 25 30
20/°

Figure A5.10. The powder X-ray pattern of the COF synthesis with Br-PCBA. * marks the Bragg diffraction peak
not observed for COF-112
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Figure A5.11. The SEM and energy dispersive X-ray spectroscopy (EDS) study of the mixture produced in reacting
Co(NHz-DIP)2(BF4), and Br-PCBA. It can be clearly seen that two phases are presence (a), where the COF-112 form
crystalline aggregates (b) and the Br-polyimine form fiber like structures (c). The EDS spectrum taken on the two

phases (d) shows the COF-112 particles (d, upper panel) does not incorporated Br and the Br-polyimine (d, lower
panel) does not have cobalt.
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Figure A5.12. The UV-Vis spectra of COF-112 and Co(NHz-DIP),(BF.)., showing almost identical absorption due
to ligand to metal charge transfer.
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COF-112-Fe Experimental
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Figure A5.13. The powder X-ray diffraction pattern of COF-112-Fe.
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Figure A5.14. Infrared spectrum of COF-112-Fe.
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200 nm,

-

Figure A5.15. SEM image of COF-112-Fe.
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Chapter 6. Synthesis of Covalent Organic
Frameworks as Monodisperse Nanocrystals and
Oriented Thin Films

Section 6.1 Introduction

The development of reticular chemistry has hinged upon our ability to crystallize the
products of linking molecular building blocks through strong bonds into extended porous
structures. In the original synthesis of metal-organic frameworks (MOFs), the key discovery for
obtaining them as crystals was the control of deprotonation of the acid organic linkers and in turn
the rate of reaction with metal ions.! The fact that the starting point of the reaction is a
homogeneous solution mixture has allowed modulation of the nucleation and crystal growth using
many different synthetic methods,?® and this has led to the vast expansion of MOFs.’® In contrast,
the synthesis of the newly emerging covalent organic frameworks (COFs) generally starts with
heterogeneous amorphous solids resulting from the linking of the organic building blocks.® These
solids are annealed by heating to potentially obtain microcrystalline materials; an aspect that leads
to lack of control in making COFs and severely limits the possibilities for controlling their
nucleation as being practiced in MOFs. Here, we report, a synthetic route for making COFs that
starts with a homogeneous mixture of the building units, demonstrate its utility for imine-based
COFs, and show how it has led to: (a) size and shape controlled, monodisperse nanocrystals of
LZU-1,° TFPB-PDA COF, and Por-COF,? and (b) facile preparation of oriented thin films of
LZU-1. We believe this homogeneous synthetic route will vastly expand our ability to access
crystalline COFs.

In conventional imine COF synthesis, amine and aldehyde building blocks usually form
amorphous polyimine precipitates upon addition of solvent mixture and aqueous acetic acid
catalyst, which gradually turn into aggregates of microscopic COF crystallites after heated in
sealed Pyrex tubes for days.!*'* The imine COFs thus obtained typically have morphology
resembling the initial polyimine precipitates, as the COF nucleation and growth are intrinsically
heterogeneous and insensitive to the addition of modulators. In this process, crystallization relies
on the reversible imine condensation reaction to correct defects in the polyimine precipitate, which
would not be successful when substantial structural difference is present between the desired COF
and polyimine precipitate. These limitations are addressed in this study by the utilization of tert-
butyloxycarbonyl (Boc) group protected amine as the starting reagent to synthesize COFs
homogeneously, which can be gradually deprotected in situ with trifluoracetic acid and build up
crystalline COFs. The gradual release of amine by in situ deprotection slows down the imine
condensation reactions and facilitates COF crystallization. This synthetic route thus enables imine
based COFs to be synthesized homogeneously without involving any amorphous insoluble
intermediates. We demonstrate the power of this synthetic approach by synthesizing imine COFs
as monodisperse nanocrystals and thin films.
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Section 6.2 Experimental Section
Section 6.2.1 Methods and Materials

Chemicals. p-phenylenediamine (PDA, purity > 99 %), poly(vinylpyrrolidinone) (PVP, Mw. =
10,000, and Mw. = 360,000), ethanol (anhydrous, purity > 99.5 %), and triethylamine (TEA, purity
> 99.5 %) were obtained from Sigma-Aldrich. 1,3,5-Triformylbenzene (TFBZ, purity > 98 %), 4-
(tert-butoxycarbonylamino)-aniline (NBPDA, purity > 97 %), acetone (anhydrous, purity >
99.8 %), isopropanol (anhydrous, purity > 99.8 %) were obtained from Acros Organics. 2,6-
Pyridinedicarboxaldehyde (PCBA, purity > 98 %) was obtained from TCI. Toluene (anhydrous
purity > 99.8%), acetonitrile (purity > 99.8%), glacial acetic acid (purity 100%) and trifluoroacetic
acid (TFA, purity > 99.7 %) were obtained from EMD Millipore Chemicals. All starting materials,
reagents and solvents were used without further purification.

Analytical Techniques. Gas adsorption experiments (up to 760 Torr) were carried out on a
Quantachrome AUTOSORB-1 automatic volumetric instrument. Ultrahigh-purity-grade N2 and
He gases were used in all adsorption measurements. The N2 (77 K) isotherms were measured using
a liquid nitrogen bath (77 K). The backbone density of the COF-112 was measured by pycnometry
on a Quantachrome-UPYC 1200e V5.04 instrument using He gas. Powder X-ray
diffraction(PXRD) patterns were recorded using a Rigaku Miniflex 600 (Bragg-Brentano
geometry, Cu K, radiation A = 1.54 A) diffractometer. Solution *H NMR spectra were acquired on
a Bruker AVB-400 and AV-600 NMR spectrometer. Elemental microanalyses (EA) were
performed in the Microanalytical Laboratory of the College of Chemistry at UC Berkeley, using a
Perkin Elmer 2400 Series 11 CHNS elemental analyzer. The amount of Co, Fe and B in COF-112
was analyzed by ICP—AES spectroscopy with Optima 7000 DV (PerkinElmer) instrument.
Attenuated total reflectance (ATR) FTIR spectra of neat samples were performed on a Bruker
ALPHA Platinum ATR-FTIR Spectrometer equipped with a single reflection diamond ATR
module. Scanning electron microscope (SEM) images were recorded on a Zeiss Gemini Ultra-55
analytical scanning electron microscope with accelerating voltage of 5 kV. High-resolution
transmission electron microscopy (HRTEM) images were taken with a field emission JEM-2010F
instrument equipped with a CEOS Cs corrector operated at 120kV. Optical refractive index was
measured using ellipsometer (Gaertner Scientific Corporation). Single crystal X-ray diffraction
data was collected using synchrotron radiation on beamline 11.3.1 at the Advanced Light Source
(ALS) at Lawrence Berkeley National Lab (LBNL), equipped with a Bruker Photon 100 CMOS
area detector using synchrotron radiation (16 keV). Samples were mounted on MiTeGen® kapton
loops and placed in a 100 K nitrogen cold stream. Grazing-Incidence Wide-Angle X-ray Scattering
(GIWAXS) patterns were acquired with a Pilatus 2 M (Dectris) instrument on beamline 7.3.3 at
the ALS (L= 1.24 A). The incidence angle was held at 0.120° to optimize signal collection. Silver
behenate was used for calibration. The Nika package for IGOR Pro was used to reduce the acquired
1D raw data to a 2D format.

Section 6.2.2 Synthesis of COF Nanocrystals and Thin Films

Synthesis of LZU-1 Nanocrystals. TFBZ (5 mg, 0.03 mmol), NBPDA (10 mg, 0.05 mmol)
and PVP (Mw. = 360,000, 20 mg) were dissolved in 2 mL ethanol and 0.24 mL TFA. The solution
was transferred to a 10 mL glass microwave vessel and heated to 120 °C for 30 minutes. The
reddish dispersion obtained was diluted with ethanol to 8 mL and centrifuged at 8000 rpm for 5
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minutes. The red solid collected was dispersed into 8 mL ethanol and 0.5 mL TEA to give a yellow
suspension. The color change indicated the protonated imine in the nanocrystals were deprotonated
by the amine base. The solution was centrifuged again at 8000 rpm to collect the nanocrystals and
the supernatant was decanted. The yellow solid collected can be then redispersed in polar solvents
such as ethanol, methanol and N,N-dimethylformamide. For larger nanocrystals with size of 500
nm, 10 mg PVP (Mw. = 360,000) instead of 20 mg PVP (Mw. = 360,000) was used in the same
synthetic procedure. For nanocrystals with size of 112 nm, the growth solution was prepared to
have TFBZ (5 mg, 0.03 mmol), NBPDA (10 mg, 0.05 mmol) and 40 mg PVP (Mw. = 10,000)
dissolved in 1 mL ethanol and 0.12 mL TFA. For hexagonal shaped nanocrystals, a toluene/ethanol
= 1:9 mixture was used instead of pure ethanol as the solvent.

Synthesis of Por-COF and TFPB-PDA COF nanocrystals. The synthesis of Por-COF
nanocrystals was carried out similarly to LZU-1, where 8.5 mg of 4,4',4"4"-(porphyrin-
5,10,15,20-tetrayl)tetrabenzaldehyde, 5 mg NBPDA and 15 mg PVP (Mw. = 360,000) were
dissolved in 0.3 mL toluene, 0.7 mL ethanol, 60 ul TFA and 10 ul water and heated under
microwave irradiation at 120° C for 30 minutes. The synthesized nanocrystals are washed in a
similar manner to the LZU-1 nanocrystal.

The synthesis of TFPB-PDA COF nanocrystals was carried out at the same condition as COF-
366, where 5 mg TFPB, 5 mg NBPDA, and 15 mg PVP (Mw. = 360,000) were dissolved in 0.3
mL toluene, 0.7 mL ethanol, 60 ul TFA and 10 ul water and heated under microwave irradiation
at 120° C for 30 minutes. The synthesized nanocrystals are washed in a similar manner to the LZU-
1 nanocrystals.

Synthesis of LZU-1 COF Thin Film. The growth of LZU-1 thin film was realized by
suspending the substrate into a heated growth solution at a constant temperature of 100 °C with
reaction time varied between 1.5 to 6 h depending on the desired thicknesses. The growth solution
was prepared by dissolving TFBZ (5 mg, 0.03 mmol) and NBPDA (10 mg, 0.05 mmol) in a solvent
mixture of 2.25 mL toluene, 0.75 mL dioxane and 0.6 mL TFA. The as-prepared thin films were
immediately washed with dioxane/TEA mixture and ethanol and dried under a stream of nitrogen.

Synthesis and characterization of mixed matrix membrane based on LZU-1 nanocrystal.
The mixed matrix membrane was produced as follows, 100 mg LZU-1 nanocrystal and 50 mg
PVDF (Mw. = 27500) was dispersed in 4 mL DMF to form a uniform solution, which was then
evaporated at 100 °C to give free standing membrane. The membrane consists of LZU-1
nanocrystals encapsulated in PVDF fibers. The membrane retains moderate porosity.
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Section 6.3 Result and Discussion
Section 6.3.1 Synthesis and Characterization of Monodisperse Nanocrystals

In the homogenized imine COF synthesis, nuclei form from clear solution and grow directly
into crystalline frameworks, which opens up opportunities for COF nucleation and growth control.
Specifically, a ‘burst of nucleation’ induced by rapid heating combined with modulator regulated
growth would give monodisperse nanocrystals, while under mild heating the nucleation barrier
would facilitate the selective growth of COFs on substrates. We would first demonstrate this
nucleation and growth control on a prototype imine COF, LZU-1, before generalization to other
ones. It is worth noting that the slow in situ deprotection of amines would facilitate crystallization
and enable unprecedented facile growth of crystalline imine COFs that are only known in keto-
enamine COF synthesis,*>*8 which would add to the merit of homogenized imine COF synthesis.

Monodisperse LZU-1 nanocrystals were synthesized by reacting NBPDA and TFBZ under
microwave irradiation with PVP as the capping agent. In a typical synthesis, NBPDA and TFBZ
were dissolved in 2 mL ethanol with 10 mg/mL PVP (Mw. = 360,000) and 240 ul TFA, which was
heated at 120 °C for 30 min to give a red suspension with protonated LZU-1 nanocrystals
(Appendix, Figure A6.1 and 6.2).1° This suspension rapidly turned yellow upon deprotonation by
washing with an ethanol/triethylamine mixture. We believe the protonation of the imine COF
renders the COF nanocrystals polar during crystal growth and allows PVP to bind and passivate
their surface and regulate growth in alcoholic solution.

The size and morphology of the LZU-1 nanocrystals were characterized by SEM, which
revealed their spherical morphology and average size of 245 + 25 nm (Figure 6.1a and b). The size
of these nanocrystals can be tuned by the concentration of PVVP, where 5 mg/mL PVP gave 500 +
52 nm COF particles (Figure 6.1c and d) and 40 mg/mL PVP gave crystals of 112 + 11 nm (Figure
6.1e and f). The high crystallinity of these particles was confirmed by PXRD (Figure 6.2a). These
particles were highly dispersible in ethanol and could remain colloidally stable for weeks (Figure
6.2b). High resolution TEM images further characterized the composition and crystallinity of the
nanocrystals, where the 2.2 nm hexagonal pore of the LZU-1 nanocrystal can be clearly observed
as well as the one-dimensional channels (Figure 6.2c and d).

Moreover, the morphology of COF nanocrystals can be tuned by solvent composition, where
the addition of toluene into the ethanol growth solution yielded a hexagonal morphology. This
hexagonal shape also supports the homogeneous nature of the crystal growth process and the high
crystallinity of these nanocrystals (Figure 6.3).
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Figure 6.1. SEM and size distribution of LZU-1 nanocrystals. The size of monodisperse LZU-1 nanocrystals can be
tuned from 500 £ 52 nm (a and b), 245 + 25 nm (c and d) to 112 + 11 nm (e and f) by tuning the concentration of PVP.
From size distribution, it is clear that these particles are monodisperse (b, d and f).
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Figure 6.2. XRD and TEM study of LZU-1 nanocrystals. Powder X-ray diffraction shows high crystallinity of LZU
nanocrystals with different sizes (a), which are dispersible in ethanol for weeks (b). High resolution TEM reveals
LZU-1 nanocrystals are consist of several crystalline domains, as both one-dimensional channels (2.2 nm wide,
perpendicular to electron beam) and hexagonal pores (2.2 nm diameter, parallel to electron beam) can be observed in
one particle (c), which is shown in higher magnification (d).
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Figure 6.3. Hexagonal LZU-1 nanocrystals obtained using toluene/ethanol mixture solvents.

The optimal nanocrystal morphology can be obtained by ‘matching’ the PVP molecular weight
with the desired particle size (essentially determined by PVP concentration). For small
nanocrystals, if large molecular weight PVP is used (Figure 6.4a and b, My. = 360,000 PVP and
40 mg/mL), one particle would usually have several small crystallites and thus have irregular star-
like morphology. Similarly, for large nanocrystals, when small molecular weight PVP was used,
aggregation of particles can be observed and particles would be polydisperse (Figure 6.4 c and d,
Mw. = 10,000 PVP and 5 mg/mL). The effect of toluene in this synthesis is also complex. With 1
mL toluene and ethanol mixture, a toluene fraction beyond 0.6 mL would give aggregated COFs
as the solution is not polar enough to dissolve PVP and disperse the polar nanocrystals; a toluene
fraction between 0.6 and 0.3 mL usually gives a clear solution or very low COF yield, and toluene
behaves as an inhibitor of COF growth; a toluene fraction below 0.3 mL yields morphologically-
tuned COF nanocrystals. The synthesis is insensitive to the amount of TFA added, but very
sensitive to addition of water, which drastically decreases the COF vyield.
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Figure 6.4. Poly-dispersed LZU-1 nanocrystals with ‘mis-matched” PVP molecular weight and particle size. scale bar
200 nm.
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The LZU-1 nanocrystals thus prepared display a high surface area of 729 m?/g, which is more
than 1.5 times that of the original report (457 m?/g) (Figure 6.5). This synthetic method to produce
COF nanocrystals is highly generalizable where two different COFs, TFPB-PDA and Por-COF

were synthesized as nanocrystals with this method (Figure 6.6).
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Figure 6.5. N, uptake of 245 nm LZU-1 nanocrystals (adsorption and desorption represented by filled and empty
sphere, respectively).

It is worth noting that with these aldehyde linkers that have large molecular weight then TFBZ,
COF nanocrystals can nucleate with lower concentration than LZU-1. However, these aldehydes,
having lower reactivity than TFBZ, would sometimes give crystalline impurities, which could
presumably be oligomers of protonated polyimines. This can be avoided with the addition of small
amount of water to the reaction mixture, as in the reaction conditions provided above.

Scheme 6.1. Aldehyde building block of the Por-COF and TFPB-PDA COF.

CHO
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Figure 6.6. SEM images and PXRD of Por-COF and TFPB-PDA-COF nanocrystals (scale bar 1 um).
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The microwave heating not only gives homogeneous rapid heating necessary for burst of
nucleation, but also allows for large scale COF preparation. With 15 mL solvent in one microwave
vessel, hundred-milligram scale of COF could be produced in half an hour, compared to sealing
several Pyrex glass tubes and heating for days in the conventional methods. The utilization of the
Boc-protected amine in a homogeneous synthetic route also broadens the range of conditions of
COF synthesis, where solvents (i.e. alcohols) considered undesirable in conventional synthesis can
now be used to give crystalline products. We believe these features will profoundly advance the
application and fabrication of imine COFs. For a proof-of-concept example, the monodisperse and
porous COF nanocrystals were used as well-defined processable building blocks in preparation of
COF based mixed matrix mem-brane, where PVDF and LZU-1 nanocrystals were both dissolved
in DMF and then casted into free standing thin films with a surface area of 242 m?/g (Figure 6.7).
With COFs nanocrystals below 200 nm, as their size was below the wavelength of light, the
membrane became transparent.
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Figure 6.7. Mixed matrix membrane of LZU-1 nanocrystals. (a) The membrane can be free standing and transparent.
(b) The film is consisted of LZU nanocrystal coated by PVDF. (c) The film shows accessible surface area of 241 m?/g.
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Section 6.3.2 Synthesis and Characterization of Oriented Thin Films

The homogeneous synthesis of imine COFs also allows for the fabrication of imine COFs into
high quality thin films. This can be demonstrated by synthesizing LZU-1 thin films on silicon
substrates in hydrophobic aromatic solutions. As the protonated COF nanocrystals form
homogeneously, the nucleation barrier would favor COF nucleation on the polar oxides, which
would facilitate the selective growth of COF thin film on the substrates. The growth of imine COF
thin film was realized by heating the substrate at 100 °C in the growth solution, where NBPDA
and TFBZ were dissolved in a solvent mixture of toluene, dioxane and TFA. A uniform film was
formed after 2 hours on the silicon substrate and the wall of the vial. The thin film morphology of
the COF can be clearly observed by SEM at the edge of the substrate where the film was wrapped
(Figure 6.8). Higher magnification SEM on the wrapped film revealed that it was composed of the
small crystallites with similar orientation (Figure 6.9a). The thickness of the film was measured
by cross-section SEM to be 190 nm, which can be tuned empirically by changing the reaction time
and concentration of the growth solution (Figure 6.9b and A6.5). The crystallinity and orientation
of the film were characterized by GIWAXS measurements, which revealed the 2D plane of the
LZU-1 COF being flat on the substrate with its [001] direction perpendicular to the substrate
(Figure 6.9c). The high quality polyimine film enabled us to measure its optical property by
ellipsometry for the first time. Surprisingly, the highly porous material had high refractive index
of 1.83 at 632.8 nm wavelength. This is higher than most polymer materials and indicates the high
level of in-plane conjugation in the COF. The high film quality and well-defined optical property
give rise to interesting chemical sensitive optical properties that indicates the porosity of these
COF thin films (Figure 6.10). The homogeneous COF growth enabled by protected amine building
blocks gives unprecedented high quality crystalline, oriented, porous COF thin films that would
advance the impact of COF chemistry in optical and electronic applications.

Figure 6.8. SEM image of LZU-1 thin film. The image shows the partially detached corner of the film confirms the
thin film nature of the COF.
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Figure 6.9. The uniformity, orientation, and crystallinity of LZU-1 COF thin film. The thin film was highly uniform
(a) and composed of small crystallites with similar orientation. The thickness of the film was determined to be 190
nm by cross-sectional SEM (b) and its crystallinity and orientation confirmed by GIWAXS pattern (c).
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When the COF thin films are exposed to organic vapor, its color changes due to the change of
overall refractive index by gas adsorption. This color change is highly reversible, as the vapor is
removed, the color change is reversed. This phenomenon indicates the accessible porosity of the
film and can be best demonstrated by putting the thin film into vials with organic vapor with
different vapor pressure and observe where the film changes its color with respect to the liquid
level.

Figure 6.10. Gas adsorption triggered color change in LZU-1 thin film. The film was pink before exposure (a), and
turned green after exposed to acetone (b) and methanol (c). As acetone has higher vapor pressure, the film turned
green at the top of the vial, while for methanol the film only turned green after being closer to the liquid level. When
ethylene glycol (d) was used, the film kept its original color due to the low vapor pressure of the liquid.
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Section 6.4 Conclusion

In this chapter, we developed a synthetic approach to homogenize the COF synthesis which
involves using protected amine building blocks as the starting material. This synthetic approach
avoids formation of polyimine intermediates and allows COF crystallites to grow directly from
clear solution. The homogeneous COF growth process can be tuned by modulators to afford
monodisperse COF nanocrystals. The COF nucleation can be controlled to selectively grow thin
film on substrates with high crystallinity and well-defined orientation.

The essence of developing homogeneous COF synthesis is synchronizing the COF nucleation
and crystallization, which enabled the control of both nucleation and growth of COFs. The fact
that the COF crystals are protonated and polar further facilitate their growth control, since
surfactant like PVP can passivate their surface. The nucleation barrier in the homogeneous COF
synthesis enables film growth without precipitation from the solution. In summary, in this synthetic
approach, the COFs can be grown in similar manner as inorganic material, which will significantly
advance their fabrication in nano-size regime and integration in mesoscopic constructs.
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Section 6.6 Appendix

As-synthesized LZU-1
Deprotonated LZU-1

Absorbance (a.u.)

N
1 1 |
500 750 1000 1250
Wavelength (nm)

Figure A6.1. UV-Vis spectra of as-synthesized (protonated) and washed (deprotonated) LZU-1 nanocrystals.
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Figure A6.2. Infrared spectra of as-synthesized LZU-1 nanocrystals. 3355 cm! vibration is attributed to N-H stretch
and the 1660 cm* shoulder is attributed to C=NH* (the 1685 cm™* mode is attributed to C=0 in PVP).
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Figure A6.3. Infrared spectrum of LZU-1 nanocrystal. 1682 cm™ and 2987 cm are attributed to C=0 and CH2- group
in PVVP. Other vibrational modes are consistent with the original report.

Figure A6.4. LZU-1 films of different thickness on silicon (a) and coating on glass vial (b).

(a) (b) (c)

-
i

Figure A6.5. Cross-section SEM of the thin films in Figure S25. Film thickness are 400 nm, 260 nm, and 190 nm
respectively in a, b and c (for the pink, purple and yellow color film). This thickness control was achieved empirically
by tuning growth time and grow solution concentration. Scale bar is one micron.
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