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ABSTRACT OF THE DISSERTATION

Postsynthetic Modification of Metal-Organic Frameworks

By
Kristine Kimie Tanabe

Doctor of Philosophy in Chemistry
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Professor Seth M. Cohen, Chair

Metal-organic frameworks (MOFs) are porous crystalline nadsethat are built
from metal ions or metal ion clusters and organic ligands. Tiesdeen much interest
in designing functionalized MOFs with enhanced host-guest int@mactor potential
applications in gas storage, catalysis, and separation. Howeueas iremained a
challenge to synthesize functionalized MOFs directly throuagtittonal MOF synthesis.
This dissertation focuses on the development of postsynthetic madifi¢®SM) as a
method for functionalizing MOFs. A systematic overview of PSM e presented to
highlight PSM as a general, versatile approach for enhancinghirscal and chemical
properties of MOFs.

In the first half of this dissertation, IRMOF-3, an amino-conitg MOF, is

modified with a series of alkyl anhydrides, and the effecteafent size on modification
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extent are explored. In the next chapter, other amino-containing E¥3ksms (DMOF-
1-NH, and UMCM-1-NH) are synthesized and modified using PSM. Through this
study, PSM is shown to be a practical approach for functionalizingrsyl@nd also
indicates MOF topology can influence the modification outcome. s€hend half of this
dissertation focuses on using PSM to develop MOFs for gas starapecatalysis
applications. IRMOF-3, DMOF-1-N§l and UMCM-1-NH are modified and tested for
H, storage. The MOFs are modified with certain functionaligeg.( alkyl vs. aromatic)

to determine if H uptake and heat of adsorption is improved. In a separate study,
UMCM-1-NH; is modified with metal binding substituents, and is metallatet
different metal ions to generate a series of potential Lasid MOF catalysts. The
metallated UMCM MOFs are tested for the Mukaiyama aldattren and for epoxide
ring opening catalysis, and the catalytic results are presented.

Lastly, a new functionalization technique, named postsynthetic defoatec
(PSD), is introduced. Two new BDC ligands are synthesized with @ihdprotecting
groups and are incorporated into MOFs. The MOFs are then exjpos&tilight, which
results in the removal of the photolabile groups to produce MOFs wdh, fr
uncoordinated hydroxyl groups. This is the first example of usifg kg unmask
functionalities in a MOF, and presents a novel route for obtaining-3VWith more

complex functionalities.
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Chapter 1 Introduction



1.1 Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are 2D or 3D porous, crystallinerrakté¢hat
consist of metal ions or metal ion clusters and multidentate erdigands?> MOFs,
which are also referred to as porous coordination polymers (PQfesjerally have
uniform pores, exhibit high surface areas, and have good thermaitgtabil Many
MOFs have been constructed using metals across the periodic eale afkali®*°
transition metald;”** group 13" lanthanide¥) and a wide variety of ligands with
different metal binding groups (e.g., cyanides, pyridyls, carboxsylaselfonates,
phosphates, and imidazot&sd). Coordination complexes (e.g., dipyrfihs
porphyring®) and ligands with pendant substituents (e.g., -Br, sNBHs)'* have also
been explored to create MOFs with unique topologies and functionaliti®ghin the
last two decades, a wide range of topologically diverse MOFsbeae synthesized with
varying pore sizes and pore volumes from the different combinatiomsetdls and
ligands.

MOFs are commonly prepared from one-pot, solvothermal reactionsthath
metal ion and organic ligand dissolved in a high-boiling, polar stlvelRMOF-1
(Isoreticular Metal-Organic Framework-1), otherwise knownVE3F-5, is among the
most widely studied MOFs and is generally synthesized yigototypical solvothermal
synthesis:*® In a typical IRMOF-1 reaction, 1,4-benzenedicarboxylic acid (BB
Zn(NG:s), are dissolved in diethylformamide (DEF) and heated in a seasseélvi® 100
°C (Figure 1). During synthesis, the metal ions (nodes) and orfjgards (struts)
generate coordinate covalent bonds to form metal ion clusterarbaeferred to as

secondary building units (SBUs), which will produce the connecting snadethe



framework?® The overall SBU shape, which influences the framework topology, is
determined by the coordination geometry preference of the nietasize and shape of
the ligand, and the reaction conditions (e.g., concentration, solveneremme, timef"

% For IRMOF-1, BDC and Z# ions react together in DEF to form #h clusters
coordinated by six BDC ligands, resulting in an octahedral SBhe octahedral SBUs
assemble to form a 3D, porous cubic lattice that is manifesheagprecipitation of
colorless block-shaped crystals of IRMOF-1. In most cases, M@bduced from
solvothermal methods either form as single crystals or atliy&t powders that can
subsequently be characterized using single crystal X-ray ditira(XRD), powder X-
ray diffraction (PXRD), thermal gravimetric analysis (TGAhd gas sorption analysis in
order to determine the topology, thermal stability and solvent comteahiporosity of the

framework, respectively.

O _OH

Zn(NO3),
U e
DEF, 100 °C
0“ "OH

1,4-benzenedicarboxylic acid
BDC

Secondary Building Unit
SBU

Isoreticular Metal-Organic
Framework-1
IRMOF-1

Figure 1-1. Solvothermal synthesis of Isoreticular Metal-Organic Fraonkw
(IRMOF-1) using 1,4-benzenedicarboxylic acid (BDC) and Zn{dQlissolved in
diethylformamide (DEF). Color scheme: Zn, green; O, red; C, gray.



1.2 MOF applications

Within the last decade, MOFs have emerged as attractiveiataia the areas of
gas sorptiof® catalysis’?® separatiof? and biomedical applicatiori&3 MOFs
encompass the best features of traditional inorganic (e.g., zpalidsorganic (e.g.,
carbon nanotubes) materials and have several advantages over both. systelites are
constructed from tetrahedral aluminosilicate building blocks and caféogs N&, K,
Cd™).1%% Zeolites have been widely explored for petrochemical crackinglysss, ion
exchange, and separation applications due to their high chemicditystabd size
selective micropores; however, zeolites are not chemicalgbtarand have smaller pore

I°** and @& ions as their

channels and pore volum&s.Zeolites are restricted to“&i A
building blocks and can only be functionalized via their cations, whichatbJenits
control over designing zeolites with specific pore sizes, pore volumes, and furiigésnal
Carbon nanotubes are cylindrical graphite tubes that have been explordaeifor
electronic and mechanical capabilités.In contrast to zeolites, carbon nanotubes are
more chemically diverse because their walls can be fundzedalusing organic
chemistry. Ironically though, carbon nanotubes are only modifialtleeat defect sites
and are not well-ordered crystalline materials. MOFs, on ther dtand, are robust,
crystalline materials like zeolites, yet can be functiondlzenilarly to carbon nanotubes
based on the choice of ligand. Due to their hybrid inorganic-organicenalOFs are
highly tunable materials that can be physically and chemicatigulated for storage,

catalysis, and separation applications, which is otherwise #afiom of zeolites and

carbon nanotubes.



Gas storage and separation has been the most popular application®Fsr M
There has been a lot of interest in developing cost-effentethods for storing Hand
CH, as alternative energy sources and capturing f6Gsequestration in order to mitigate
emissions of this global-warming g&s® MOFs have shown promise as storage and
separation devices because they exhibit good reversibilityedtguptake and release,
remain permanently porous upon guest removal, and have exceptional pores?8fim
Moreover, because MOFs can readily be tuned to have specific t@®l@yg., pore
sizes and shapes) and pore functionalities, they can be optinizgddst uptake and
interactions based on size, shape, and polarity. Several studies have indicase@/ilMOF
unsaturated metal centers show stronger guest interactionsingitased heat of
adsorption AH,q49, while other studies have indicated that MOFs with substiterds
amines) decorating the pore channels display a preferenceCgrcé&pture from a
mixture of CQ/CH,.%%*

In addition to gas storage and separation applications, MOFs havédeds
explored extensively as heterogeneous catalysts. MOFRhareeal platform system
because they can be designed to have the benefits of both hoousjeaed
heterogeneous cataly$ts®3%*° Homogeneous catalysts lack thermal stability, can
undergo self-degradation, and are not easy to isolate and“‘feusteterogeneous
catalysts are more robust, yet have poor mass transport andoarehemically

tunable**?

MOFs are able to overcome the limitations of homogeneous and
heterogeneous catalysts because they are thermally robusis poaterials that can be
easily isolated and reused. Their large pores allow for fassgort of substrates while

the uniformity of MOFs prevents self-degradation of the actiessiMoreover, careful



selection of the metal ion and organic ligand can produce MOFschitthl topologies,
specific pore apertures, unsaturated metal centers, theresoiérg in MOFs that act as
either enantioselective or size selective Lewis“défchnd organocatalysts.

Lastly, MOFs have been studied for drug delivery and bio-imagpmiications.
Given the wide range of building blocks that are available, MEdfs be synthesized
with active metal centers (e.g., BMOFs doped with EUi or Tb*") for bio-imaging?®*’
biologically active ligands (e.g., nicotinic acid) that can beastd upon framework
degradation, and with low toxicity metals and ligands in order to Boframework that
can effectively deliver drugs within a biological syst®m Preliminary drug delivery
studies have indicated that MOFs are able to accommodate Higlgestorage capacities
with better rates of release for both solid (e.g., ibuprofen) andgsge.qg., nitric oxide)
therapeutics. MOFs have great potential as drug deliverylsdsseause they can be
designed with specific pore sizes and shapes, which can infllencaté of drug release
based on the size and shape of the &tud\dditionally, the framework pores can be

functionalized with substituents to improve uptake, delivery, and relgfadeugs that

may not be easy to transport across the cell membrane or consumed too quickly.

Gas storage and separations Heterogeneous catalysis Drug delivery and bio-imaging
LN )
--==Ca-N N-Cd---
co, ke Q—o@ N
cn, 60 g ©)L" J
— SO &
2 Ssi oSiC
M e LA 7 - 3
SO ©

Figure 1-2. Examples of MOFs for gas storage and separations, heterogeagalysis,
and drug delivery and bio-imaging application€0, capture with MOF-74 (left),
cyanosilylation of aldehydes with €dbipyridine frameworf¢ (middle), and ibuprofen
drug delivery with MIL-10%° (right).



1.3 Prefunctionalization of MOFs

There has been interest in tailoring, or functionalizing, the M@ s to improve
host-guest interactions for catalysis, separation applicatmalsgas storage. The choice
of metal and ligand can greatly affect the uptake and host-gutesadtions in the
framework, which in turn can affect the performance of MOFs ufEig2)?*>'>3
Traditionally, functionalized MOFs have been synthesized through a
‘prefunctionalization’ approach (Figure 3). Prefunctionalizationscdbes the
solvothermal synthesis of a functionalized MOF using a speafetal ion and
functionalized ligand (e.g., organic ligand with functional group swiestis)
combination. Many functionalized MOFs have been synthesized via the
prefunctionalization approach with different metal centers and vafimasional groups
(e.g., -Br, -NH, -CHs) decorating the framework porgs>*>°

The IRMOF series is one well-known system of functionalized MBS have
been synthesized via the prefunctionalization route. As mentioned ElyilRMOF-1
is a cubic framework with Z©® SBUs coordinated by BDC ligands. In the IRMOF
series, all the MOFs contain £ SBUs, but are linked by different BDC derivatives.
Such BDC derivatives include 2-bromo-1,4-benzenedicarboxylic acid (E}BR-
amino-1,4-benzenedicarboxylic acid (MBDCO), and 2,5-dipropoxy-1-4-
benzenedicarboxylic acid (dp-BDC), which have been used to form RRJARMOF-
3, and IRMOF-4, respectively. As implied by their name, the IRMOFs are isostructural
to one another, yet they are all functionally diverse framewurkis different pore
volumes and surface areas. Recently, prefunctionalization has bekroudevelop

Multivariate MOFs (MTV-MOFs), which are multi-functionalized version$RifIOFs>°



MTV-MOFs are structurally similar to IRMOFs, but they aamnstructed from multiple
BDC derivatives instead of one BDC derivative. Different combonatiof BDC
derivatives (-Br, -NH, -(Cl);, -NO,, -(CHg)2, -C4H4, -(OGHs),, -OCGHy)2) have been
successfully mixed together in one-pot reactions to yield MTV-BI@#h up to eight

functional groups within a single framework.

Rxn
o + conditions R

Metal source
Functionalized ligand

Oy, OH

NH; Zn(NO3);
_ 4nNOg)2
DMF, 100°C
0“ "OH

2-amino-1,4-
benzenedicarboxylic acid
NH,-BDC

IRMOF-3

Figure 1-3. Synthesis of a functionalized MOF using the prefunctionatinatoute
(top). Synthesis of IRMOF-3 from 2-amino-1,4,-benzenedicarboxylic @d#-BDC)
and Zn(NQ), in DMF (bottom). Color scheme: Zn, green; O, red; C, gray; N, blue.
1.4 Postsynthetic modification of MOFs
Although many different functionalized MOFs have been developed via the

prefunctionalization route, there are limitations with the typefioétional groups that

can be directly incorporated into the framework. The prefunctizatalin route assumes



that functionality is preserved during and after synthesis and hasffect on the
framework topology. However, the type of functional group can gréafllyence the
structural and chemical outcome of a solvothermal reaction. Samgdnal groups are
not stable under the standard solvothermal conditions, which requireenigieratures
and pressures. Other functional groups are not compatible indépukrity, solubility,
and sterics. Metal-binding groups, such as hydroxyls and carbaxylis, are especially
difficult to incorporate into MOFs because they can interfdth flamework formation
and chelate metal ions in the process. As a result, the opmdiict may result in either
an undesired crystalline phase or the functionality is comprdmigeother challenge
with prefunctionalization involves incorporating multiple functionalitsethin the MOF.
MTV-MOFs contain multiple functional groups, but the overall ratidurictionalities
within the framework cannot be easily controlled. As seen waith eMTV-MOF
synthesis, the functional group outcome is overall unpredictable despitiegstwith
equivalent ratios of each ligand. In one synthesis, a 1:1 staatiogof BDC:NH-BDC
results in a framework containing 1:0.57 ratio of BDC:NBDC. Depending on the
functional group, the ligands may compete with one another during synémesi®rm
products at different rates, which would make it difficult to achiav®IOF with a
specified ratio of functionalities.

An alternative functionalization route is by postsynthetic modiboa(PSM). In
1990, Hoskins and Robson observed that, “Relatively unimpeded migration ofsspecie
throughout the lattice may allow chemical functionalization of thas rsubsequent to
construction of the frameworR” Rather than trying to produce a functionalized MOF

directly from a functionalized ligand, Hoskins and Robson proposed th&athework
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be formed first and modified in a heterogeneous fashion afterwardsprisghgly,
though, there were no attempts made to chemically modify MOFalrfarst a decade

despite the fact that the observation was made during the early years of 8éQi€he

e

e —

Rxn
conditions
® _
Metal source

—-'7'

f——

Starting ligand

Starting MOF Functionalized MOF

Figure 1-4. Synthetic schematic for postsynthetic modification (PSM) of a MOF.

In 1999, Lee and coworkers synthesized a series of 2D coordination polymer
from Ag(OTf) and 2,4,6-tris(4-ethynylbenzonitrile)benzene derivafives Several
ligands were produced with different pendant groups off the ceb&atene ring,
including -CH, -CH,=CH,, and -OCHCH,OH (Figure 5). Lee and coworkers observed
that one of the AQ coordination polymers, which was built using (2,4,6-tris(4-
ethynylbenzonitrile)phenoxy)ethanol, had a alcohol group that could gmademical
modification (Figure 5). As a proof of concept, they successfuliglified the pendant
alcohol group with trifluoroacetic anhydride and converted this péngltanip into an
ester. Solid-state IR analysis, in addition to solution steteNMR analysis upon
dissolving the coordination polymer ird®-acetone, confirmed the successful
transformation of the alcohol into the ester. No significanicatral changes were
observed for the coordination polymer, as observed by powder X-ragctibh. The

following year, Kim and coworkers prepared D-POST-1, a 2D MO &it" trimer
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SBUs and a chiral tartaric pyridine derivative (Figuré>5During their studies with D-
POST-1, Kim and coworkers discovered that D-POST-1 was an acite¢yst for

transesterification of alcohols. It was proposed that theytiataktivity was due to free,
uncoordinated pyridyl groups located within the pores of the framewislkconfirm the

pyridyl groups were the catalytic source, the MOF was exptsaodomethane (and
iodohexane) in DMF to alkylate the pyridyl groups. In order baracterize the
modification, N-alkylated D-POST-1 was analyzed %y NMR and powder X-ray
diffraction. The N-alkylated product was dissolved in,CBOD in ;O and the newly
modified substituent was observed in the spectra. Powder X-rapatidin of the

modified MOF confirmed the framework remained stable afterlatibypy. Once the
identity and integrity of N-alkylated D-POST-1 was establislied,MOF was retested

for catalysis. As predicted, the newly alkylated MOF did not show any catatttvity.

1
/3)\5\\0\ 3 Ifl cioj\c I
\T \? = O ] = O \
/Q’N’.\O\‘/QL%\\Q\ NC O O\LOH O N NC O O\LO O oN

0;(0 -2’50
HOW’ NH L HO "'7,—NH
) o/r@ o C\}:
Figure  1-5. Ag" 2D coordination  polymer  with  (2,4,6-tris(4-

ethynylbenzonitrile)phenoxy)ethanol undergoing postsynthetic modificatwith

trifluoroacetic anhydride (top). D-POST-1, constructed froni*Zmd chiral tartaric
pyridine derivative, undergoing postsynthetic modification with iodometlfaotom).
Color scheme: Zn, green; O, red; C, gray; N, blue; Ag, light blue.
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1.5 PSM of IRMOF-3

Although Lee and Kim successfully performed PSM on MOFs, megheup
further pursued any additional PSM studies. PSM has been frequeilitted to
functionalize other solid-state materials such as organosdidatgfonatiom)®® and
carbon nanotubes (carboxylation activation, amide couplings, esi&dh,
halogenation, thiolation, hydrogenation, carbene addition, and cycloaddfi6hs).
However, no further work was pursed with MOFs. In 2007, Wang and Cohen
investigated the PSM of MOFs in a more systematic, delibagisach and coined the
term ‘postsynthetic modification’ by analogy to the posttraisiat modification of
proteins®? Posttranslational modification of proteins refers to the covafentification
of side-chains on proteins that have been translated from RNA. deelsins of
proteins undergo various modifications, including acylation, phosophorylation,
carboxylation, and O-glycosylation. Herein, the term PSM was edagiter post-
translational modification with respect to the same concepiaodification. With
Hoskins and Robson’s initial proposal in mind, Wang and Cohen formailyedelPSM
as the chemical modification of a MOF after construction of the frame¥ork.

Given the lack of PSM studies since Lee and Kim’'s work, Wang astterC
pursued a simple PSM reaction on a well-characterized MOEmsysT he initial target
was IRMOF-3, a highly porous MOF built from £ SBUs and NRBDC (Figure 1-
3).1% |RMOF-3, which is isostructural to IRMOF-1, was chosen becausentains
free, uncoordinated amino groups within the framework pores. As aesinpbf of
concept, the amino groups of IRMOF-3 were exposed to acetic antiydrah effort to

convert these groups into amide functionalities. Single crysthIlRMOF-3 were
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suspended in a GBI, solution of acetic anhydride and were left to react at RTerAf
days, IRMOF-3 was successfully converted into its amide version,etbastiRMOF-3-

AM1 (AM = amide), in a single-crystal-to-single-crystal (SCS&)ation®

NH,

\ 7/
NH, HN—<
= = ©
\ 7 \ 7
Oy OH o o MOE o OHH
o _— soten - Ll
—_— — >
DEF, A CHCI3, RT o
0~ "OH 07 oH
MW =181 m/z IRMOE-3 IRMOF-3-AM1 MW =223 m/z

Figure 1-6. PSM of IRMOF-3 with acetic anhydride into IRMOF-3-AM1 (AM
amide).

No visible differences could be discerned between unmodified IRMOF-3 and
IRMOF-3-AM1 crystals. Thermogravimetric analysis (TGAhda powder X-ray
diffraction (PXRD) confirmed that the modification had no effattthe thermal stability
or structure of the framework when compared to the parent MRIAQF-3). Single
crystal X-ray diffraction also provided additional evidence thatftamework topology
remained intact. Unfortunately, the modified substituent could not bé&bbevithin the
structure due to a positional disorder over all four equivalent positbrnise central
benzene ring of the BDC ligand. To quantify the degree of modificagingle crystals
of IRMOF-3-AM1 were dried and digested using dilute acid (35% D&V in d°-

DMSO) and analyzed by solutiotd NMR (Figure 1-7). Distinct shifts within the
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aromatic region and the emergence of a new peak correspondheg rieethyl group in
the upfield region were clearly observed and found to be consisténth& new amide
functionality. Using these spectral chandés NMR of the digested sample confirmed
the successful modification of IRMOF-3 into IRMOF-3-AM1, which vaegermined to
be ~80%. Based on these results, Wang and Cohen were able tdrRWOW-B could be
functionalized using PSM without affecting its overall thermad structural stability.
This simple experiment demonstrated that a functionalized MOFd cbel readily
obtained as a high yielding, pure product under mild chemical conditiouns opening
the possibilities of developing a variety of functionalized MOF$ ¢bald not otherwise

be obtained through prefunctionalization.

DMSO

Oy _OH O._ _OH HZO
H
§ NH, i N\n/
O
O~ "OH

CHSCOOH

_i J\,.L H JbuL_

95 90 85 80 75 7.0 65 6.0 55 50 45 40 35 3.0 25 20 15
d/ppm

Figure 1-7. 'H NMR spectra of digested IRMOF-3-AM-1 crystals id"-
DMSO/DCI/D,0. Unmodified IRMOF-3 peaks are indicated by black circles and
modified IRMOF-3-AM1 peaks are indicated by red squares.
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The following thesis work explores the development of PSM of MFsugh
various stages. During the course of these investigations, thexdoban many reports
published on the PSM of MOFs including two reviews solely focusinggm.2° The
main focus of this thesis is to showcase the early advancemems with PSM
developed in the Cohen laboratory. Initial studies on how MOF modificatimh
porosity is affected by reagent size will be reported in Gnapt In Chapter 3, new
topologically MOFs are synthesized and examined by PSM to und@rgtd®SM is
applicable to different MOF systems and how topology can affeclification. This
work will then move in the direction of designing MOFs for applaraiin gas storage
and catalysis. Chapter 4 focuses on the development of MOFs;fetotdge while
Chapter 5 focuses on the design and synthesis of new Lewis &gk ddtalysts.
Preliminary results regarding the advantages of using R&Mnfproving host-guest
interactions for H storage and Lewis acid catalysis will be reported. Fin@hapter 6
introduces a new modification technique called postsynthetic depastd&¥5D), which
allows for more complex functionalities to be incorporated into M@tes highlights the

overall advantages of using a postsynthetic approach for designing functionalidesd M
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2.1 Introduction

Back in 1990, Hoskins and Robson proposed the idea of PSM and described how
a MOF could be synthesized first and chemically modified ageist In 2007, Wang
and Cohen formally coined the term PSM and introduced PSM asat@gstrfor
functionalizing MOFs after the framework had been synthe$izéul their study, they
exposed single crystals of IRMOF-3, which contains pendant aminogyrmua solution
of acetic anhydride and successfully converted IRM®Fi&o IRMOF-3-AM1, a MOF
with amide functionalities (Figure 2-1). By TGA and PXRD analy}RMOF-3-AM1
showed no distinct thermal or structural differences from unmadifRMOF-3,
therefore implying the modification had no deleterious effect orirtmeework. Single
crystal X-ray diffraction analysis of IRMOF-3-AM1 confirmdtde TGA and PXRD
results and revealed the expected cubic lattice; however, no s@letlien density was
present for the modified amide substituent to justify the newtimmality. To confirm
the modification did occur, single crystals of IRMOF-3-AM1 wergedied and analyzed
by 'H NMR, which distinctly showed IRMOF-3 was successfully modifigih >80% of
the amino groups converted into amides. Here, Wang and Cohen wete abtain a
functionalized MOF by modifying the framework after it had begntlesized and

clearly demonstrated the feasibility of PSM.
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NH,

W/,

O~ _OH

%Nm Zn(NO;),
DMF, 100°C

0“ “OH

2-amino-1,4-
benzenedicarboxylic acid
NH,-BDC

NH, HN—<

\ 7 N/,

—_—
CHCl,, RT

IRMOF-3 IRMOF-3-AM1
Figure 2-1. Synthesis of IRMOF-3 from NHBDC and Zn(NQ)., in DMF (top).
Synthesis of IRMOF-3-AM1 by modifying IRMOF-3 with acetic anhydridet{om).
Although the modification of IRMOF-3 was a simple, yet profound result,
became apparent that several aspects of PSM needed to be addmefese fully
exploiting PSM to functionalize MOFs, especially given the laicPSM studies within
the last twenty years> We sought to perform a systematic study to understand the
following: (a) could larger reagents be used; (b) how would the physigperties (e.qg.,
thermal stability, surface area, etc) be affected aftedifgation; and (c) is PSM a
general functionalization approach. To answer these questionspaghatudy of PSM
was conducted using IRMOF-3 as a model system. IRMOF-3 wad#iadowith ten
alkyl anhydrides of varying chain lengths, (§€€H,),CO).0, where n = 1 to 18), and
analyzed by a variety of characterization techniqtidsNMR, ESI-MS, TGA, PXRD,

single-crystal X-ray analysis, and Brunauer-Emmett-Tel[@ET) surface area
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measurement§fo determine the modification extent, stability, and microporasfithe

modified IRMOFs (Scheme 2-1).

2.2 Results and Discussion
2.2.1 Modification of IRMOF-3 with Alkyl Anhydrides.

Two different methods (denoted as denoted as ‘Method 1’ and ‘Method &) wer
used to study the effects of PSM on IRMOF-3. ‘Method 1’ invohadsng CHC}
soaked samples of IRMOF-3 and drying them under vacuum withdheaihove solvent
from the pores of the framework prior to PSM. ‘Method 2’ uses Igid@aked samples
of IRMOF-3, but without drying prior to modification. Both methods wesed to study
different features of the modified IRMOFs and to compare thetsfigf modification
based on sample preparation.

Method 1 samples were primarily used to study the rates ofiviiya of each
alkyl anhydride. When IRMOF-3 was exposed to acetic anhydrickgjcaacid was
observed as a byproduct upon acylation of the amino gfodpsNMR analysis of the
reaction supernatant showed the distinct appearance of acetiand disappearance of
acetic anhydride, which provided indirect evidence that the amino gveenesmodified.
Similar experiments were performed with IRMOF-3 and the t&gl anhydrides to
examine how alkyl chain length affected the rate of modiboafFigure 2-2). IRMOF-3
samples (prepared using Method 1) were soaked in £D@h their respective
anhydrides and the CDg$upernatant was monitored ty NMR every 24 h for a total

of 5 days. The carboxylic acid byproduct has a distifeéH, peak from the anhydride,
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which made it easy to observe whether or not the anhydride waggamdea reaction

with IRMOF-3 (Figure 2-3).

NH, HN‘é i"

\_/ \W/,
(o}

(o] (o]
. ‘Hfj‘o JLH’ CHCI,, RT . \(v)fLoH

n=1to18

IRMOF-3 IRMOF-3-AM(n+1)
Figure 2-2. Modification of IRMOF-3 with alkyl anhydrides (GKCH,),CO)0, where
n=1to 18)

N L
L .
L N
I b

26 25 24 23 22 21 20 19 18 1.7 16 1.5 14 1.3 1.2 1.1 1.0 09 0.8

IRMOF-3-AM5 8lppm

Figure 2-3. 'H NMR spectra of the reaction mixture of IRMOF-3 modified with
hexanoic anhydriden(= 4) collected between 0 and 5 days. Reaction conditions: rt,
CDCl; (1.00 mL), IRMOF-3 crystals (Method 1, 0.10 mmol equiv of JNHand
anhydride (0.20 mmol).
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'H NMR spectra of the reaction supernatant with each alkyl aiteydvere
compiled to compare the ratio of anhydride to acid byproduct oveb ttiay period
(Figure 2-3). At the beginning of the reaction, only the anhydsdebserved in the
supernatant. After 24 h, a new triplet peak begins to appear inp&uotras which
corresponds to the-CH, peak for the carboxylic acid byproduct. Analysis of all ten
alkyl anhydride supernatants revealed the amount of carboxytidogproduct produced
was dependent on alkyl chain length. The smaller alkyl anhydndes) were found to
be more reactive, as indicated by the continuous growth of-@id, peak every 24 h,
which suggested that high percent conversions were achieved with HRBMOIn
contrast, the larger alkyl anhydrides (n > 8) were found to produadesramounts of
acid byproduct and hence lower modifications (see below).

After sampling the supernatant for 5 days, the modified IRMGB#8ples were
washed with CHG| dried under vacuum, and digested (35% DCIi®fDMSO) for'H
NMR analysis. Unmodified IRMOF-3 and modified IRMOF-3 havdidc$ aromatic
proton shifts from each other, which allows for easy quantifinabf modification.
Percent conversion was determined by taking the integration ortimeatic singlet
resonance, which is the proton adjacent to the amine/amide groupG# thasition on
the BDC ligand, and dividing it over the summation of unmodified and mddifie
IRMOF-3 aromatic singlet integrations (Figure 2-4fH NMR analysis of the ten
samples revealed IRMOF-3 had undergone modification with elabkyl anhydrides to
generate a series of long alkyl chain functionalized MOFspoteée as IRMOF-3-
AM(n+1), where n = 1 to 18 and corresponds to the number of methylene grespst

in the alkyl chain.
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DMSO

(o] (o] OH

H

N

Nk
(o]
(0] (o] OH
o
o

OH
NH,
OH
- AL j b HL Method 1
_J . H JBU L Method 2

9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
8/ppm

IRMOF-3-AM5

Figure 2-4. 'H NMR spectra of digested IRMOF-3 modified with hexanoic anidgdn

= 4) via Method 1 (5 days) and Method 2 (3 days). Labeled peaks repxt$eBDC
(black circles) and the acylated reaction product (red squaresger? conversion was
determined by taking the integration of the proton at the C3 posdn NH-BDC
(highlighted in green). The proton integration of the modified singéet square) was
divided by the summation of the unmodified singlet integration (blackegi and
modified singlet integration (red square).

Percent conversion was found to range from 97% (IRMOF-3-AM2) to 11%
(IRMOF-3-AM19)2 Under identical reaction concentrations and times (using Method 1),
the degree of modification was determined to be inversely proportmitiz alkyl chain
length. As expected, the percent conversion correlated diredthythe amount of
carboxylic acid byproduct produced between IRMOF-3 and the resmkig@nhydride
(Figure 2-5). The effect of alkyl chain length on percent cmiwe can be simply
rationalized by the relationship between number of atoms percikyh and the amount

of free space available in IRMOF-3. When IRMOF-3 undergoedification, additional

substituents are incorporated into the pores, which may prevent mgteaaliydride
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from diffusing into the pores and reacting with other available asitas. Alternatively,
the reactivity of the anhydride may decrease as the ahlgins increases under these
reaction conditions. Regardless, modification extent is a functiosagent size, which
is clearly reflected as increasing alkyl chain lengtbuits in lower modifications. The
relationship between modification and alkyl chain length is suppoxtedeopronounced
difference in percent conversion between IRMOF-3-AM7 and IRMG¥®, IRMOF-
3-AM9 and IRMOF-3-AM13, and IRMOF-3-AM16 and IRMOF-3-AM19 where the

percent conversions noticeably drop 20-30% upon the addition of 2-3 methylene groups.

H,0  puso
o (-]
o

LA - J IRMOF-3-AM19
- IRMOF-3-AM16
L _._J_Ju_i_l jL—-—J IRMOF-3-AM13
_w JL y IRMOF-3-AM9
_JL__._J_AJ_),_J L J IRMOF-3-AM7
L A IRMOF-3-AM5
J [ y IRMOF-3-AM3
_J L) L IRMOF-3-AM2

9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

8/ppm
Figure 2-5. 'H NMR spectra of digested IRMOF-3 samples (Method 1). Eachrapec
was normalized either to the singlet at 9.1 ppra 8) or to the singlet at 7.3 ppm % 8).
Reaction conditions: r.t.,, 5 d, CD1.00 mL), IRMOF-3 crystals (0.10 mmol equiv of -
NHy), and anhydride (0.20 mmol). Each sample (5 mg) was dried at 98 &hf and
digested in 500 pL af®-DMSO and 100 pL of DCI solution (23 pL of 35% DCI in@
and 1 mL ofd®-DMSO) with sonication.
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MOFs prepared using Method 2 were examined to determine if sample
preparation (e.g., drying vs. no drying) had an effect on modificatiohe r&action
conditions for Method 2 were optimized in order to obtain the beglestmystal samples
for single crystal X-ray diffraction and gas sorption analysilthough Method 1
samples maintained their bulk crystallinity, as determined BYRP the single
crystallinity of the modified MOFs was mediocre. Singtgstals of IRMOF-3, which
were not dried prior to modification, were subjected to daily exchamfegesh
anhydride solutions (0.05 M to 0.1 M) over a 3-day period. All modifRBOF-3
samples visually maintained their single crystallinity andevdatermined to have similar
percent conversions as Method 1, with conversion ranging from ~99%QRBAAM?2)
to 7% (IRMOF-3-AM19) (Figure 2-4, Table 2-1). Overall, Methbdand Method 2
results suggest modification extent appears to be more dependergentrsize than
sample preparation. However, it is possible to achieve higher rsomve by adjusting
the reaction conditions (e.g., concentration and time) accordinglyl lmséhe reagent

size and reactivity.

Table 2-1. Percent conversions of IRMOF-3 with different anhydrides asrdeted by
'H NMR. Values listed are an average (with standard deviatiohsit least three
independent experiments for Method 1 and four independent experiments for Method 2.

IRMOF- | -Am2 | -AM3 | -AM4 | -AM5 | -AM6 | -AM7 | -AM9 |-AMI3 |-AM16 | -AM19

n= 1 2 3 2 5 6 8 12 15 18
Method 11 9745300 08+3%6| 974304 94:50p 00546 8150 51:4% 31:5% 2364 1119
Method 2| _gg05 | -0996 | 982394 96:3% 9034 B80#5%6 46:7% 32+5% 2041%+1%"

2 0.8 equiv. of anhydride was used (instead of 2wciue to low solubility of the reagent® total
reaction time of five days’ total reaction time of three days



2.2.2 Thermal and Structural Stability of modified IRMOFs

IRMOF-3- AM2 to IRMOF-3-AM19 (prepared by Method 1) were anatlyby
thermal gravimetric analysis (TGA) and powder X-ray diffraict{(PXRD) to determine
the thermal and structural stability of the modified IRMOF-3.I rAbdified IRMOF-3
were found to remain stable up to 430 °C, which was comparable to dreddBMOF-

3 (Figure 2-6). PXRD indicated that the bulk crystallinity df mbdified IRMOF-3
samples was maintained and all (2aks were consistent with as-synthesized IRMOF-3
(Figures 2-7 and 2-8) The uniformity of alb peaks for each modified IRMOF-3

sample, along with unmodified IRMOF-3, showed that modification hagfect en the

overall structural integrity of the framework.

90

80 1 ——— IRMOF-3-AM2

IRMOF-3-AM3

70 <

IRMOF-3-AM5

Weight %

60

IRMOF-3-AM7
50 — IRMOF-3-AM9
IRMOF-3-AM13
40 < — IRMOF-3-AM16
IRMOF-3-AM19

30

100 200 300
Temperature (°C)

Figure 2-6. Thermogravimetric analysis (TGA) of modified IRMOF-8ngples. All
samples were previously dried at 90 °C under vacuum for 8 h. Modifd®R3 (10-

400

500

600

12 mg) was heated at a scan rate of 5 °C/min from 25 °C to 600 °C.
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IRMOF-3-AM13

)
|
IRMOF-3-AM19
‘ I IRMOF-3-AM16
U IRMOF-3-AM9
IRMOF-3-AM7

WMM IRMOF-3-AM5

WW% IRMOF-3-AM3
*JNAWMW IRMOF-3-AM2

5 10 15 20 25 30 35 40

Relative Intensity

Figure 2-7. Powder X-ray diffraction (PXRD) patterns of modified IRMOB&@mples
(Method 1). Modified IRMOF-3 samples were soaked and exchangedrestn CHCJ
for 2 days. After decanting off the solvent, the samples werdrighg in air for an hour
prior to PXRD analysis.

As-synthesized
IRMOF-3

Relative Intensity

IRMOF-3 in CHCI,

IRMOF-3-AM19
inCHClJ
WWMOF-&AMZ
ig CHCI
3
N B e e I B L A e B S A
5 10 15 20 25 30 35 40

20/

Figure 2-8. PXRD comparisons of as-synthesized IRMOF-3 (gray, prepared f
DMF), IRMOF-3 (magenta, dried as per Method 1), IRMOF-3-AM19 (yreeepared as
per Method 1), and IRMOF-3-AM2 (black, prepared as per Method 1). RB{¥AM19
and -AM2 were soaked and washed with fresh GH@l 2 days after the reaction with
anhydride. The solvent was decanted from the vials containinghtsesized IRMOF-3,
IRMOF-3, -AM19, and -AM2, and the samples were left drying inpaior to PXRD
analysis.
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IRMOF-3-AM2 to IRMOF-3-AM19 did not show any visual signs of degtiata
or changes in morphology after being exposed to alkyl anhydrideet@ral days (Figure
2-9). As further proof, Method 2 samples were analyzed by siogyigtal X-ray
diffraction to confirm that the crystallinity was indeed preed. Complete X-ray
diffraction data were collected for IRMOF-3-AM4, -AM6, -AM13, ar8M19 while
unit cell determinations were obtained for the remaining modiR&dOFs. IRMOF-3 is
a cubic structure (space groBm-3m witha =b = ¢ = 25.7465(14) Ap. = =y = 90°,
and a unit cell volume of 17066.0(165.AAll modified samples underwent single-crystal
to single-crystal transformation with retention of the samstalgystem and cell setting
(cubic, F centered) witha = b =c=~ 25 A, o = =y = 90°, and unit cell volumes of

~17000 & (Tables 2-2 and 2-3).

Figure 2-9. IRMOF- 3'(r|ght) and modified IRMOF-3 (left) as prepawdh ‘hexanoic
anhydride = 4) via Method 2.

The data sets for IRMOF-3-AM4, -AM6, -AM13, and -AM19 revealed that
IRMOF lattice was retained after exposure to the alkyl dntgs. Although high

quality data sets were collected for the four modified IRMQhRs, modified amide
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substituents could not be located due to disorder over all four positiotisedBDC

ligand. However, to confirm the presence of the modified substjteaah single crystal
was removed from the diffractometer and digested in eith@r ¢ MeOH and analyzed
by negative mode ESI-MS. All single crystals showed the eggeaimide-modified
BDC ligand and verified the crystal contained the appropriate reddsgubstituent

(Figure 2-10).

278.14 -H]
100 [5-H]
95
%
85
80 O~_OH
75 n
7 \n'(’\))
65 o
8 60
e
©
S 55
3
35 HO™ ~O0
(]
>
54 5
& 40
35
30
25
20 149.07 279.08
15
o 170.99
13612 180,05 19506 23438 280.17 s - 37593
15091 207.99 23000 26506 33206 36299
22502
120 140 160 180 200 220 240 260 280 300 320 340 360 380

m/z

Figure 2-10. ESI-MS (negative mode) of the digested IRMOF-3-AM5=(4) single
crystal.
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Table 2-2. Unit cell determinations and mass spectrometry data for mddiRMOF-3

single crystals.

IRMOF-3 -AM2 -AM3 -AM5 -AM7 -AM9 -AM16
Morphology Block Block Block Block Block Block
Size (mm) 0.33 0.40 0.33 0.50 0.51 0.30
0.31 0.33 0.31 0.35 0.27 0.30
0.31 0.28 0.25 0.34 0.20 0.25
Cell setting Cubid= CubicF CubicF CubicF CubicF CubicF
a=b=c 25.53 25.74 25.65 25.73 25.68 25.97
a=f=y 90° 90° 90° 90° 90° 90°
Volume (&) 16639 17054 16876 17036 16943 17519
ESI-MS(-) [M-HJ 236 250 278 306 334 432
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Table 2-3. Structure determination parameters and mass spectrometrfpidatadified
IRMOF-3 single crystals.

IRMOF-3 -AM4 -AM6 -AM13 -AM19
Formula GsHasCs Ca7.0H52.4Ci15 Cas.3dH50.7C1350 | Cas.ad29.0:1Cr22.50
N3O16ZNy N3Oi5.7¢ZNy N3O14.2¢ZN4 N3O132:ZNy
Morphology Block Block Block Block
Color Amber Amber Amber Amber
Size (mm) 0.30 0.34 0.43 0.41
0.20 0.32 0.39 0.32
0.20 0.27 0.29 0.24
Crystal System Cubic Cubic Cubic Cubic
Space Group Fm-3m Fm-3m Fm-3m Fm-3m
a=b=c 25.7386(6) 25.7228(6) 25.7691(17) 25.7786
a=pf=y 90° 90° 90° 90°
Volume (&) 17051.2(7) 17019.8(7) 17112(2) 17130.8(8)
T,K 200(2)K 200(2)K 200(2)K 200(2)K
Reflns measured 6694 6551 3216 9407
Data/restraints/parameters 935/0/ 28 845/8/2 | 701/0/30 832/0/28
Independent Reflns 935 [R(int) =| 845 [R(int) =| 701 [R(int) =| 832 [R(int) =
[R(int)] 0.0361] 0.0193] 0.0178] 0.0289]
Final R indices [I>&(I)]Ja | R1 =0.0304, | R1 = 0.0349, R1 = 0.0368, R1 =0.0351,
wR2 = 0.0814| wR2 =0.1047 | wR2 =0.1140 wR2 = 0.1035
R indices (all data, ¥| R1=0.0387, | R1=0.0395, R1 = 0.0407, R1 = 0.0405,
refinement)a WR2 = 0.0849| wR2 = 0.1081 | wR2 =0.1207 | wR2 = 0.1078
GOFonE 0.918 1.082 1.165 1.071
Largest diff. peak and 0.357 and - 0.297 and - 0.474 and-0.287| 0.522 and -0.26
hole , e/R 0.207 0.278
ESI-MS(-) [M-H] 264 292 390 474

7
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2.2.3 Gas Sorption Analysis of Modified IRMOF-3

Brunauer-Emmett-Teller (BET) surface area measuremeats wollected for
each modified IRMOF-3 (using Method 2) at 77 K using dinitroges). (MIl modified
IRMOF-3 samples were found to retain their microporosity regasdlof their
modification extent and alkyl chain length. IRMOF-3-AM2 to IRMQ-AM6, which
have high conversions > 90%, had lower BET surface areas than tihe IRWVEOF-3,
which has an initial surface area of 2408/gn The BET surface areas were found to
range from 1641 ffg (IRMOF-3-AM2) to 1165 fig (IRMOF-3-AMB). Interestingly,
the BET surface areas for IRMOF-3-AM7 to IRMOF-3-AM19, whiclwéhaonversions
< 90%, exhibited a reverse trend where surface area increased 185 mi/g (IRMOF-
3-AM7) to 2164 r/lg (IRMOF-3-AM19).

When BET surface area is plotted versus alkyl chain length,tmatiswell-
shaped” curve is observed and MOF porosity decreases from IRMQW23té\ -AMG6,
but increases from -AM7 to -AM19 (Figure 2-11). IRMOF-3-AMBdalRMOF-3-
AM13, which have conversions of ~99% and 32%, respectively, have calohp®BET
surfaces areas (1487 vs 1438gp but their alkyl chain lengths differ by 10 methylene
groups. Interestingly, IRMOF-3-AM19 has a very high surface @82 nf/g, close to
the unmodified IRMOF-3) despite having been modified with C19 chaingoulkd seem
intuitively obvious that microporosity should decrease upon the inclusion dfosadli
atoms into the pores of the framework based on a surface areaapsrbasi¥ To
determine the effects of sample mass on surface area, thaeatdBiMOF surface area

(cm®g) was converted to molar surface ared/ifrmol) and plotted against alkyl chain
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length (Figure 2-12). The same well-shaped curve was obsfnvetblar surface area
vs alkyl chain, therefore ruling out sample mass influences surface area.

Based on these results, the microporosity appears to be infludnced
combination of alkyl chain length and percent conversion. To develdetter
understanding of how alkyl chain length and percent conversiortsaffedace area, the
number of newly incorporated atoms per unit cell was calculateedon modified
IRMOF. For example, IRMOF-3-AM5 is 96% modified and its modifgedstituent
consists of 7 non-hydrogen atoms total: one N atom for the atmdeatoms for the
carbonyl group (C and O), four C atoms for the methylenes, and aatent for the
methyl group. Each IRMOF-3 unit cell consists of three amino grbaged on the
formula unit of ZnO(L)s, where L = NH-BDC or modified NH-BDC. By taking
simple calculations into account, IRMOF-3-AM5 has ~20 additional sijpen unit cell
and a corresponding BET of 120%/m(Table 2-4). The additional atom value falls well
within reason with the other modified IRMOFs. IRMOF-3-AM2, whitdis a BET of
1641 nflg and a percent conversion of ~99%, has ~12 additional atoms and IRMOF-3-
AM19, which has a BET of 2162%g and percent conversion of 7%, has ~4 additional
atoms. The surface area of the modified IRMOFs correlatessglyavith the number of
additional atoms per unit volume, therefore indicating the surfaceisuafluenced by

percent conversion and reagent size (Figure 2-13).
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Table 2-4. Comparison of BET surface area and determination of the number of
additional atoms (excluding hydrogen atoms) included per unit cell due to modificati

IRMOF-3 -AM2 | -AM3 | -AM4 | -AM5 | -AM6 | -AM7 | -AM9 | -AM13 | -AM16 | -AM19
n 1 2 3 4 5 6 8 12 15 18
# of additional |, 5 6 7 8 9 11 15 18 21
atoms per chain
(n+3)?
% conversion A
(Table 1. Method| 099 | 099| 098/ 096 090 08y 046  0.3p 0.20 0.07
2)
#ofaddiional | 14 g5 1495/ 1764 2016 21.40 21.60 15/18 14l40 sod 4.41
atoms per unit
cell®
BET Surface | 1641 | 1487| 1424 1201 1166 1185 1243 1438 1581 2164
Area (nf/g)

& The number of atoms added per modified ligand veadeulated by including one carbonyl oxygen,
one carbonyl carbon, one methyl carbon, and n retkeycarbons (only non-hydrogen atom3Dbtained
from the formula: (n+3)(percent conversiorp, where 3 is the number of unique amino groupsupér
cell.
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Figure 2-11. Plot of BET surface area of modified IRMOF-3 as a functioallofl chain
length.
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Figure 2-12. Plot of BET surface area (in“fmmol of MOF) of modified IRMOF-3 as a
function of alkyl chain length. The value for unmodified IRMOF-3ndicated with a
red circle.
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Figure 2-13. Plot of BET surface area (infmmol of MOF) of modified IRMOF-3 as a
function of the number of additional non-hydrogen atoms per cavity (see Table 2-4, row
5).
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2.3 Conclusions

IRMOF-3 was modified with ten alkyl anhydrides with varyingam lengths,
resulting in a series of isostructural, but chemically distiRMOFs. Controlling the
reaction conditions (e.g., concentration and time) resulted in higydyatine modified
IRMOFs with comparable thermal and structural stabilitiegshasoriginal IRMOF-3.
The microporosity of each modified framework was also found to sepred. Closer
analysis of the modified IRMOF system revealed a correlation betalkgl chain length
and percent conversion where increasing alkyl chain length resulted in lowersions.
Additionally, the combination of alkyl chain length and percent conmensiere found to
influence BET surface area measurements. Overall, thesetsrasylicate that
postsynthetic modification is a versatile, valuable techniqueolidbaining MOFs with

unique functionalities and porosities.

2.4 Experimental Section

General. Starting reagents and solvents were purchased and used without furthe
purification from commercial suppliers (Sigma-Aldrich, Alfa Aes&MD, TCI,
Cambridge Isotope Laboratories, Inc., and others).

Synthesis of IRMOF-3. IRMOF-3 was synthesized and activated according to a
modified procedure from literatufe. Zn(NQ;)»4H,O (6.00 g, 22.9 mmol) and 2-
aminobenzenedicarboxylic acid (1.50 g, 8.30 mmol) were dissolved in 200 DiMef
The solution was divided into 10 mL portions and transferred to 20llstion vials (20
mL capacity). The vials were placed in a sand bath, and the laathransferred to a

programmable oven and heated at a rate of 2.5 °C/min from 35 to 100Th&.
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temperature was held for 18 h, and then the oven was cooled at a2d&€Gfmin to a
final temperature of 35 °C. This procedure generated amber bloc¢klsrgs IRMOF-3.
The mother liquor from each vial was decanted, and the cryséats washed with dry
DMF (3 x 12 mL) (dried over molecular sieves) followed by oneeriwgh 12 mL of
CHCI;. The crystals were then soaked in 12 mL of GH@I 3 days with fresh CHEI
added every 24 h. After 3 days of soaking the crystals weredsin the last CHGI
solution until needed. The average yield of dried IRMOF-3 per vial was detertibe
approximately 55-60 mg (~50%).

Method 1. Postsynthetic Modification Using Dry IRMOF-3. For each alkyl
anhydride examined, five 4 mL dram vials were prepared in ordendwoitor the
reactivity of IRMOF-3 over a period of five days. The CkGtorage solution of
IRMOF-3 was decanted, and the crystals were dried at 75 °C uwadeum for 12 h.
Dried IRMOF-3 (27 mg, ca. 0.10 mmol equiv of -jHvas suspended in 1.0 mL of
CDCl; in a 4 mL dram vial. Alkyl anhydride (2 equiv, 0.20 mmol foy 1 to 15; 0.8
equiv, 0.08 mmol fon = 18) was added to the CD{Holution, and the mixture was left
to react at room temperature. The Cpsilution was removed from one vial every 24 h
and set aside for 1H NMR analysis of the soluble reaction bypt®duide infra). After
removal of the CDGI solution, the modified IRMOF-3 crystals were washed with
CH.CI,; (3 x 2 mL) and left to soak in 2 mL of GEl, for 3 days, with fresh Cil,
added every 24 h. After 3 days, the LLH solution was decanted and the modified
IRMOF-3 crystals were dried at 90 °C under vacuum for 8 hmp&ss prepared in this

fashion were analyzed using 1H NMR, ESI-MS, TGA, and PXRD.
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Method 2. Postsynthetic Modification Using Wet IRMOF-3. Approximately
55-60 mg of IRMOF-3 (ca. 0.2 mmol equiv of -BHvere placed in a vial with 2 equiv
(0.4 mmol forn = 1 to 15) or 0.8 equiv (0.16 mmol for = 18) of alkyl anhydride
dissolved in either 8 min(= 1, 2, 3) or 4 mLi{=4, 5, 6, 8, 12, 15, 18) of CHL I The
different dilutions (i.e., anhydride concentrations) were used in todagst preserve the
single crystallinity of the samples. After allowing theargple 6 = 1 to 12) to stand at
room temperature for 24 h, the solution was decanted and the crystalsvashed with
CHCI; (3 x 5 mL). A fresh solution of the anhydride was added to tHe armal the
crystals were left to stand for an additional 24 h. The aforeoredi procedure was
repeated (washing followed by treatment with anhydride), viiéhanly difference that
some anhydrides\= 1, 2, 3) were replenished at half the original concentration (1 equiv,
0.2 mmol in 8 mL of CHGIfor n =1, 2, 3), giving a total reaction time of 3 days. Other
samplesf = 15, 18) were treated for 3 days without replacing the anhydridécsol
The CHC} solution was decanted, and the crystals were washed with;@BI&IS mL)
before soaking in 5 mL of pure CHCfor 3 days, with fresh CHgladded every 24 h.
After 3 days of soaking the crystals were stored in theQb&El; solution until needed.
Samples prepared in this fashion were analyzed dsingMR, ESI-MS, gas sorption,
and single crystal X-ray diffraction (when applicable).

Digestion and Analysis by"H NMR. 'H NMR spectra were recorded on Varian
FT-NMR spectrometers (400 and 500 MHz). Approximately 5 mg of IRNAOF
modified using either Method 1 or Method 2 were digested by sonicat&®0iL of d°-

DMSO and 10QuL of dilute DCI (23uL of 35% DCI in DO diluted with 1 mL ofd®-
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DMSO). Upon complete dissolution of the crystals, this solution wed fos'H NMR
analysis.

Digestion and Analysis by MS. Electrospray ionization mass spectrometry (ESI-
MS) was performed using a ThermoFinnigan LCQ-DECA masstrgpeeter, and the
data were analyzed using the Xcalibur software suite. Sargulesalysis by ESI-MS
were prepared by digesting the single crystal from X-raysis (vide infra) in 200-300
uL of H,O or MeOH and were analyzed in negative ion mode.

Thermal Analysis. Approximately 10-12 mg of IRMOF-3 modified using
Method 1 were used for TGA measurements. Samples were ethalgder a stream of
dinitrogen using a TA Instrument Q600 SDT running from 25 to 600 °C wstaa rate
of 5 °C/min.

PXRD Analysis. Approximately 15 mg of IRMOF-3 modified using Method 1
were soaked in 2 mL of fresh CHClor 2 days prior to analysis. Powder X-ray
diffraction (PXRD) data were collected at ambient tenmpeeaon a Rigaku Miniflex II
diffractometer at 30 kV, 15 mA for Cuok( = 1.5418 A), with a scan speed of 5°/min
and a step size of 0.05° .2

BET Surface Analysis. Approximately 60-75 mg of modified IRMOF-3 using
Method 2 were evacuated under vacuum overnight. The modified IRMOFs3 wa
transferred to a preweighed sample tube and degassed at 30appriaximately 24 h on
an ASAP 2020 or until the outgas rate wasugHg. The sample tube was reweighed to
obtain a consistent mass for the degassed modified IRMOF-3. BEEesarea (1ig)

measurements were collected at 77 K by dinitrogen on an ASAP 2020.
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Single-Crystal X-ray Diffraction. Single crystals of modified IRMOF-3 soaking
in CHClL were mounted on nylon loops with Paratone oil and placed under aenitrog
cold stream (200 K). Data were collected on Bruker Apex diffiraeters using Mo &
radiation £ = 0.71073 A) controlled using the APEX 2.0 software package. Cell
determinations were performed on all modified IRMOF-3, and full d&ts were
collected on four modifications of IRMOF-3 (-AM4, -AM6, -AM13, and -AM19A
semiempirical method utilizing equivalents was employed to dofiseabsorptiort® All
data collections were solved and refined using the SHELXTL suitenon-hydrogen
atoms were refined anisotropically. IRMOF-3-AM4, -AM6, -AM13, aAd19 were
treated with the “squeeze” protocol in PLAT&Nto account for electron density
associated with the disordered alkyl substituent -CQJCHH; and for partially occupied
or disordered solvent (e.g., CHELWithin the porous framework. The empirical formulas
were adjusted to accommodate the appropriate ratio of unmodifieg-BXIC to

modified alkyl amide BDC ligand; solvent was not included, but was noted in the CIF.
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Table 2-5. Dinitrogen adsorption data at 77 K for IRMOF-3-AM2 to -AM19.

Adsorption Amount (cm®g STP)
Relative
pressure IRMOF-3-AM2 IRMOF-3-AM3 IRMOF-3-AM4 IRMOF-3-AM5
(P/Po)
Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2

0.0048 385.0362 339.4204 297.5063 362.9429 338.24280.6941 | 238.6291] 300.1054
0.0164 428.2287 375.3302 330.1062 400.4342 369.89380.3262 | 259.9708 327.6479
0.0253 437.7898 384.9125 337.75%7 410.1403 379.08837.9172| 267.2965 336.1665
0.0379 4457125 392.2222  344.0044 417.4627 385.77383.8072| 271.9618 342.2888
0.0511 451.1152 397.0214 348.26%2 422.2262 390.143@7.7886 | 275.2938 346.2941
0.0574 453.1615 398.7867 349.9092 424.1120 391.763@9.2816| 276.3899 347.6850
0.0678 455.9922 401.3268 352.0626 426.5162 394.073%1.5025| 278.2047  349.7984
0.0784 458.4007 403.4816 353.88¢2 428.6611 395.98083.2742| 279.8326 351.5819
0.0890 460.4355 405.3429 355.3669 430.5051 397.65834.8381| 281.1183 353.1444
0.0995 462.2335 406.921y 356.7270 431.9596 399.068%6.1252| 282.2063 354.4339
0.1096 463.7465 408.2899 357.9323 433.3189 400.293%7.3076 | 283.1177 355.6199
0.1199 465.1551 409.5316 359.0075 434.4610 401.37888.3406| 283.9724 356.6429
0.1301 466.3508 410.712y 359.9322 435.5456 402.35869.2856 | 284.8023 357.5918
0.1404 467.4916 411.739Y 360.7889 436.5232 403.29860.1346 | 285.5224 358.4363
0.1507 468.5397 4127151 361.5816 437.37169 404.12860.9280| 286.1919 359.2260




46

Table 2-5 (continued). Dinitrogen adsorption data at 77 K for IRMOF-3-AM2 to -
AM19.

Adsorption Amount (cm®g STP)

Relative
pressure
(P/Po)

IRMOF-3-AM6 IRMOF-3-AM7 IRMOF-3-AM9 IRMOF-3-AM13

Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2

0.0048 261.6644| 264.7282 290.5899 238.8475 303.37341.8078| 308.5140 319.3071

0.0164 285.8177| 286.5337 317.0612 261.2192 336.38268.9478| 342.2816 358.1553

0.0253 293.2842| 294.1965 324.5582 269.9878 344.13277.1175| 352.3142 367.2194

0.0379 298.3172| 299.2741 330.13p0 275.0589 350.49982.7333| 359.5771 374.1722

0.0511 301.6836| 302.4158 333.7840 278.3658 354.§6886.3838| 364.0752 378.9030

0.0574 302.9406| 303.5523 335.08(3 279.8Y34 356.60287.6591| 365.7780 380.7043

0.0678 304.7989| 305.311)y 337.1448 281.7249 358.91889.5631| 368.1412 383.1365

0.0784 306.3676| 306.7288 338.8680 283.2Y83 360.§0291.2192| 370.0392 385.1681

0.0890 307.7412| 308.0186 340.3910 284.6263 362.48882.6292| 371.787% 386.9294

0.0995 308.9400| 309.0686 341.63F7 285.8Y59 363.94293.8180| 373.2989 388.4377

0.1096 309.9403| 309.9927 342.7810 286.8836 365.19794.8703| 374.5631 389.6949

0.1199 310.9389| 310.7933 343.79B9 287.7404 366.262685.8039| 375.7132 390.8327

0.1301 311.7821| 311.5825 344.7268 288.5644 367.27966.6914| 376.7324 391.8872

0.1404 312.6116| 312.2193 345.55P2 289.3816 368.20287.4786| 377.6256 392.8439

0.1507 313.0887| 312.8352 346.33p3 290.0039 369.04298.2661| 378.5070 393.7036
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Table 2-5 (continued). Dinitrogen adsorption data at 77 K for IRMOF-3-AM2 to -
AM19.

Adsorption Amount (cm®g STP)

Relative IRMOF-3-AM 16 IRMOF-3-AM19

pressure
(P/Po) Trial 1 Trial 2 Trial 1 Trial 2
0.0048 382.7407 300.8550 484.4784 438.3383
0.0164 430.7469 339.8272 553.1148 499.5813
0.0253 441.1123 349.2001] 572.086P 513.3464
0.0379 449.6682 356.3142 580.764P 523.9642
0.0511 455.3345 360.7979 587.945]1 530.7384
0.0574 457.4333 362.4933 591.1616 533.1069
0.0678 460.3087 364.9315 594.9064 536.5307
0.0784 462.7736 367.0075 598.0290 539.3141
0.0890 464.8548 368.7879 600.7028 541.7086
0.0995 466.6147 370.2564 602.9324 543.8157
0.1096 468.1561 371.5303 604.835b 545.5605
0.1199 469.5560 372.7148 606.554p 547.1145
0.1301 470.7660 373.7735 608.0542 548.5181
0.1404 471.9341 374.7988 609.4676 549.7783
0.1507 472.9869 375.6667| 610.7388 550.9405
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Table 2-6. Comparison of BET surface area, evaluated by mass and peofid{eF,
and determination of the number of additional atoms (excluding hydrogers)atom
included per unit cell due to modification.

IRMOF-3 Urf]ig];d' -AM2 | -AM3 | -AM4 | -AM5 | -AM6 | -AM7 |-AM9 [-AM13 |-AM16 |-AM19
n NA 1 2 3 4 5 6 8 12 15 18
# of additiona]
atoms per NA 4 5 6 7 8 9 11 15 18 21
chain (n+3}
conversion
(Table 1, 1.00 0.99 0.99 0.98 0.96 0.9 0.8p 0.46 0.B2 02 070
Method 2)
# of additiona]
atoms per NA 11.88 | 14.85| 17.64 20.14 21.4 21.p 15.18 144 8190. 4.41
cavity®
Ide?gl;/zrﬁgl;:V\f 815.03] 983.22| 1025.3(1067.391109.441151.541193.641277.74 1446.1|1572.331698.57
Actual FW* . o .
(g/mol) 815.03] 981.54]1023.201062.331097.691117.891117.901027.91016.97 966.49| 876.88

BET Surface
Area (nf/g)

Error Bar
(m*g)
BET Surface
Area 1963 1611 1521 1513 1318 1302 1325 1278 1462 12898 1
(m?/mmol)

2408 | 1641 | 1487 1424 1201 1165 1185 1243 1438  1p81164 3

99 146 199 114 192 1 148 184 44 256 187

Error Bar

> 81 144 204 121 211 1 165 191 40 247 138
(m“mmol)

# The number of atoms added per modified ligand waleulated by including one carbonyl oxygen, one
carbonyl carbon, one methyl carbon, and n methytareons (only non-hydrogen atoms).Obtained
from the formula: (n+3)(percent conversiorp, where 3 is the number of unique amino groupsupér
cell. ® Formula weight of MOF based on fully modified BDiand. ¢ Formula weight of MOF based on
the following formula FW = (idealized formula weigk(r)+(formula weight of IRMOF-3)(1), where r =
percent conversion.
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3.1 Introduction

After finishing our systematic PSM study with IRMOE-3ve?® and others®
began testing new PSM reactions to produce new functionalized MQOd-a. faNow-up
to our IRMOF-3 study, we modified IRMOF-3 with a range of isocyesab generate
urea modified IRMOFs (IRMOF-3-UR, UR = urea) with alkyl, aedio, and olefin
substituents (Figure 3-1).In a separate study, IRMOF-3 was shown to undergo tandem
modification with two different reagents via two routes (Figw2).3 In the first route,
IRMOF-3 was modified with both an alkyl and olefin substituent uairgfic anhydride
and crotonic anhydride in a two step process. The second route abosistedifying
IRMOF-3 with crotonic anhydride to produce an IRMOF with olefubsituents and
transform the olefins into alkyl halides through bromination. In amdito using
anhydrides and isocyanates, other groups modified IRMOF-3 and vasiouso
containing MOFs with aldehydes to produce imine functionalitieBimvithe framework
(Figure 3-37® Non-amino containing MOF systems (e.g., IRMOF-1), were also
examined for PSM and were modified with unique functionalities ssi@drganometallic

complexes (Cr(CQ)° (Figure 3-3).

HN-R

NH. HN
— : — —<0
\ / \ 7 5, @
CHCl, RT _ n=1,24
+  OCN-R 3 > R=
—~ O
IRMOF-3 IRMOF-3-UR

Figure 3-1. Modification of IRMOF-3 with isocyanates.
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—_—
J CHCl,, RT J

IRMOF-3 IRMOF-3-AMCrot IRMOF-3-AM3Br,

Figure 3-2. Tandem modification of IRMOF-3 via two modification pathways:
modification with crotonic anhydride followed by acetic anhydridep)t and
modification with crotonic anhydride and bromide (bottom).

N\ _/ o R\,
oL
OH
——
| Toluene, RT
IRMOF-3 IRMOF-3salg 4
co
oc\qr,co
\_4 \ 4

Cr(CO);
THF, Bu,0, 140 °C

IRMOF-1

Figure 3-3. Maodification of IRMOF-3 with salicylaldehyde (top) and modificati of
IRMOF-1 with Cr(COy (bottom).

Although PSM was proving to be a useful functionalization approach, direec
apparent there was no clear understanding about what types of W@Hd be suitable
for PSM and how MOF topology (e.g., pore size and shape), in conjunctiomeagent
size and shape, would affect modification. One, not all MOFs carrgma&emical

modification, which may present an issue if the MOF has aatésitopology but has no

modifiable component. Two, there were no reports studying thestieceagent shape
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with PSM aside from our previous study with reagent size. \,.depologically diverse
MOFs (e.g., different pore sizes and shapes) might have diffe@dtification outcomes
even when treated under similar conditions. Therefore, another systenndyiors MOF
topology and PSM was needed, especially to address several important issues.
Given the success with the IRMOF-3 system, the next stratagyo target other
MOFs that had NHBDC as their organic component, modify the amino groups via
PSM, and compare and contrast the results with IRMOF-3. Howéwag were few
other well-established NBDC frameworks to test for PSM. Despite the lack ofNH
BDC containing MOFs, there were in fact many topologically dedvViOFs containing
the BDC ligand. Moreover, Yaghi and coworkers had reported that thég obtain
isostructural MOFs (e.g., IRMOF-1 and IRMOF-3) by either g€DC or NH-BDC,
respectively">** Theoretically, NH-BDC containing MOF analogs could be synthesized
by simply replacing BDC with NHBDC, therefore giving new MOF topologies that
could be tested for PSM and compared with IRMOF-3. In this ehapto new NH-
BDC containing MOFs (denoted as DMOF-1-N&hd UMCM-1-NH) were synthesized
based on the previously reported DMOF-1 (DABCO-MOE:H) and UMCM-1
(University of Michigan Crystalline Material-f)MOFs, which contain BDC (Scheme 3-
1). IRMOF-3, DMOF-1-NH, and UMCM-1-NH were modified with linear alkyl
anhydrides ((Ck{CH,),.CO,)O, wheren = 0, 2, 4, 8, 12, 18) and branched alkyl
anhydrides (trimethylacetic anhydride and isobutyric anhydrild)NMR and ESI-MS
were used to confirm the modification for each modified sample adndhadified
samples were analyzed by TGA, PXRD, single-crystal Xeiffyaction, and Brunauer-

Emmett-Teller (BET) surface areas.
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DMOF-1-NH, DMOF-1-AM

3
Zn(NO;), NH, HN—
DMF, 120 °C = — ©
\ 7/ \ 7/

0y Ol o o
NH; 2Zn(NO;), R)LOJLR
s )
DMF, 100 °C
0”"OH

IRMOF-3 IRMOF-3-AM

IRMOF-3, and UMCM-1-NH. For DMOF-1-NH and UMCM-1-NH, DABCO and
BTB ligands are represented by dashed and bold lines in the scheme, regpectivel
3.2 Results and Discussion
3.2.1 Synthesis and characterization of DMOF-1-NH

DMOF-1-NH, was adapted from DMOF-1, a 3D MOF constructed frori* Zn
paddlewheel SBUs that are equatorially coordinated by BDC Iggaartt axially
coordinated by DABCO (1,4-diazabicyclo[2.2.2]octane) (Figure 3:%). By slightly
modifying the reaction conditions of DMOF-1, as well as replaBB§ with NH,-BDC,
DMOF-1-NH, was produced as beige, plate-like crystals from DMF aften at 120 °C.
Initial attempts were made to collect and solve the singfstair X-ray structure of
DMOF-1-NH,, but only unit cell parameters were obtained due to the weak tifrac
quality of the crystals. The unit cell parameters for DMIGNH, (tetragonal Pa=b =
15.02 A,c=19.25 Aa ==y =90 °, V = 4341 A) were found to be similar to DMOF-
1 (tetragonal la=b=15.15Ac=19.41 Aa ==y =90 °, V = 4455 &), suggesting

that DMOF-1-NH was isostructural to DMOF-1. As further proof DMOF-1-Nias
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isostructural to DMOF-1, both DMOFs were analyzed and compardeXiRD, TGA,
and gas sorption analysis. DMOF-1 and DMOF-1;Mkhibited similar PXRD patterns
and both were found to decompose between 300-350 °C (Figure 3-5).o@anit(N)
sorption analysis of DMOF-1-NHrevealed its BET surface area to be ~151gm
which falls within the report range for DMOF-1 (145G/gqto 1794 rg). As further
proof, DMOF-1-NH was digested and analyzed Y NMR (Figure 3-6), which showed
the presence of N&BDC and DABCO in a 1:0.6 ratio based ®hNMR integration of
the NH-BDC and DABCO peaks (1:0.5 ratio expected). As evidenced by XRB, TG

gas sorption analysis, ahid NMR, DMOF-1-NH, is an analog of DMOF-1.

Relative Intensity

As-synthesized DMOF-3
LM As-synthesized DMOF-1
\

Figure 3-4. Proposed structural model for DMOF-1-NKZny(NH>-BDC),(DABCO))
(left), based on the reported structure of DMOF-1. Color schereengZn; red, O;
grey, C; blue, N; gold, H. DABCO molecules are shown with disordaeported for
DMOF-1. The yellow sphere illustrates estimated free spd2XRD (right) of the as-
synthesized DMOF-1-NK(red), as-synthesized DMOF-1 (blue), and simulated DMOF-1
(green) derived from ref. 13.
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Figure 3-5. TGA trace (left) for as-synthesized DMOF-1-NiBlack), dried DMOF-1-
NH; (red), dried DMOF-1 (green), and dried IRMOF-3 (blue), idbtherm analysis
(right) of DMOF-1 and DMOF-1-NHKat 77 K.
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Figure 3-6. 'H NMR of digested DMOF-1-NK Resonances associated with NsDC
are highlighted with black circles.
3.2.2 Synthesis and characterization of UMCM-1-Nbkl

UMCM-1-NH; was modified from a published report of UMCM-1 by Matzger
and coworkers® UMCM-1 contains ZgO SBUs that are octahedrally coordinated by
BTB and 4,44"-benzene-1,3,5-triyl-tribenzoic acid) and BDC ligands, which results in
an unique 3D lattice with two types of pores: a small pore bordere®ITB and BDC

and a large 1D hexagonal pores bordered primarily by the IRjJBBd. Matzger and
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coworkers discovered the synthesis of UMCM-1, as well as itseplparity, was
dependent on the ratio of BDC:BTB. Increasing the BDC ratualtezbin the formation
of IRMOF-1 as colorless block-like crystals, while increadimg BTB ratio resulted in
the formation of MOF-177, which forms as colorless polyhedral dsysfy controlling
the BDC:BTB ratio between 3:2 to 1:1, UMCM-1 was obtained asnglesiphase
crystalline material in the form of colorless needles froEFCafter 3 days at 85 °C.
After exploring different ratios of NHBDC:BTB, UMCM-1-NH, was synthesized from
a ratio of 2.5:1 NRBDC:BTB in DMF after 2 days at 85 °C. An excess of,NB6DC
was needed in order to avoid forming MOF-177. Although,f8BC and BTB are
chemically similar, the reactivity of BTB is much fastean NH-BDC, especially in a
1:1 ratio. With the exception of UMCM-1 and UMCM-2, other UMCMtsyss have
required an excess of BDC ligand to BTB ligand in order to saftdgsform the mixed
ligand MOF as a pure pha¥e'®

UMCM-1, IRMOF-3, and MOF-177 were prepared as control samples taroonf
the composition and phase purity of UMCM-1-NHThe morphology of UMCM-1-NH
was comparable with UMCM-1, but clearly distinct from IRMOF+81aMOF-177 for
both morphology and color (Figure 3-7JH NMR analysis of all four MOF samples
revealed UMCM-1-NH contained both NHBDC and BTB in the expected 2:1 ratio.
TGA analysis of UMCM-1-NH showed the MOF had comparable thermal stability
(~450 °C) as UMCM-1 and IRMOF-3 (MOF-177 not shown), which are stable 4p0
°C. PXRD analysis confirmed the overall bulk crystallinity of OM-1-NH, resembled
UMCM-1 (Figure 3-8) and was not a mixture of IRMOF-3 or MOF-1datgd not

shown).
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Figure 3-7. Photographs (top) of IRMOF-3 (blue border), MOF-177 (purple border),
UMCM-1 (green border), and UMCM-1-NHred border).’H NMR spectra (bottom) of
IRMOF-3 (blue), MOF-177 purple), UMCM-1 (green), and UMCM-1-Nked) samples
digested in DCI/BO and DMSO&°. Resonances associated with ABDC are
highlighted with black circles.
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Figure 3-8. TGA trace (left) for as-synthesized UMCM-1-Bfblack), dried UMCM-1-
NH. (red), dried UMCM-1 (green), and dried IRMOF-3 (blue). PX&falysis (right) of
UMCM-1 (simulated, black), UMCM-1 (CHEgIlexch., green), and UMCM-1-NH

(CHCI; exch., red).
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Single crystal X-ray diffraction of UMCM-1-NHprovided definite proof that
UMCM-1-NH, was isostructural to UMCM-1. The original UMCM-1 structuse
hexagonal R63/m) with a = b = 41.5262(8) Ac = 17.4916(5) A with a unit cell volume
of 26129 A'* UMCM-1-NH, was found to crystallize with the same unit cell
parameters as UMCM-1. Suitable atomic positions were found anghed for three
Zn** ions, 31 carbon atoms, and 8 oxygen atoms in the asymmetric unit, which
corresponds to one 40 SBU, 3 BTB ligands, and one MBDC ligand (Figure 3-9).
Unfortunately, no suitable electron density could be located for th@oagnoup due to
disorder over all four positions on the phenyl ring and due to the wiedction quality
of the crystal. To prove Nl-BDC was present, the single crystal was taken directly from
the difffractometer, digested in MeOH, and analyzed by ESI-8th NH-BDC and
BTB were detected by ESI-MS (data not shown). Afteviaglthe structure, UMCM-1-

NH, was found to be a 3D framework containing 1D hexagonal pores boroleribe
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BTB ligands and smaller pores constructed from a combination oft$»8®WC and five
BTB linkers (Figure 3-10). Nsorption analysis of UMCM-1-NHprovided additional
support of the framework topology. UMCM-1 has a reported BET of 4186 amd
exhibits a distinct step in its isotherm, which indicates thegmee of two different pores
sizes. UMCM-1-NH was determined to have a slightly lower BET of 397%gmas
expected due to the presence of amino groups, and also displayedibegwn its
isotherm. Based on single crystal X-ray and BET surfaea alone, the data verifies

UMCM-1-NHs is the amino version of UMCM-1.

Figure 3-9. Asymmetric unit of UMCM-1-NH with 50% probability ellipsoids and
atom numbering scheme.
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Figure 3-10  Structure of UMCM-L.NH (ZnO(BTB)y{NHz-BDC)) determined by
single-crystal X-ray diffraction (two views). Color schemgreen, Zn; red, O; grey, C;
blue, N. Amino groups have been modeled in all four possible positions of thBINE]
ring, but were not found in the difference map. The BBC ligands are highlighted in
cyan.

3.2.3 Method 1: Modification of IRMOF-3, DMOF-1-NH,, and UMCM-1-NH;

To properly assess the relationship between MOF topology and PSMNQRR
DMOF-1-NH2, and UMCM-1-NH were prepared using Method 1 (e.g., dried under
vacuum) and examined under identical reaction conditions. Each MOfeaged with
6 long chain alkyl anhydrides (GHCH,),CO),, wheren = 0, 2, 4, 8, 12, 18) and two
branched anhydrides (trimethylacetic anhydride and isobutyric adbydn CHCE.
Both linear and branched anhydrides were used to explore how reagent shapéeciuld
modification. After treating the MOFs with the eight anhydrjdiee MOFs were washed
extensively with CHGJ, dried under vacuum, digested using DGORI>-DMSO, and
analyzed byH NMR to determine their percent conversions.

Similar to IRMOF-3, both DMOF-1-NH and UMCM-1-NH underwent
modification with the anhydrides, which indicated that PSM could bkeapio different

framework topologies.'H NMR analysis of the MOFs revealed that, under identical
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conditions, the extent of modification was dependent on a combinationgentesize
and MOF topology. On average, UMCM-1-pHad the highest degree of modification,
followed by IRMOF-3 in the middle, and then DMOF-1-pHvhich had the lowest
conversions overall (Table 3-1, Figure 3-11). This modification tegpueared to be
consistent since UMCM-1-NHhas larger pores than IRMOF-3 and DMOF-1-N&hd
DMOF-1-NH, has smaller pores in respect to IRMOF-3. UMCM-1,Midd IRMOF-3
were found to have similar percent conversions with the smaiksarl anhydridesn(<
4); however, their differences in pore size and surface areaxleady reflected when
longer linear anhydrides were used. In our original IRMOF-3 stwith alkyl
anhydrides, the percent conversion was found to be inversely propotbotied alkyl
anhydride chain length. This trend was also observed with both UMCM-1-N&hd
DMOF-1-NH, and found to be independent of their pore sizes. Interesting resu#s
obtained when branched anhydrides were examined with the MOFadinstdinear
anhydrides. For trimethylacetic anhydride, which is the bulkeegent used, very low
conversions (<10%) were achieved for all three MOFs. In conisabytyric anhydride,
which is less bulky, had very different results between alleth®©Fs. In particular,
IRMOF-3 had the highest conversion of 84%, followed by UMCM-1>Mkth 48%, and
DMOF-1-NH, with 10%. The conversions suggest a different relationship exists between
reagent shape and pore size, especially since IRMOF-3 had tmesthigodification

extent even though it has smaller pores than UMCM-2%:NH



100
90—-
80-
70—-
60-
50

40 -

Percent Conversion

30 -
20 —

10

—E—UMCM-1-NH,

—_—— g
° IRMOF-3
(o]
—
0\
\.
N
A
I ] LRI I ' I I I I ' I
0 jpPr 2 T 4 6 8 10 12 14 16 18
-Bu

t

64

Figure 3-11. Plots of percent conversion vs length of linear anhydrideo( IRMOF-3

(red), DMOF-1-NH (green), and UMCM-1-NK (blue) based on Method 1. Data for

trimethylacetic anhydride and isobutyric anhydride are also includexbfoparison.

Table 3-1. Percent conversions of postsynthetic modification reactions RMOIF-3,
DMOF-1-NH,, and UMCM-1-NH with different anhydrides as determined’bByNMR.
Values are given for reactions performed under identical (Methahd )MOF-specific,

optimized (Method 2) conditions. Values listed are an averagle $téndard deviations)
of at least three independent experiments.

MOF -AM1 | -AM3 | -AM5 | -AM9 | -AM13 | -AM19 | -AMiPr | -AMtBu

n= 0 2 4 8 12 18 n/a n/a
DMOF-1 | 55+13%| 31+3%| 17+3%  8%3% ~1% ~1% 10+206 0%

Method | 'RMOF-3 | 88%3% | 89+6%| 781204 41:1% 26%3% 10:3% 84:5% *1%
1 UMCM-1 | ~99% | 9045% | 77+5%| 62+4% 61+3% 30+2% 48+9% @3
DMOF-1 ~99% | ~99% | 67+3% 34+4%  11+29 ~29 63+9%  ~19

Method | I/RMOF-3" | ~99% ~99% | 96+3%| 46+7% 32+5%  7+1% d.| n.dP
2 UMCM-1 | ~99% | ~99% | 93+1%| 89+5% 84x7%  28+4%  49+4%  ~19

3 from reference P not determined.
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3.2.4 Method 2: DMOF-1-NH modification and characterization

Attempts were made to improve the percent conversions for DMOR-1haY
using heat to drive modification of the framework. Preliminasystat 55 °C with acetic
anhydride (n = 0) resulted in a dramatic increase in percent rstmvedor DMOF-1-
AM1 from 55% to ~99%. By using a combination of heat, daily washwtis CHCl;,
and daily exchanges with fresh anhydride solutions, the modificatioditions were
greatly improved for DMOF-1-NK(Table 3-1, Figure 3-12) showing both higher yields
and a high degree of crystallinity. On average, DMOF-1-AM1 ak®B-1-AM3 were
guantitatively modified (~99%) while DMOF-1-AM5, -AM9, and -ARr had
significantly improved conversions (Table 3-1). By taking a clasek At the DMOF-1-
NH, lattice, the orientation of the NHBDC ligands and position of the amino group
appears to play a significant role with modification. Unlike IRF® and UMCM-1-
NH», the smaller pore size of DMOF-1-Nlihcreases the probability that the NBDC
ligands may orientate in an edge-to edge manner, which plaeddtrBDC ligand in
close proximity to another. This potentially limits the aciteldy of the amino groups
for modification with the anhydrides. Under Method 1, DMOF-1;Ntad very low
modifications even with the smaller alkyl anhydrides (e.gti@eahydride). However,
upon applying heat with Method 2, DMOF-1-BlHindergoes high maodifications,
suggesting that the NFBDC rings can undergo free rotation and avoid interfering with
one another. This observation can only be applied to the smaller aadkydrides,
though. Unfortunately, higher conversions could not be achieved for DMOF13AM
AM19, and -AMBuU, which suggests the alkyl substituents are too bulky overathé&

DMOF-1-NH, channels.
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Figure 3-12. 'H NMR spectra of modified DMOF-1-Ntsamples (Method 2) digested
in DCI/D,O and DMSO€® (left). Red squares and black circles represent signals of
modified and unmodified NHBDC, respectively.

-AM1

Modified DMOF-1-NH samples were analyzed by optical microscopy, TGA,
PXRD, and gas sorption experiments to confirm the overall stalbfithe modified
materials. No apparent degradation of the modified DMOF-2-$#rhples was observed
visually after the crystals were exposed to anhydride (Figui®). By TGA, the
modified samples maintained similar thermal stability as unfieoddDMOF-1-NH,, and
PXRD analysis showed good agreement between the most intensetiopfl of
unmodified and modified DMOF-1-NH showing the overall structural integrity was
preserved (Figure 3-14). The modified DMOF-1-Néamples were then analyzed by
BET surface area measurements under &l 77 K and were found to remain
microporous. Full isotherm analysis of DMOF-1-AM5, which is 67% niedjfshowed
a Type | isotherm as DMOF-1-NHand was determined to have a BET surface area of

~740 nf/g with a median pore width of 5.35 A based on the Horvath-Kawazoe) (H-K
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model (Figure 3-15). As expected, the isotherm type and measuseaneribwer than

unmodified DMOF-1-NH (1510 nf/g and 5.58 A, respectively).

Figure 3- 13 Photographs of‘unmod|f|ed DMOF 1- I‘gll-ﬂupper Ieft) DMOF 1-AM5
(upper right), DMOF-1-AM9 (lower left), and DMOF-1-AM13 (lower hify as prepared
via Method 2.
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Figure 3-14. TGA trace (left) and PXRD analysis (right) of modified DMQMNH,
samples.
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Figure 3-15. N, isotherms of DMOF-1-Nkand DMOF-1-AM5 at 77 K (right).

3.2.5 Method 2: UMCM-1-NH, modification and characterization

Given UMCM-1-NH has large pores and showed moderate conversions with the
longer alkyl anhydrides, UMCM-1-NHwvas exposed to higher anhydride concentrations
to improve the extent of modification. UMCM-1-Nls$ tolerant to higher concentrations
of anhydride than IRMOF-3 with respect to preservation of ctystal (Figure 3-16).
By using higher anhydride concentrations (0.2 M, 8 eq. of anhydride), UNIAWI3 to
UMCM-1-AM13 were achieved with > 80% on average, with a distinct R@¥ease for
UMCM-1-AM5, -AM9, and —AM13 from the Method 1 results (Table 3-1, FigRHE/).
UMCM-1-AM1 and UMCM-1-AM19 did not show any change in percent caosivar
(~99% forn = 0 and ~28% fon =18), and no improvements were seen with UMCM-1-
AMtBuU (~1%) and UMCM-1-ANIPr (~49%). While higher anhydride concentrations
appeared to improve the percent modification of the linear alkyhshase of a higher
anhydride concentration had no effect on the formation of UMCM-1FAM This

suggests the shape and bulkiness of the isobutyric anhydride isrywaowepatible with
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the UMCM topology. Under identical reaction conditions (Method 1), IFMBR2AMIPr
had higher modification over UMCM-1-ANMr even though IRMOF-3 has lower
porosity overall. By looking at structural models, the pore sizkcavities adjacent to
the amino substituents in UMCM-1-Nldppear to be smaller than in IRMOF-3 (Figure
3-18). As a result, modification with branched anhydrides is more depton the size

and shape constraints of the framework in contrast with linear anhydrides.

Figure 3- 16 Photographs of uandIerd UMCM 1 Nl-(upper ieft) UMCM-1-AM5
(upper right), UMCM-1-AM9 (lower left), and UMCM-1-AM13 (lower h¢) as
prepared via Method 2.
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Figure 3-17. *H NMR spectra of modified UMCM-1-Npisamples (Method 2) digested
in DCI/D,O and DMSOd® (left). Red squares and black circles represent signals of
modified and unmodified NHBDC, respectively.
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Figure 3-18. CPK representations highlighting the NBDC groups in IRMOF-3 (top),
DMOF-1-NH, (middle), and UMCM-1-NH (bottom). All four possible amino group
positions are highlighted in blue.

All modified UMCM-1-NH, were found to maintain thermal and structural

stability after being treated via Method 2 (Figure 3-19). Haodified UMCM-1-NH
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remained stable up to ~450 °C and the structural integrity of eacHiedodMCM-1-
NH, remained intact based on PXRD analysis. As additional suppangle srystal X-
ray structure was collected and solved for UMCM-1-AM5, which determined to be
93% modified by'"H NMR analysis. UMCM-1-AM5 was found to have similar cell
parameters as UMCM-1-NH Three ZA" ions, 29 carbon atoms, and 8 oxygen atoms
were located and assigned in the asymmetric unit, and those atoesponded with the
Zn,O cluster, three BTB ligands, and one modified ;NBDC ligand (Figure 3-20).
Unfortunately, due to a combination of disorder over all four positiortheobenzene
ring and weak diffraction quality of the UMCM-1-AM5 crystaliitable atomic positions
could not be located for the modified alkyl-amide substituent; howéverframework
structure of UMCM-1-AM5 framework was found to be identical to WMIC and
UMCM-1-NH; (Figure 3-20). To prove UMCM-1-AM5 was in fact the modified amsi
of UMCM-1-NH,, the single crystal was taken directly off the diffracéten, digested
by sonication in MeOH, and submitted for ESI-MS analysis. Todifled NH,-BDC

ligand was detected as the base peak in the speati(z848 [M-H]).
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Figure 3-19. TGA (left) and PXRD analysis of modified UMCM-1-NH
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Figure 3-20. Structure of UMC-l-M rmined |
diffraction. Asymmetric unit (left) and view of framework wiNH,-BDC highlighted in
cyan (right).

BET surface area measurements were also collected fondtddied UMCM-1-
NH, to determine the effects of modification on porosity. Analysishef modified
UMCM-1-NH; samples under Nat 77 K revealed the MOFs remained highly porous
with the BET surface areas ranged from as low as ~280§ (dMCM-1-AM13) to as
high as ~3800 Alg (UMCM-1-AMtBu)). As proposed from our IRMOF-3 study, the
low BET surface area for UMCM-1-AM13 is influenced by a combamatof high
conversion (84%) and long alkyl chains (C13) that are occupyingotines of the
framework. Similarly, the high BET surface area for UMCMJHBU is acceptable
since it has extremely low modification and very few atoms ogogpthe framework

channels. To further justify the modified MOFs did not undergo any structurajes)am

full isotherm was collected for UMCM-1-AM5, which is 93% modifiesdahas a BET
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surface area of 3300%g. UMCM-1-AM5 was found to have a similar isotherm as

unmodified UMCM-1-NH and displayed the same step in the isotherm (Figure 3-21).

1400 ]
1300 - —
1200 ] f
1100 / mﬂmﬁﬂw
1000
900
800
700
600 -]
500 -
400 -
300
200
100
0

- @ LOXOO0—O—O—O=OC-OCCOXTT I T

—®— UMCM-1-NH, Adsorption
—CO—UMCM-1 -NH, Desorption
—&— UMCM-1-AM5 Adsorption
—— UMCM-1-AMS5 Desorption

Quantity Absorbed (cm®/g STP)

— 1+ 1 11T+ 71T T T 1 1 1
0.0 041 02 03 04 05 06 07 08 09 10

Relative Pressure (P/P)

Figure 3-21. N, isotherms of UMCM-1-NKHand UMCM-1-AM5 at 77 K.

Closer observation of the modified UMCM surface areas indicatet High
surface areas could be obtained even with high modification with ther|aiigd
anhydrides. In particular, all the modified MOFs still have highaface areas over
other known MOFs, such as IRMOF-3, which has a surface area of A0 While it
has been established that surface area is influenced by a cbambimlamodification
extent and reagent size, the framework topology seems to diatatemodification
affects the surface area. UMCM-1-BlHas two types of pores, a large hexagonal 1D
pore that is bordered primarily by BTB and a smaller parediiby NH-BDC and BTB
ligands. Based on the location of the amino groups, there is a high probabilityatter s

pore is occupied by the modified substituents, leaving the largeagbeal pores
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relatively untouched. Here, the modified UMCM represent a urctpass of materials

that remain highly porous even after modification.

3.3 Conclusions

We have demonstrated topologically diverse frameworks can be deyelabe
similar building block components (e.g., MBDC) and targeted for modification. Here,
we were able to show the BDC component of MOFs (e.g., DMOF-1 andNH¥) can
be replaced with NHBDC to produce isostructural, amino-containing analogs (e.g.,
DMOF-1-NH, and UMCM-1-NH). Our controlled modification performed on three
structurally diverse MOFs (IRMOF-3, DMOF-1-NH UMCM-1-NH;) not only
confirmed PSM is possible, but also has identified several key concepts timaparnt
for understanding and using postsynthetic modification, including: (1) otrexall
porosity of MOFs largely determines the degree of moditioatnd reactivity with
reagents; (2) framework topology and the local environment surroutigéen¢argeted
reactive groups (e.g., -NHboth play an important role that affects modification; and, (3)
the size and shape of reagents both play a crucial role in infigetioe modification
outcome. Based on our results, we believe these concepts canasepractical
guidelines for PSM of other MOFs, and therefore lead to a hetterstanding about the
types of MOFs that can undergo modification and the choice gémgabased on size

and shape, that can be used to effectively functionalize the framework.
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3.4 Experimental Methods

General. Starting materials and solvents were purchased and used without
further purification from commercial suppliers (Sigma-AldrichfaAResar, EMD, TCI,
Cambridge Isotope Laboratories, Inc., and others). IRMOF-3 wathesjzed and
activated as described previously.4,4,4"-benzene-1,3,5-triyl-tribenzoic acid (BTB)
synthesis was adapted from a published procéedure.

Preparation of DMOF-1-NH,. Zn(NG3)»4H,O (1.56 g, 6.00 mmol) and 2-
amino-1,4-benzenedicarboxylic acid (¥BDC, 1.10 g, 6.07 mmol) were dissolved in
150 mL of dimethylformamide (DMF). 1,4-Diazabicyclo[2.2.2]octane EQAO, 1.08 g,
9.63 mmol) was then added to the solution, which immediately generktegtaamount
of white precipitate. The mixture was filtered using a 60 MREX glass funnel of fine
porosity. The filtrate was collected, and the solution was diligtedvolume of 150 mL
with DMF before being divided into 15 mL portions and transferred to ifilktion
vials (20 mL capacity each). The vials were placed in a satig &dad the bath was
transferred to a programmable oven and heated at a rate of 25 fm 35 to 120 °C.
The temperature was held at 120 °C for 12 h, and then the oven weg aba rate of
2.5 °C/min to a final temperature of 35 °C. This procedure generatknvish rod-
shaped crystals of DMOF-1-NH The mother liquor from each vial was decanted, and
the crystals were washed with 3 x 6 mL of DMF followed by @ mL of CHC,. The
crystals were then soaked in 10 mL of Cgifor 3 days with fresh CHghdded every 24
h. After 3 days of soaking the crystals were stored in the @&Ck solution until
needed. The average yield of dried DMOF-1.Nper vial was determined to be

approximately 57 mg (0.20 mmol -Nkquiv., 33% based on starting Zn(j£4H.0).
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Substituting NH-BDC with BDC (1.02 g, 0.60 mmol) using an identical procedure led to
the generation of DMOF-1 crystdfs'?

Synthesis of 1,3,5-tribenzeneacetophenonel,3,5-tribenzenacetophenone was
modified from a published procedure AICI;(16.4 g, 123 mmol) was dissolved in acetyl
chloride (88 mL) and placed in an ice bath to cool down to 0 °C ungler IN3,5-
triphenylbenzene (4.6 g, 15 mmol) was dissolved in@H100 mL) and was added to
the AlCl/acetyl chloride solution. The deep red solution was leftrsgirat O °C for 10
min and was stirred at RT for an additional 80 min. During the 8Qiteiperiod, the
solution color became cloudy and lighter in color. The mixture sk@sly poured to a
500 mL Erlenmeyer flask packed 2/3rds with ice. The cloudy radgicolbecame
yellow-brown upon addition to ice. More ice was added to the Erlenmflag& to keep
the reaction cool until the transfer was complete. The mixtag then left to stir
overnight at RT. CBCl, was added to dissolve the crude beige solid and the solution
was transferred to a separatory funnel. The layers wkyeeal to separate and the
organic layer was isolated. Sat. NaH{O®@as then slowly added to the organic layer
(with vigorous stirring) in order to neutralize any remainiogl dyproduct. During the
addition of sat. NaHC§) the solution underwent a color change from brown to yellow.
The solution was transferred to a separatory funnel and wasedllimrseparate into two
layerswithout any shaking involved. The organic layer was recoveredantlaHCQ
was added to the organic layer again until all the acid bypradastneutralized. After
separating the organic layer again, the solution was dried ov&OlMdiltered, and
concentrated to yield a yellowish white solid. The solid was whshth benzene to

remove any unreacted 1,3,5-triphenylbenzene and the white produdriedson the
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house vacuum. Yield: (5.1 g, 78%) NMR (400 MHz, CDC}, 25 °C):5 8.11 (d, 6H,
J =8 Hz), 7.88 (s, 3H), 7.82 (d, 68 = 8.4 Hz), 2.68 (s, 9H). ESI-MS(+)n/z433.27
[M+H] "

Synthesis of 4,44"-benzene-1,3,5-triyl-tribenzoic acid (BTB). 4,4',4"-
benzene-1,3,5-triyl-tribenzoic acid was modified from a published proefdulaOH
(17.6 g, 44 mmol) was dissolved in 118 mL ofCHand cooled in an ice bath to 0 °C.
Bromine (8 mL) was added 1 mL at a time to the NaOH solutesulting in an orange
solution. The NaOBr solution was left stirring at 0 °C for 15utes and was added in
small portions to a suspension of 1,3,5-acetophenone (5.0 g, 11.6 mmol) in 240 mL of
dioxane. The mixture was then transferred to a preheated oidb&€th°C and was left
stirring for 2 h. During the 2 h, the solid eventually was dissolvesiltieg in a pale
yellow solution. After letting the solution completely cool to Rif ,agueous solution of
NaS;03-5H,0 (2.0 g in 40 mL HO) was added to the reaction to quench NaOBr, which
resulted in the solution becoming less yellow. The solution wessferred to a
separatory funnel and allowed to separate into two layers. The bddign was
collected, filtered to remove any undissolved starting matendl,agidified with conc.
HCIl. A white solid precipitated from solution and was isolatedvaguum filtration.
After washing the solid with copious amounts @ the solid was left drying in air and
was eventually dried under vacuum with heat overnight. Yield: 4.8%)Y9'H NMR
(400 MHz,d°-DMSO0) :§ 8.09 (s, 3H), 8.06 (s, 12H). ESI-MS(®)/z437.10 [M-H].

Preparation of UMCM-1-NH,. Zn(NGOs),-4H,0 (2.83 g, 10.8 mmol), NHBDC
(0.490 g, 2.7 mmol), and 4,4"-benzene-1,3,5-triyl-tribenzoic acid (BTB, 0.424 g, 0.97

mmol) were dissolved in 100 mL of DMF. The solution was divided intmL(portions



79

and transferred to 10 scintillation vials (20 mL capacity eadlne vials were placed in a
sand bath, and the bath was transferred to an isothermal oven heated at 85 °C. After 48 h,
the vials were removed from the oven and left to cool to room tatoyper Beige,
crystalline needle clusters were present in every vial. moier liquor was decanted,
and crystals were washed with 3 x 12 mL of DMF and soaked in HZImL) for 24
h. The crystals were then rinsed 3 x 10 mL of GHId left to soak for 3 days with
fresh CHC} added every 24 h. After 3 days of soaking the crystals were stored in the last
CHCI; solution until needed. The average yield of dried UMCM-1Er vial was
determined to be approximately 56 mg (0.05mmol ;lguiv, ~56% based on BTB).
Method 1 Modification of MOFs. The CHC} storage solution of each MOF
was decanted, and the crystals were dried at 75 °C under vaoualdéast 12 h. The
freshly dried MOF sample (~15 mg, 0.050 mmol equiv of zHDMOF-1-NH,; 52 mg,
0.050 mmol equiv of -NK of UMCM-1-NH,; 14 mg, 0.050 mmol equiv of -NHof
IRMOF-3) was placed into a dram vial (4 mL capacity) with 1l0ahsolvent (CDC{ or
CHCls) and 2 equiv (0.10 mmol) of anhydride. The samples were left ¢cbfaea3 days
at room temperature, and the reaction was quenched by decantisghtbat. The
samples were rinsed with 3 x 2 mL of CHCI3 and soaked in 2 mLH&I|{£overnight.
The rinsing and soaking were repeated for a total of 3 days, asdrtimes were left in
fresh CHC4. Each vial was dried under vacuum at room temperature or at 90 °C
overnight and used fdH NMR analysis.
Method 2 Modification of DMOF-1-NH,. Approximately 57 mg of DMOF-1-
NH2 (0.20 mmol, equiv of -Nb) was placed in a vial with 2 equiv (0.4 mmol) of alkyl

anhydride dissolved in either 8 mL (for= 0, 2) or 4 mL (fom =4, 8, 12, 18; isobutyric
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anhydride, trimethylacetic anhydride) of CHCIThe samples were heated in an oven at
55 °C for 24 h, after which the solution was decanted (except fod2 and 18, vide
infra) and the crystals were washed with 3 x 6 mL of GHQA fresh solution of the
anhydride was added to the vial, and the mixtures were heatexh fadditional 24 h.
The aforementioned procedure was repeated two more times, gitatgl reaction time
of 4 days. For samples where= 12 or 18, the mixtures were heated at 55 °C for 4 days
without replacing the anhydride solution, but the volume was adjusted to 4 mL every 24 h
by adding fresh CHGI(some solvent loss occurred because of evaporation). After the
reaction was complete, the CHGlolution was decanted, and the crystals were washed
with 3 x 6 mL of CHCJ before soaking in 10 mL of pure CHGl.e., without anhydride)
for 3 days, with fresh CHgldded every 24 h. After 3 days of soaking the crystals were
stored in the last CHghbolution until analyzed.
Method 2 Modification of UMCM-1-NH ,. One vial of UMCM-1-NH (~56
mg, ca. 0.050 mmol equiv of -NHwas combined with 4 equiv (0.20 mmol fo= 0, 18)
or 8 equiv (0.40 mmol fom = 2, 4, 8, 12, isobutyric anhydride, trimethylacetic
anhydride) of alkyl anhydride in 2 mL of CHCIThe reduced equivalents/concentration
(0.1 M vs 0.2 M) used fon = 0 andn = 18 were due to the high reactivity £ 0) and
low solubility (hn = 18) of these anhydrides. After allowing the sample to stanoban
temperature for 3 days, the solution was decanted, and the cvystalsvashed with 3 x
10 mL of CHC} before soaking in 10 mL of CHElor 24 h. After repeating the washes
and soaks for 3 days, the crystals were stored in the last;GblGlion until analyzed.
Digestion and Analysis by'*H NMR. *H NMR spectra were recorded on Varian

FT-NMR spectrometer (400 MHz). Approximately 5 mg of MOFMOF-1-NH,,
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UMCM-1-NH,, or IRMOF-3) modified using either Method 1 or Method 2 was dried
under vacuum at room temperature or at 90 °C overnight and digestedmdation in
500 L of DMSO-d® and 10QuL of dilute DCI (23uL of 35% DCI in DO diluted with

1.0 mL of DMSOeP).

Digestion and Analysis by ESI-MS. ESI-MS was performed using a
ThermoFinnigan LCQ-DECA mass spectrometer, and the data whsz @ using the
Xcalibur software suite. Crystals of modified DMOF-1-N&hd UMCM-1-NH (0.1~1
mg) were digested in 1 mL of MeOH (op®) with sonication.

Thermal Analysis. Approximately 10-20 mg of IRMOF-3, DMOF-1-NHor
UMCM-1-NH; modified using Method 2 was used for TGA measurements. Samples
were analyzed under a stream of dinitrogen using a TA Instru@@®® SDT running
from room temperature to 600 °C with a scan rate of 5 °C/min.

PXRD Analysis. Approximately 15 mg of DMOF-1-NH(typically soaked in
DMF) or UMCM-1-NH; (typically soaked in CHGJ) modified using Method 2 were air-
dried before PXRD analysis. PXRD data were collecteddtient temperature on a
Rigaku Miniflex Il diffractometer at 30 kV, 15 mA for Cuot{1 = 1.5418 A), with a scan
speed of 1°/min or 5°/min, a step size of 0.05°dndhd a 2 range of 3-40° and 2-35°
for DMOF-1-NH, samples and UMCM-1-NHsamples, respectively. The experimental
backgrounds were corrected using the Jade 5.0 software packagesimlitated PXRD
patterns were calculated from the single crystal diffraction datg dencury CSD 2.0.

BET Surface Area Analysis. Approximately 80-100 mg of modified DMOF-1-
NH; or 40-60 mg of modified UMCM-1-NH(prepared using Method 2) was evacuated

on a vacuum line for 5-18 h. The sample was then transferred ewaighed sample
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tube and degassed at 105 °C for approximately 24 h on an ASAP 2024l traioutgas
rate was <%m Hg/min. The sample tube was reweighed to obtain a consistsstfor
the degassed modified DMOF-1-NHr UMCM-1-NH,. BET surface area (ifg)
measurements were collected at 77 K by dinitrogen on an ASAPUD2§ volumetric
technique.

Single-Crystal X-ray Diffraction. Single crystals of UMCM-1-NKH and
UMCM-1-AM5 in CHCI; were mounted on nylon loops with Paratone oil and placed
under a nitrogen cold stream (200 K). Data was collected on a Bfalpga Apex Il
diffractometer using Cu #adiation ¢ = 1.54178 A) controlled using the APEX 2.0
software package. A semiempirical method utilizing equivalerds employed to
correct for absorption. All data collections were solved and refised) the SHELXTL
suite. The Zf' ions, O atoms, and several of the C atoms were refined anisaihppi
while the rest of the C atoms were refined isotropically fMGM-1- NH,. All non-
hydrogen atoms, except for atoms C3 and C4, were refined anisotofocd/MCM-1-
AM5. UMCM-1-NH,; and UMCM-1-AM5 were treated with the “squeeze” protocol in
PLATON to account for electron density associated with then@mand alkyl-amide
substituents and for partially occupied or disordered solvent (e.g.|sCkiEhin the

porous framework.
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3.5 Appendix

Table 3-2. Preliminary crystallographic data for DMOF-1-B comparison with those
of DMOF-1.

Entry | MOF Crystal Cell [ab)| cA |apy]| VAR Ref.
System | Setting )
1 DMOF- | tetragonal I 15.063 | 19.247 90 43671 Kiat al, Angew.
1 Chem. Int. Ed.

2004 43, 5033
2 DMOF- | tetragonal P 14.8999| 19.1369 90 42484 &f al Adv.

1 Funct. Mater.

2007, 17, 1255

3 DMOF- | tetragonal P 15.15 19.41 90 4455 This work
1

4 DMOF- | tetragonal I 15.02 19.25 90 4341 This work

1-NH,
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Table 3-3. Structure determination parameters and mass spectrometrnodat®€CM-
1-NH, and UMCM-1-AM5 single crystals.

MOF UMCM-1-NH, UMCM-1-AM5
Formula GaH2sNO13ZN, C49.5d'|34.3d\|013.9ozn4a
Morphology Needle Needle
Color Beige Beige

0.38 0.55
Size (mm) 0.15 0.25

0.14 0.20
Crystal System Hexagonal Hexagonal
Space Group P6(3)Ym P6(3Yym
a=b,c 41.2555(8) A, 17.5091(9) A | 41.2685(10) A, 17.534)(A
a=py 90°, 120° 90°, 120°
Volume (&) 25808.2(15) 25861.5(18)
T, K 200(2)K 200(2)K
Reflns measured 11730 64158
Sgta”es”a'”tS/ paramel s952/0/217 15699/0/306
Independent  Refing 567kt =0.0660] 1569R(int) = 0.2054]
[R(int)]
Fina| R indices R1 :00584 Rl = 00711
[1>20(D)]a wR2 = 0.1587 WR2 = 0.1471
R indices (a” datan Rl = 00677 Rl = 01369
refinement)a WR2 = 0.1648 WR2 = 0.1643
GOF on E 0.995 0.786
Largest diff. peak and ; 57, o4 0 708e/R 0.541 and -1.747 /A
hole , e/ A
ESI-MS(-) [M-H] 180 278

& The empirical formulas reflect the ratio of unnfaai amino-BDC to modified alkyl amide BDC
ligand as determined By NMR.
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Table 3-4. BET surface area measurements/@nfor DMOF-1-NH and UMCM-1-
NH,. Results shown are from two independepntbisorption experiments at 77 K.

Unmodi . -
fied -AM1 -AM3 -AM5 -AM9 -AM13 -AM19 -AMiPr AM1BU
DMOF- | 1510+ | 271+ 1076 + 1275 + 1289 +
1 o8 68 778 15| 741 184 70+9 105 57 284 +81 53

UMCM- | 3974+ | 3493 +| 3508+ | 3292+ | 2975+ 2786 + 3464 + 3528+ | 3733+
1 30 6 132 98 260 134 169 102 172

DMOF-1-NH, DMOF-1-AM1

Trial 1 Trial 2 Trial 1 Trial 2

Relative | Adsorption Relative | Adsorption Relative | Adsorption Relative | Adsorption
Pressure Amount Pressure Amount Pressure Amount Pressure Amount
(P/Po) | (cmg STP) | (P/Po) | (cm*g STP) | (P/Po) | (cm®g STP) | (P/Po) | (cm®lg STP)

0.005075| 370.6918784 0.005124 381.2556856  0.00518277.95502 0.004787 53.78076

0.017067| 381.8410501 0.0155%92 391.5233848 0.01570180.42338 0.016451 55.79453

0.028133| 386.286640]1 0.026569 396.2462242  0.02867681.68193 0.02912 56.73798

0.040618| 389.5734724 0.039286 399.7421103 0.040979B2.53897 0.041272 57.36033

0.052938| 392.0718698 0.05189  402.2774448 0.046429 2.87812 0.053311 57.76846

0.057487| 392.8592449 0.057814 403.2421917 0.05713%8B3.39909 0.057074 57.94717

0.067766| 394.4040638 0.067811 404.7403375 0.06768983.83414 0.067584 58.28038

0.078348| 395.739730y 0.0784%3 406.0646461 0.07791484.1891 0.07792% 58.56656

"%

0.088759| 396.882515p 0.088931 407.2071707 0.08836784.52744 0.088248 58.82913

0.098974| 397.9438274 0.099118  408.2231P6 0.098645 4.83808 0.098687 59.08199

0.109419| 398.684647F 0.109433 409.1520%92  0.1090585.10429 0.109004 59.31589

0.119508| 399.5807786 0.119706 410.0025328 0.11939485.36981 0.119371 59.53195

0.129798| 400.4425275 0.129968 410.7628321 0.12973@85.60338 0.129674 59.69799

0.14016 | 401.2053904 0.140339 411.4653009 0.140041 5.81856 0.14003% 59.89566

0.150512| 401.9086725 0.150598 412.1540933 0.1503436.04104 0.150329 60.03815|




86

Table 3-4 (continued). BET surface area measurement$/gnfor DMOF-1-NH, and
UMCM-1-NH,. Results shown are from two independeptabsorption experiments at
77 K.

DMOF-1-AM3 DMOF-1-AM5
Trial 1 Trial 2 Trial 1 Trial 2
Relative | Adsorption | Relative | Adsorption | Relative Adsorption Relative | Adsorption
Pressure Amount Pressure Amount Pressure Amount Pressure Amount

(PIPo) | (cm¥g STP) | (P/Po) | (cm¥g STP)| (P/Po) | (cm’lg STP) (PIPo) | (cm¥g STP)

0.005689 11.0999 0.005516 37.12931 0.004891 192.448 0.005209 163.8425

0.015054 27.39079 0.016137 39.6525 0.01581 200.30770.016896 170.5962

0.025082 124.7122 0.025859 111.4784 0.026876 283.88| 0.02787 173.5022

0.042612 169.7339 0.038236 151.4929 0.03965 206.50% 0.040259 175.6001

0.050167 177.9312 0.047443 162.324f 0.0521122 268.30| 0.052555 177.1183

0.055407 183.4301 0.058943 173.821p 0.057817 2P8.96| 0.057274 177.6637

0.068864 190.2778 0.065848 178.092p 0.067699 2%p.07| 0.06771 178.6091

0.078353 193.8977 0.078057 183.993 0.078178 212.07% 0.078009 179.4819

0.088702 196.9446 0.088537 187.789y 0.088Y58 297.89| 0.088628 180.2147

0.0991 199.7823 0.099047 190.7314 0.099239 212.63550.098973 180.869

0.109786 201.289 0.109679 193.077y 0.109853 213.301 0.109184 181.4845

0.120042 203.6147 0.120124 195.291P 0.11954 213.914 0.119471 182.0273

0.130366 205.0492 0.1304715 197.2744 0.129919 238.47| 0.12989 182.5275

0.140832 206.3619 0.140783 199.116p 0.140246 2%4.97 0.140161 183.0523

0.150796 207.2458 0.151423 200.226p 0.150562 265.46| 0.150489 183.4762
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Table 3-4 (continued). BET surface area measurement$/gnfor DMOF-1-NH, and
UMCM-1-NH,. Results shown are from two independeptabsorption experiments at
77 K.

DMOF-1-AM9 DMOF-1-AM13

Trial 1 Trial 2 Trial 1 Trial 2

Relative | Adsorption | Relative | Adsorption | Relative | Adsorption Relative Adsorption
Pressure Amount Pressure Amount Pressure Amount Pressure Amount
(P/Po) | (cm®g STP) | (P/Po) | (cm®g STP) | (P/Po) | (cmg STP)| (P/Po) | (cm’lg STP)

0.005307 14.60539 0.005149 17.20854 0.00508 28B.148 0.004755 248.6462

0.017318 15.0216 0.017306 17.91216 0.015818 294.145 0.016395 256.2681

0.029865 15.30209 0.029472 18.30711 0.027p72 268.85 0.027841 259.4043

0.041552 15.5464 0.041557 18.63724 0.039Y75 300.5040.040199 261.6466

0.046629 15.64977 0.046578 18.77308 0.052p52 382.40 0.052553 263.2928

0.057057 15.8088 0.057255 18.98187 0.05763 303.1281.057441 263.9011

0.06745 15.97345 0.067413 19.16633 0.067857 304.292 0.067817 264.9233

0.077907 16.07557 0.077815 19.33693 0.078312 363.29 0.078292 265.8262

0.088078 16.20769 0.088144 19.49145 0.088783 386.1§ 0.088654 266.6041

1%

0.09853 16.31825 0.098545 19.66601 0.099p66 306.973 0.098949 267.3205

0.108902 16.46107 0.108875 19.81475 0.109344 307.69 0.109233 267.9266

1%

0.119254 16.56431 0.119294 19.9440

™

0.119627 308.32 0.119575 268.4944

0.129582 16.68678 0.129638 20.08718 0.12993 308.912 0.12981 269.0118

0.140021 16.78048 0.14008 20.1962 0.14021 309.4582.140181 269.5037

0.150365 16.87052 0.150377 20.3178 0.15058 309.963 0.150486 269.9342

oy
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Table 3-4 (continued). BET surface area measurement$/gnfor DMOF-1-NH, and
UMCM-1-NH,. Results shown are from two independeptabsorption experiments at
77 K.

DMOF-1-AM19 DMOF-1-AMiPr
Trial 1 Trial 2 Trial 1 Trial 2
Relative | Adsorption | Relative Adsorption Relative | Adsorption | Relative | Adsorption
Pressure Amount Pressure Amount Pressure Amount Pressure Amount

(P/Po) | (cm®g STP) | (P/Po) (cm®g STP) (P/Po) | (cm®g STP) | (P/Po) | (cm’/g STP)

0.00518 327.6454 0.004954 306.8141 0.005p93 728%2F7| 0.004804 51.52385

0.016253 336.7131 0.015987 315.7232 0.014{785 700€EEB| 0.01536 54.22455

0.027061 340.6883 0.027268 319.6891 0.027p11 82FWBA| 0.02868 55.83799

0.039736 343.668 0.039884 322.5163 0.040811 832@&3P| 0.041168 56.77486

0.052248 345.8465 0.052409 324.5626 0.052592 8e(@™ub | 0.053065 57.4876

0.057694 346.6134 0.057676 325.3149 0.05698 8546982 0.057158 57.73296

0.067842 347.9011 0.067804 326.5255 0.067606 8894I¥D | 0.067598 58.17421

0.078301 349.0746 0.078229 327.6345 0.07807  873u&E23| 0.077911 58.58459

0.08882 350.1104 0.088655 328.5964 0.088p46 873288 0.088316 58.96291

0.099137 350.991 0.0990% 329.4566 0.098802 88.3395) 0.09878 59.31788

0.1094 351.7937 0.10926[1 330.2005 0.109005 89.8&RLY 0.108975 59.64077

0.119765 352.5418 0.119573 330.918 0.119644 895E5 0.119528 59.96728

0.13004 353.1928 0.129922 331.5302 0.129906 9072l 0.129796 60.21243

0.140285 353.8228 0.140148 332.1219 0.140[L68 961448 | 0.140085 60.44559

0.150574 354.42 0.150431 332.7028 0.150431 91.154P6 0.150421 60.69451
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Table 3-4 (continued). BET surface area measurement$/gnfor DMOF-1-NH, and
UMCM-1-NH,. Results shown are from two independeptabsorption experiments at
77 K.

DMOF-1-AMtBu UMCM-1-NH,

Trial 1 Trial 2 Trial 1 Trial 2

Relative | Adsorption | Relative | Adsorption | Relative | Adsorption Relative Adsorption
Pressure Amount Pressure Amount Pressure Amount Pressure Amount
(P/Po) | (cmg STP) | (P/Po) | (cm®g STP) | (P/Po) | (cmg STP)| (P/Po) (cm®g STP)

0.004815 329.7311 0.004988 310.324y 0.004{786 378.91 0.004771 369.473

0.016002 339.4235 0.016062 319.6563 0.014p12 693.94 0.015016 691.6707

0.027053 343.5277 0.027147 323.652 0.024813 8339.20 0.025832 810.7077

o7

0.039704 346.5298 0.039785 326.580 0.03456 868.968 0.036252 865.1752

O

0.052336 348.6856 0.052142 328.6798 0.04452 900.5[130.048761 902.66

0.057742 349.5094 0.057673 329.4629 0.059p55 938.90 0.057968 922.3684

0.067876 350.7981 0.067738 330.768Y 0.065[763 98%.57 0.065701 936.1853

0.078318 351.9635 0.078429 331.9171 0.07805 964.286 0.078132 954.9237

0.088751 352.9568 0.088749 332.927y 0.088132 938.98 0.088611 968.4285

0.099111 353.9004 0.099064 333.8025 0.09905 990.583 0.099152 980.8507

U

0.109362 354.6944 0.109306 334.5639 0.109649 1092.3 0.109821 992.2712

0.119722 355.422 0.119552 335.317 0.120152 1013.313).120351 1003.25

0.129945 356.1139 0.130134 335.972¢ 0.130[714 1824.2 0.130956 1013.844

0.140199 356.7316 0.140315 336.592 0.141333 1034.98 0.14151 1024.076

0.150555 357.3228 0.150539 337.1701L 0.151729 1035.9 0.151745 1034.412
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Table 3-4 (continued). BET surface area measurement$/gnfor DMOF-1-NH, and
UMCM-1-NH,. Results shown are from two independeptabsorption experiments at
77 K.

UMCM-1-AM1 UMCM-1-AM3

Trial 1 Trial 2 Trial 1 Trial 2

Relative | Adsorption | Relative | Adsorption | Relative | Adsorption Relative Adsorption
Pressure Amount Pressure Amount Pressure Amount Pressure Amount
(P/Po) | (cm®g STP) | (P/Po) | (cm¥g STP) | (P/Po) | (cm’g STP) | (P/Po) | (cm’lg STP)

0.004777 375.9893 0.004712 376.948 0.00477 392.82210.004771 377.4966

0.014881 623.3404 0.0151% 625.8643 0.015p05 645.814 0.01465 609.9947

0.024717 717.0907 0.02462 715.00238 0.02564 747.11520.024875 703.5668

0.036172 768.259 0.036951 768.8074 0.03737 797.08040.036347 751.6235

0.044351 790.4858 0.045038 789.9408 0.045B14 818.40 0.044358 772.5205

0.060613 821.5263 0.060783 819.4467 0.054562 834.45 0.054111 792.0652

0.066187 829.9369 0.0662714 827.7618 0.06412 85%.127 0.064819 809.0287

0.077797 845.5387 0.07799 843.3252 0.078p81 872.948 0.078048 826.5201

0.088339 857.9003 0.088372 855.4775 0.088B97 888.39 0.088479 838.4676

o

0.098828 869.0973 0.098917 866.85438 0.099p55 898.9¢ 0.099065 849.4611

0.109319 879.5958 0.109411 877.346 0.109636 903.5 0.109574 859.7873

=2

0.119851 889.7299 0.119916 887.53638 0.1201143 918.79 0.120067 869.7098

0.130374 899.4819 0.13037%2 897.4541 0.130p675 908.73 0.130564 879.4897

0.140934 909.3953 0.140875 907.3609 0.141136 924.63 0.141089 889.3039

0.151342 919.4084 0.15127%9 917.4004 0.151p77 987.61 0.151461 899.1416
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Table 3-4 (continued). BET surface area measurement$/gnfor DMOF-1-NH, and
UMCM-1-NH,. Results shown are from two independeptabsorption experiments at
77 K.

UMCM-1-AM5 UMCM-1-AM9
Trial 1 Trial 2 Trial 1 Trial 2
Relative | Adsorption Relative | Adsorption | Relative Adsorption Relative | Adsorption
Pressure Amount Pressure Amount Pressure Amount Pressure Amount

(P/Po) | (cm¥g STP) | (P/Po) | (cm’g STP)| (P/Po) (cm®g STP) (P/Po) | (cmg STP)

0.004793 379.4085 0.004794 366.2318 0.004{r54 388.56 | 0.004769 378.4561

0.014672 611.6668 0.014621 584.846 0.015[164 518.781 0.014813 591.4863

0.025007 697.7966 0.025015 666.742Y 0.025[L33 538.57| 0.024695 660.8653

0.034783 736.2691 0.034529 702.5798 0.035614 628.08 | 0.035264 697.225

0.044309 760.7289 0.048645 735.307Y 0.047481 688.16| 0.04514 719.544

0.054997 781.2393 0.058332 751.639 0.054641 644.062 0.055201 736.9357

0.065244 797.2372 0.065789 762.3593 0.065369 668.91| 0.065523 751.6573

0.078066 813.9257 0.077811 777.5869 0.077B61 631.64| 0.077912 766.5601

0.088441 825.6844 0.088364 789.1898 0.088P36 684.86 | 0.088355 777.6397

0.098903 836.5674 0.098832 799.884y 0.098|r74 693.54 | 0.098831 787.9137

0.109386 846.8905 0.109347 810.0368 0.1091L63 780.72 | 0.109371 797.6461

0.119958 856.712 0.119737 819.760% 0.119h84 709.721 0.119866 807.0053

0.130453 866.32 0.130157 829.505% 0.129888 718.69840.130332 816.1135

0.140888 875.7842 0.140545 839.3755 0.140136 728.08 | 0.140739 825.3025

1%

0.151337 885.4176 0.150784 849.6724 0.150p67 787.93| 0.151135 834.6155
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Table 3-4 (continued). BET surface area measurement$/gnfor DMOF-1-NH, and
UMCM-1-NH,. Results shown are from two independeptabsorption experiments at
77 K.

UMCM-1-AM13 UMCM-1-AM19

Trial 1 Trial 2 Trial 1 Trial 2

Relative | Adsorption Relative | Adsorption Relative | Adsorption Relative | Adsorption
Pressure Amount Pressure Amount Pressure Amount Pressure Amount
(P/Po) | (cm®g STP) | (P/Po) | (cm®g STP) | (P/Po) | (cm¥g STP)| (P/Po) | (cm¥g STP)

0.004769 337.8202 0.004748 314.776¢§ 0.004{r97 366.03 0.00476 376.9502

0.01499 528.0332 0.015316 492.7963 0.014p25 599.530 0.01503 643.1859

0.025404 597.1742 0.025387 553.5961 0.025p63 688.73 0.025012 736.0495

0.034922 629.1209 0.036249 586.4143 0.036869 736.19 0.03738 790.0746

0.046726 654.1685 0.046105 605.6974 0.04502 756.777 0.045429 811.7188

0.054505 666.642 0.0553 619.5813 0.054267 775.0007.054362 830.3425

0.065091 680.9349 0.065588 632.5387 0.064p21 783.69 0.064992 848.2664

0.077953 695.418 0.07788 645.7485 0.078057 808.77640.07806 866.3718

0.088357 705.8592 0.0882§2 655.8083 0.088534 828.61 0.088425 878.8528

0.098819 715.5007 0.09868 665.269 0.099101 831.46910.098984 890.4735

0.109308 724.7023 0.109161 674.3061 0.109653 829.58 0.109474 901.2918

0.119806 733.5416 0.119522 683.055 0.1202 851.24070.120016 911.6786

0.130217 742.3747 0.129869 691.968¢ 0.130p665 868.71 0.130529 921.8347

0.140731 751.2408 0.140111 700.9942 0.141p79 809.09 0.141022 931.9592

0.150998 760.1795 0.150382 710.473 0.15149 879.3940.151425 942.1509
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Table 3-4 (continued). BET surface area measurement$/¢gnfor DMOF-1-NH, and
UMCM-1-NH,. Results shown are from two independeptabsorption experiments at
77 K.

UMCM-1-AMiPr UMCM-1-AMtBu
Trial 1 Trial 2 Trial 1 Trial 2

Relative | Adsorption Relative | Adsorption | Relative | Adsorption Relative | Adsorption
Pressure Amount Pressure Amount Pressure Amount Pressure Amount

(PIPo) | (cm’g STP) | (P/Po) | (cm¥g STP)| (P/Po) | (cm’g STP) | (P/Po) | (cm®g STP)
0.004795 373.9367 0.004801L 372.1312 0.00476 368.953 0.004761 355.5972
0.014889 637.3434 0.014979 617.0614 0.015p23 628.97] 0.014644 651.25
0.024889 736.433 0.024973 708.7616 0.024925 783.573 0.02569 766.8113
0.036127 788.9026 0.03430y 751.5235 0.035[773 826.92 0.036438 819.6924
0.048929 822.8626 0.049214 789.9121 0.048B72 88Z2.97) 0.04428 843.5674
0.058142 840.4714 0.059048 807.6228 0.057[701 899.61] 0.054047 865.8868
0.065669 852.6047 0.066149 818.5405 0.065p62 913.39 0.064795 885.0348
0.077995 869.6132 0.07798 834.0748 0.078053 929.8466 0.078028 904.2456
0.088413 882.1413 0.088354 846.2486 0.088497 923.17] 0.08853 917.2999
0.098962 893.7276 0.098826 857.4848 0.099025 985.33 0.098973 929.1866
0.109502 904.5099 0.109375 867.8975 0.109608 988.68 0.109587 940.2614
0.12003 914.8459 0.11995 878.1836 0.120086 977.5890.120136 950.8382
0.130497 924.977 0.130291 888.04938 0.130628 988.270 0.130616 961.2177
0.141018 935.1054 0.140738 898.22] 0.141047 9992.003 0.14109 971.5925
0.151493 945.5448 0.150968 908.607Y 0.151362 1909.9 0.151426 982.0732
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Table 3-5. Full N, isotherm measurements for DMOF-1-NHMOF-1-AM5, UMCM-
1-NH,, and UMCM-1-AM5.

DMOF-1-NH, DMOF-1-AM5 UMCM-1-NH, UMCM-1-AM5
Relative | Adsorption | Relative | Adsorption | Relative | Adsorption Relative Adsorption
Pressure| Amount Pressure| Amount Pressure| Amount Pressure Amount

(P/Po) | (cm¥g STP) | (P/Po) | (cm¥g STP)| (P/Po) | (cm¥g STP)| (P/Po) (cm¥g STP)
6.65E-06 15.43181 3.86E-06 7.807951 2.1E-D5 152302 1.28E-05 14.80768
7.02E-06 30.8705 1.86E-0p 15.62554 4.22E{05 30366l 2.6E-05 29.55663
8.44E-06 46.30461 1.85E-06 23.44427 7.96E105 42311 5.15E-05 44.17213
9.75E-06 61.73464 2.2E-0¢ 31.26104 0.000145 59.9048 9.57E-05 58.55868
1.09E-05 77.16162 2.66E-06 39.07622 0.000249 7325 0.000164 72.60343
1.19E-05 92.58598 3.21E-06 46.89064 0.000893 82249 0.000258 86.18824
1.29E-05 108.0077 3.81E-06 54.70339 0.000559 98302 0.000373 99.21773
1.4E-05 123.4264 4.5E-06 62.51358 0.000729 111.79010.000505 111.6027
1.49E-05 138.8421 5.25E-06 70.3231 0.000956 126.788 0.000647 123.4309
1.59E-05 154.2551 6.13E-06 78.12989 0.001185 171.77, 0.000793 134.6002
1.7E-05 169.6654 7.14E-0p6 85.9338 0.001416 156.75350.000999 149.1603
1.81E-05 185.0721 8.31E-06 93.7366¢ 0.001646 181.72 0.001217 163.6952
1.95E-05 200.4754 9.68E-06 101.533] 0.001873 186.704 0.00144 178.2129
2.1E-05 215.8748 1.14E-0p 109.3264 0.0021 201.68530.001667 192.72
2.3E-05 231.2681 1.37E-0p 117.1124 0.002325 216.663 0.001898 207.2174
2.57E-05 246.6541 1.68E-05 124.8941 0.002551 22464 0.002133 221.7081
2.94E-05 262.0295 2.16E-05 132.6623 0.002778 268.61 0.002372 236.1895
3.51E-05 277.3879 2.95E-05 140.4082 0.003004 264.59 0.002613 250.6657
4.45E-05 292.7176 4.39E-05 148.115¢ 0.003233 226.56 0.00286 265.1289
6.16E-05 307.995 7.31E-0b 155.739¢ 0.003459 299.533 0.003112 279.5803
9.69E-05 323.1584 0.000137 163.1787 0.003685 386.50 0.00337 294.0229
0.000181 338.0423 0.000278 170.1985 0.003p11 3921.53 0.003635 308.4495
0.000408 352.1301 0.000554 176.3638 0.004(142 388.55 0.003906 322.8668
0.001266 366.707 0.001372 183.5484 0.004803 376.725 0.004187 337.3274
0.004155 379.2615 0.003143 189.8396 0.010p35 603.43 0.004809 367.2386
0.004808 380.692 0.00648 194.9255% 0.038479 881.4473 0.01 516.7533
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Table 3-5 (continued). Full N, isotherm measurements for DMOF-1-NHDMOF-1-

AMS5, UMCM-1-NH,, and UMCM-1-AM5.
DMOF-1-NH, DMOF-3-AM5 UMCM-1-NH, UMCM-1-AM5

Relative | Adsorption Relative | Adsorption Relative Adsorption Relative | Adsorption
Pressure Amount Pressure| Amount Pressure Amount Pressure| Amount
(P/Po) | (cmg STP) | (P/Po) | (cm¥g STP)| (P/Po) | (cm’g STP) | (P/Po) | (cm¥g STP)

0.009793 387.3796 0.009672 197.6072 0.05885 938.776 0.0335 699.4293
0.030348 397.4544 0.032593 205.5901L 0.076829 982.00 0.059194 752.8862
0.064598 404.1871 0.065556 210.079 0.101508 992.90B0.077241 776.7087
0.083464 406.5373 0.081797 211.570 0.142026 1835.3 0.100961 801.8739
0.101821 408.3409 0.10124 212.942 0.194377 1162.85 0.14049 839.0643
0.140594 411.2979 0.140434 215.007 0.252869 1385.2 0.193857 1030.857

4

8

9

P

0.201145 414.5676 0.200972 217.220 0.32788 1321 262823 1061.356
0.252259 416.6391 0.25175 218.656 0.387711 1830.0 0.330267 1072.587
0.302567 418.2295 0.30205 219.761 0.418122 1833.9 0.367965 1077.451
0.351568 419.4933 0.3512 220.694 0.450212 1337.700.399818 1081.086
0.400294 420.5531 0.400183 221.488 0.500404 1B42.¢ 0.450258 1085.905
0.450212 421.5308 0.450052 222.178 0.550204 1346.8 0.5 1090.061
0.500358 422.3775 0.500131 222.789 0.600348 1330.5 0.550205 1093.548

5

9

N [o°) [l ~ 0

O

ot

o ~

o [

0.550268 423.1319 0.54997 223.376 0.650384 1853.5 0.599859 1096.612
0.600327 423.8675 0.60005 223.928
0.650435 424.5476 0.64996 224.486
0.70029 425.1656 0.699863 225.102
0.74038 425.6123 0.739948 225.684
0.77029 425.9374 0.769905 226.162

2

1

0.699919 1386.5 0.650014 1099.387
0.740321 1388.700.700045 1101.822
0.770242 1380.24 0.739942 1103.641
0.800204 1361.630.769914 1105.022
0.820p5 1362.6B4.800007 1106.32
0.840436 1883.5 0.819859 1107.207
0.860174 13%4.3 0.839935 1108.074
0.875216 1365.08 0.859933 1108.98
0.890295 1885.6 0.874931 1109.689
0.900201 1386.1) 0.890159 1110.428
0.907077 1886.4 0.900245 1111.029
0.913391 1366.7 0.907022 1111.522

(93]

~— 1 ©

Ot

0.800488 426.2171 0.79984 226.659
0.820408 426.4294 0.81986 227.005
0.840398 426.6561 0.83986 227.354
0.860402 426.8899 0.859874 227.679
0.875315 427.0893 0.874742 227.928
0.890474 427.2803 0.889793 228.194
0.900427 427.3555 0.899781 228.404
0.925937 427.5523 0.906613 228.564 0.920642 1387.0 0.913775 1111.96
0.927551 427.6177 0.913335 228.705 0.9275%27 1867.3 0.920491 1112.452

3

5

7

2

5

5

Ot

o

OY

=

OY

~NT O

0.93458 427.6713 0.92011 228.887 0.934263 1367.680.927227 1113.144
0.9598 427.8227 0.92690 229.053% 0.940973 1367.96D.934174 1113.93
0.980035 428.1082 0.93364 229.247Y 0.947763 1868.2 0.940872 1114.838
0.981921 428.2161 0.94044 229.4688 0.95465 1388.61 0.947593 1116.097
0.988913 428.4414 0.9471¢6 229.679¢ 0.961417 16868.9 0.954414 1117.736
0.995317 428.8403 0.95397 229.907 0.968111 1369.350.961145 1119.981
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Table 3-5 (continued). Full N, isotherm measurements for DMOF-1-NHDMOF-1-
AM5, UMCM-1-NH,, and UMCM-1-AM5.

DMOF-1-NH, DMOF-3-AM5 UMCM-1-NH, UMCM-1-AM5
Relative | Adsorption | Relative | Adsorption Relative Adsorption Relative | Adsorption
Pressure| Amount Pressure| Amount Pressure Amount Pressure | Amount

(P/Po) | (cm®g STP) | (P/Po) | (cm®g STP) | (P/Po) (cm¥g STP) | (P/Po) | (cm®g STP)
0.970428 428.1489 0.960744 230.1956 0.975033 1869.6| 0.968124 1122.834
0.949679 428.0055 0.967576 230.4643 0.981732 1320.0| 0.974831 1125.972
0.929342 427.8989 0.974178 230.8171 0.988582 1830.4| 0.981839 1129.139
0.90892 427.8423 0.981031 231.2467 0.995368 1370.98 0.988357 1131.868
0.888474 427.7686 0.987633 231.884 0.970278 1389.85 0.995061 1134.796
0.875481 427.7449 0.994354 232.941y 0.949733 1888.9| 0.970586 1132.277
0.860462 427.7455 0.970135 231.1796 0.929203 1268.2| 0.949739 1130.991
0.821767 427.6368 0.948979 230.4611 0.908803 1887.4| 0.929174 1130.029
0.820455 427.6132 0.928397 230.0334 0.907294 1867.2 0.908853 1129.188
0.800429 427.5606 0.907967 229.716Y 0.900012 18387.0| 0.888367 1128.419
0.751692 427.3906 0.887448 229.4713 0.871825 1866.0| 0.875238 1127.954
0.740457 427.365 0.87454 229.354% 0.860345 1365.610.860304 1127.419
0.70064 427.0657 0.859543 229.2202 0.840405 1384.88 0.840299 1126.677
0.65013 426.772 0.840214 229.0734 0.820517 1363.963.820266 1125.91
0.600406 426.404 0.820231 228.9633 0.800424 1383.14 0.800196 1125.149
0.55031 425.9373 0.800214 228.863% 0.770847 1381.838 0.770264 1123.882
0.528025 425.7162 0.770273 228.6858 0.740449 1860.3| 0.740261 1122.568
0.505772 425.4596 0.740227 228.5468 0.700369 1868.2| 0.700317 1120.747
0.483637 425.0627 0.700263 228.361Y 0.650449 18395.3| 0.650313 1118.208
0.462323 423.0289 0.650316 228.053 0.600482 1351.85 0.600314 1115.293
0.438545 421.479 0.600226 227.7476 0.550333 1347.99 0.550253 1111.927
0.416951 420.7931 0.550354 227.3895 0.528059 1336.1| 0.527917 1110.244
0.376032 419.8176 0.527933 227.1956 0.505871 1884.1| 0.505829 1108.452
0.35342 419.2707 0.505829 227.0177 0.483924 1381.6p 0.488772 1094.554
0.350283 419.1757 0.483748 226.6684 0.461207 1838.9| 0.461031 1086.728
0.300566 417.8835 0.462371 224.9139 0.439271 1336.5| 0.421396 1082.997
0.25068 416.2295 0.438163 223.4874 0.417229 1383.92 0.398452 1080.672
0.200301 414.1798 0.41678 222.874% 0.394884 1330.930.394678 1080.176
0.150472 411.528 0.375803 222.033% 0.372425 13@7.88 0.372336 1077.692

0.353327 221.5474 0.35036[L 1324.573 0.350533  .@BI5
0.350309 221.4337 0.3018¢ 1315.987 0.301633 2087.
0.300445 220.5589 0.250666 1304.286 0.250628  .3688
0.231933 219.0368 0.201339 1287.986 0.201022  .1025
0.20021 218.1102 0.155928 1049.612 0.148608 848.3
0.150283 216.3216
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4.1 Introduction

There has substantial interest in usingad a clean and efficient energy source to
power vehicles:? Prior to 2010, the Department of Energy (DOE) set an iniiget of
developing on-board Hstorage devices that could hold up to 6.0 wt% and 45 g/L,of H
at ambient temperatufeMOFs showed great promise asdtorage materials because of
their high porosities and good reversibility of guest uptake andsesle&lowever, it
became evident the weak interaction of With the framework made it challenging to
meet the DOE’s desired requirements. Several MOFs weee tabineet the DOE
capacity standards, but they required cryogenic temperatures &ngliopressures to
accomplish high K uptake. Calculation of the isosteric heats of adsorptiafsgd
revealed MOFs had fairly low binding affinities with, ldn average (10 kJ/mol and
below), therefore making it difficult to achieve good gravimeamc volumetric uptake
under ambient conditiorfs. As a result, there has been a great interest in developing
MOFs with improved isosteric heats of adsorptions (up to 20 kJ/mol¢ wiaintaining
large storage capacitiés. Currently, the DOE has set moderate targets for achieving
storage materials with 5.2 wt % and 40 g/L oftly 2015'° However, the ultimate goal
is to reach 7.0 wt % and 70 g/L without resorting to cryogemgpé&zatures and high
pressures?

There are many different approaches for improvindidding affinity in MOFs.
Synthesizing MOFs that are catenated or interpenetrated t¢@oggr more interwoven
frameworks) is one method for enhancinglhding because there is less void space and
H, can interact more strongly with the framewdrkMetal nanoparticle or metal ion

cluster impregnation of MOFs has been another preferred fotitelhe most common,
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and popular, approach for improving, Hbinding affinity in MOFs has involved
generating unsaturated metal centers within the framewaraube H interacts more
strongly with metal centerd:'®> Many groups have used prefunctionalization to design
MOFs with specific SBUs that will have unsaturated metaters, such as frameworks
with Mn?* ions and Cti ions®'* However, there have been very few reports utilizing
PSM to design MOFs for H

Instead of using prefunctionalization to synthesize a MOF with uratat metal
sites, Hupp and coworkers demonstrated coordinate covalent modificatiorm eoff
PSM, as a way to incorporate unsaturated metal sites withirO&Rf Coordinate
covalent modification involves changes with the coordination environmehiecsBUs
without interfering with the SBU structure or MOF topology. Haowa coworkers used
ion exchange to enhance the idteractions of their DO-MOE. Modification by ion
exchange is possible if the framework is anibhir the organic linkers have pendant
groups that can be deprotonated and subsequently metallated. Cooodwalnt
modification was used to convert the diol groups of DO-MOF into lithiand
magnesium alkoxides using either EBD in CHCN/THF or Mg(OMe) in MeOH
(Figure 4-1). From these studies, the amount of metal ion presdg MOF was found
to influence H uptake. Higher loadings of either cation (2.62tbi Zrf* and 2.02 M§"
to Zrf") caused the framework to lose crystallinity and porosity. uptake was also
significantly lower than the unmodified DO-MOF. By decreasingdleing amount of
Li* (0.2 Li* to Zrf*) and Md"* (0.86 Md" to Zrt*), the MOF crystallinity was preserved.
Higher H uptake was observed for DO-MOFR ki which had a slightly higher Hveight

percent uptake with an average of two additionahtélecules per Li however, the b
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uptake did not improve with DO-MOF Mgs Interestingly, both DO-MOF Lk and
DO-MOF Mg ssdid show heats of adsorption that increased with higher loading, which

is not commonly seen in MOFs.

HO H L Lo’ |

Figure 4-1. PSM of DO-MOF to produce unsaturated metal centers‘ in the form' of
alkoxides via ion exchange with LiBu.
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While the main focus for Himprovement has been on designing MOFs with
unsaturated metal sites, there have been very few reportsngfuldgiv the organic
components of the MOF (e.g., organic ligand), could potentially influeadeénding®*°
Several groups used neutron diffraction and inelastic neutron scatt@diNg)
spectroscopy to determine the preferred binding sites, f BRMOF-13° The results
from these studies indicated that, on average, the strongest birtdsépsiH were near
the ZnO SBU. However, interactions with the aromatic ring of tizCBligand were
detected, although they were weak. MOFs with unsaturated rneetars also displayed
a similar trend where Hwas observed to interact with both the SBU and the organic

ligands® Overall, aromatic substituents appeared to influencbitiing; however, no

concise studies were performed in order to elucidate thdtiridling in MOF could be
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improved via the organic ligand without having any unsaturated mettrsgresent in
the framework at all.

This chapter focuses on the development pstdrage MOFs by using covalent
modification to functionalize the organic ligand with various substigieo improve H
binding. Unmodified and modified IRMOF-3, DMOF-1-MHand UMCM-1-NH were
examined for H weight % uptake and their isosteric heat of adsorptiakk) were
calculated. The effects of substituent type, as well as- Nspology, were studied in
order to understand how,Hbinding affinities were affected. All modified MOFs were
analyzed usingH NMR analysis, TGA, PXRD, and Nsorption analysis. Hsorption
experiments were conducted at 77 K and 87 K and the isosteriofh@dsorption was

calculated using both the virial equatiband the Langmuir-Freundlich equation.

4.2 Results and Discussion
4.2.1 Synthesis and characterization of MOFs for fstorage

Three topologically diverse MOF systems were prepared f@okption analysis:
IRMOF-3, DMOF-1-NH, and UMCM-1-NH.**?* |IRMOF-3, DMOF-1-NH, and
UMCM-1-NH; were modified with benzoic anhydride to yield IRMOF-3-AMPh (70%)
DMOF-1-AMPh (63%), and UMCM-1-AMPh (76%) (Figure 4-2). IRMOF-&Ph and
IRMOF-3-AM5, whose syntheses were previously reported, were alg@arpre with
yields of 41% and 86%, respectivéfy?® All MOFs were digested and analyzed by
NMR to confirm their percent modifications (Table 4-1, Figure3 # 4-5), and they
were all analyzed by PXRD and BET surface area to ertekeréramework remained

intact and microporous (Table 4-1, Figures 4-6 to 4-7).
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Figure 4-2. Schematic representation of the five modified MOFs utilized in this study.
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Figure 4-3. 'H NMR spectra of digested IRMOF-3-AMPh samples with different
degrees of postsynthetic modification. Unmodified ,NBDC and modified NaBDC
are indicated by circles and squares, respectively.
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Figure 4-4. 'H NMR spectra of digested UMCM-1-AMPh. Unmodified NBDC and
modified NH-BDC are indicated by black circles and red squares, respectively.
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Figure 4-5. *H NMR spectra of digested DMOF-1-AMPh. Unmodified NBDC and
modified NH-BDC are indicated by black circles and red squares, respectively.
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Figure 4-6. PXRD spectra of IRMOF-3, IRMOF-3-AM5, IRMOF-3-AMPh, and
IRMOF-3-URPh. All samples were soaked in CH@hd briefly air-dried prior to
analysis.
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Figure 4-7. PXRD comparison of DMOF-1-NH(black, exchanged with CHgland
DMOF-1-AMPh (red) (left) and UMCM-1-NH (black, exchanged with CHgland
UMCM-1-AMPh (red) (right).
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4.2.2 Modified IRMOF-3 gravimetric uptake results

The H sorption isotherms of IRMOF-3-AMPh and IRMOF-3-URPh samples
were measured using a volumetric gas sorption apparatus. Both BtORs higher
gravimetric uptake than unmodified IRMOF-3 at 77 K and 1 atm, withoteceable
increase from 1.51 wt% (IRMOF- 3) to as high as 1.73 wt% (IRM&¥®h) and 1.54
wt% (IRMOF-3-URPh) (Figure 4-8). In contrast, IRMOF-3-AMBosved enhanced
uptake at low pressure (< 250 mmHg), but overall lower uptake of 1.21 wWto»ensure
the enhancement of,Hiptake was due to the improved Holecule interactions of the
phenyl substituents, and not due to the differences in percent convetBmmeaction
conditions of IRMOF-3-AMPh were modified to yield three IRMOF-BARh MOFs
with varying percent conversions: IRMOF-3-AMRBH32%), IRMOF-3-AMPhb (44%),
and IRMOF-3-AMPhe (70%) (Figure 4-3). At 1 atm and 77 K, IRMOF-3-AMBj+b,
and € showed similar enhanced gravimetric uptake efoMer IRMOF-3 regardless of
their different degrees of modification (Figure 4-9). As furtbeidence, at least 3
independent samples were tested for the other unmodified and modifi€RRMwvhich
all gave reproducible results and therefore supported the findinagsthie aromatic
substituents contribute favorably to the enhancement,ofdiption on a gravimetric

basis (Figures 4-10 to 4-12).
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Figure 4-8. H, gravimetric uptake for IRMOF-3, IRMOF-3-AMPh, -URPh, and -AM5
at 77 K
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Figure 4-9. Gravimetric uptake of H(wt%) at 77 K for IRMOF-3 and IRMOF-3-
AMPh-a, -b, -c



109

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —&— |RMOF-3 Trial 1 |

A b [—@— IRMOF-3 Trial 2 |
0.0 - +IRMOF3Tr|a13

T ¥ T ¥ T Y T y T ' T ' T ' T ¥ T
0 100 200 300 400 500 600 700 800
PimmHg

Figure 4-10. Gravimetric uptake of H(wt%) at 77 K for three independent IRMOF-3
samples.
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Figure 4-11. Gravimetric uptake of H(wt%) at 77 K for three independent IRMOF-3-
URPh samples.
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Figure 4-12. Gravimetric uptake of H(wt%) at 77 K for three independent IRMOF-3-
AMS5 samples.

All three modified MOFs (IRMOF-3-AMPh, -URPh, and -AM5 showedhleig
uptake on a per molar (and volumetric) basis (Table 4-1, Figure 4¥h83.suggests that
the decrease in Hyravimetric uptake above 250 mmHg for IRMOF-3-AM5 is largely
due to an increase in sample mass as a result of PSM. Thalsearationalized for the
gravimetric uptake values for IRMOF-3-AMRh--b, and €. On a per molar basis,
IRMOF-3-AMPh< had the highest uptake overall, followed by IRMOF-3-AMP&Ad -

c in order of decreasing percent modification (Figure 4-14). MoredRMOF-3-
AMPh-c had drastically improved volumetric uptake in comparison with IRNOF-
Overall, the phenyl groups appeared to have better binding affinitie$lyy as indicated

by the number of additional 1-2;Hnolecules per modified ligand in contrast with alkyl
chains, where ~ 0.2 Hnolecules were calculated for each modified ligand of IRMOF-3-

AMS5. These results seemed to be influenced by well-defined, extra bingiagviih the
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phenyl modified frameworks. In either scenario, the results bigfield here suggest that
the organic components of MOFs may play a more criticalinokending H. molecules
than previously recogniz€d.

Table 4-1. A summary of hydrogen sorption properties of three distinct M@ies
postsynthetic modification.

Material | Conversiol  SAger H, H, +H,/L'T H, AHags
(m?lg) (wtos)™ (per (g/)® | (kI/mol)"
fu.)Pd
IRMOF-3 N.A. 2639+61 | 1.51+0.02 6.07+0.03 N.A. | 959+0.10| 5.3+0.3
AMPh-a 32% 2267 1.73 7.84 1.86 12.30 5.3
AMPh-b 44% 2052 1.73 8.16 1.60 12.80 5.7
AMPh-c 70% 1657 1.68 8.60 1.21 13.49 6.0

URPh | 41+5% | 1940+52] 154+006 7.33+0/33 #0223 1%'552 * | 57403

10.05

AMS5 86+3% | 1239:46| 121:0.0p 640+014 ommos | ‘903 | 57103
UlM@”' N.A. 3917 +137 | 1.35+003 6.91 +0.95 N.A. 53021 | 46+04
- 2

AMPh 76 £1% 3770 + 93 154+0.04 8.49+0.18 18127 | 6.61+0.16 5.2+0.2

DMOF-1-| NA | 1369+14 | 208:00]1 621:002  NA | 824* 156400
NH, 0.08
1800

AMPh 63 +1% 913 + 37 169+0.0p 6.13+x0.22 -0®17 0.63 7.0+0.1

[a] Gravimetric uptake at 77 K and 1 atm. [b] {lRMOF-3s): ZnO(L)3qx(L") ax X is the conversion, L is
NH,-BDC, and L’ is the modified BDC ligand; f.u. (UMC3t ZnO (BTB)ya(L)1.4(L") « ; f.u. (DMOFs):
Zny(L) 2ax(L") 2x (DABCO). [c] Molar uptake at 77 K and 1 atm. [€H,/L’ represents the number of
additional H molecules per modified BDC ligand. [e] Volumettiptake at 77 K and 1 atm, estimated
from calculated crystal density. It is assumed tha cell volume, and thus macroscopic volumehef t
MOF crystals do not change noticeably upon poststitt modificatior?* [f] Heat of adsorption at zero
coverage calculated from the virial-type equatiofg] Average values and errors based off of three
independent experiments. [h] Average values arat€based off of two independent experiments.
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Figure 4-13. Molar uptake of Hat 77 K for IRMOF-3, IRMOF-3-AMPh, -URPh and -
AMS.
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Figure 4-14. Molar uptake of Hat 77 K for IRMOF-3 and IRMOF-3-AMP&; -b, and -
C.
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4.2.3 Calculation of heat of adsorption AHaq¢ using virial type and Langmuir-
Freundlich (L-F) model.

The coverage-dependent heat of adsorption for IRMOF-3, IRMOF-3-AMPNh,
IRMOF-3-URPh, and IRMOF-3-AM5 were calculated usingisbtherms at 77 K and 87
K with the viral typé* and Langmuir—Freundliéh (L-F) equations (Figures 4-15 and 4-
16, see Experimental Section). These two models are commonlyousezdciulating the
heat of adsorption and give similar results at higher loadings. Wowhe methods do
not agree at near-zero coverage (e.g., low loadings). The L-Fl msodet very well
suited for calculating zero-coverage because it generateslamgher calculated heat of
adsorptiorf? Nevertheless, reproducible data was obtained using either model (4-17 to 4-
19). With the virial type method, all three modified IRMOF-3 sasm@howed higher
heat of adsorption values over unmodified IRMOF-3 for the entire covesmge with
average improved 1 kJ/mol. IRMOF-3-AMPh, IRMOF-3-URPh, and IRMOF-3Ailll
had heat of adsorption ranging from 5.7 to 6.0 kJ/mol in comparison withua eBb.3
kJ/mol for unmodified IRMOF-3 (Figure 4-20). In terms of the IBM3-AMPh series,
IRMOF-3-AMPh< had the highest heat of adsorption over IRMOF-3-AN)PImd a
(Figure 4-21). Based on these results, modification of the pote®wganic substituents

influences the klbinding.



114

5 -
| 87 K 77K
4 -
3 Model virial (User) |
y =In(x) + (1/T)*(a0+a1"x+a2"x"2+a3"x"3+a4*
) Equation  xM+a5™x\5+aB*x"B)+(b0+b1*x+b2"xA2+b3"xA
3)
— 2 =
& i Reduced Chi-Sqr 1.14605E-4
5_ 1 - Adj. R-Square 0.99998
o Value Standard Error
'E’ 4 a0 -601.06071 4.76818
| a1 10.21685 7.43723
0 a2 -5.02138 227725
o a3 1.38597 0.28236
a4 -0.15289 0.02702
-1 = Ln(P/kPa) a5 0.00758 0.00152
j a6 -1.46141E-4 3.2642E-5
b0 8.66807 0.05795
-2 - b1 0.16741 0.08462
b2 -0.03409 0.02318
) b3 0.00164 0.00163

15 B S S S L S L B L B L L B
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Q (mg/g)
Figure 4-15. Curve fitting of B sorption isotherms (77 K and 87 K) of IRMOF-3
sample using the virial equation.
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Figure 4-16. Curve fitting of H sorption isotherms (77 K, left and 87 K, right) of
IRMOF-3 sample using the Langmuir-Freundlich equation.
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Figure 4-17. Isosteric heat of adsorption as determined by the virig-gguation (left)
and the Langmuir-Freundlich method (right) for three independent IRMOF{3esam
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Figure 4-18. Isosteric heat of adsorption as determined by the virig-gguation (left)
and the Langmuir-Freundlich method (right) for three independent IRBHORPh
samples.
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Figure 4-19. Isosteric heat of adsorption as determined by the virig-gguation (left)
and the Langmuir-Freundlich method (right) for three independent IRBHAMS5
samples.
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Figure 4-20. Isosteric heat of adsorption for IRMOF-3, IRMOF-3-AMPh, -UR&d -
AMS5 at 77 K using the viral equation.
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Figure 4-21. Isosteric heat of adsorption for IRMOF-3and IRMOF-3-AM&hb, -c at
77 K using the viral equation.
4.2.4 Effect of MOF topology on H uptake and heat of adsorption

DMOF-1-AMPh and UMCM-1-AMPh, along with their parent MOFs DMQO¥-
NH, and UMCM-1-NH were also examined by theip $otherms at 77 K and 87 K at 1
atm. In the UMCM system, the uptake of By UMCM-1-AMPh was found to be
improved over unmodified UMCM-1-NHon both a gravimetric, molar, and volumetric
basis (Table 4-1, Figures 4-22 and 4-23). The margin of incréesegh, was not very
significant in comparison with the IRMOF-3 system. In cont@80OF-1-AMPh had
much lower uptake than DMOF-1-NHFigures 4-24 and 4-25). The difference in H
sorption behaviors in IRMOF-3-AMPh, UMCM-1-AMPh, and DMOF-1-AMPh were
rationalized by their differences in porosity. IRMOF-3 hdBEA surface area of 2500
m%g while UMCM-1-NH, has a surface area of 400G/gn Both MOFs are porous

enough to accommodate both phenyl substituents amaot€cules. In contrast, DMOF-

1-NH,, which has a surface area of 1408/gnhas smaller pores and therefore its H
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uptake may be compromised by due to the modified substituents takiagcessible
space within the pores. Interestingly, the trend for the headswirption was reversed
for these three MOF systems. UMCM-1-AMPh showed a much sniratieease in heat
of adsorption (Figure 4-26). Alternatively, DMOF-1-AMPh achievadeahanced heat
of adsorption comparable to IRMOF-3-AMPh, which seemed reasonable &araaker
pores are known to induce higher binding affinities (Figure £27Jo summarize, K
binding affinity (e.g., gravimetric, volumetric, heat of adsorption)nituenced by a
combination of functional group type (e.g., phenyl vs. alkyl chaid)the porosity of the

framework.
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Figure 4-22. Gravimetric uptake of H(wt%) at 77 K for UMCM-1-NH and UMCM-1-
AMPh.
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Figure 4-23. Molar uptake of Hat 77 K for UMCM-1-NH and UMCM-1-AMPh.
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Figure 4-24. Gravimetric uptake of H(wt%) at 77 K for DMOF-1-NH and DMOF-1-
AMPh.
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Figure 4-25. Molar uptake of Hat 77 K for DMOF-1-NH and DMOF-1-AMPh.
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Figure 4-26. Isosteric heat of adsorption as determined by the virial-typetiequar

UMCM-1-NH; and UMCM-1-AMPh samples.
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Figure 4-27. Isosteric heat of adsorption as determined by the virial-®gpetion for
DMOF-1-NH, and DMOF-1-AMPh samples.
4.3 Conclusions

PSM is a valuable functionalization approach for designing MOFs as potasial
storage. Given the MOF can be modified via its organic ligand or, $Blriety of
functionalized MOFs can be achieved with multiple functionalitieth Wwetter control
over substituent type and degree of modification. Covalent modificatas used to
modify IRMOF-3, DMOF-1-NH, and UMCM-1-NH with phenyl substituents, which
were found to influence Huptake and binding affinities The modified phenyl MOFs had
higher heats of adsorptions (+1 kJ/mol) and highgrci&pacities on a per molar and
volumetric basis. Close examination of the three modified systevesled DMOF-1-
AMPh and UMCM-1-AMPh to be less optimak ldtorage materials than IRMOF-3 due

to their differences in pore sizes. These results are mteréiport of using covalent

modification to enhance tsorption properties within MOFs.
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4.4 Experimental Section

General methods. Starting materials and solvents were purchased and used
without further purification from commercial suppliers (Sigma-Aldy Alfa Aesar,
EMD, TCI, Cambridge Isotope Laboratories, Inc., and others). IRIBOBMOF-1-
NH,, and UMCM-1-NH were synthesized and activated as described previtisly.

IRMOF-3-AM5, -UR5, and -AMPh. For IRMOF-3: IRMOF-3-AM5 and
IRMOF-3-URPh were synthesized on a double scale (~120 mg ocORS® 0.4 mmol
equiv of -NH) following literature proceduréé®® IRMOF-3-AMPhab,c were
prepared by combining IRMOF-3 crystals (~120 mg, 0.4 mmol equiv bk)-Mith
benzoic anhydride dissolved in CHGB6 mg/mL, 10 mL). The mixtures were allowed
to stand at room temperature for a duration of 1 d, 2 d, and 8 d, respectively. Forithe latte
two cases, approximately every 24 h, the solution was decanted aod/dteds were
washed with 86 mL of CHC} before a fresh solution of benzoic anhydride (36 mg/mL,
10 mL) was added. At the end of the reaction, the Gld@ltion was decanted and the
crystals were washed withk@ mL of CHC} before soaking in 10 mL of pure CHGbr
three days, with fresh CHECadded every 24 h. After three days of soaking the crystals
were stored in the last CHolution until needed.

UMCM-1-AMPh. UMCM-1-NH; (~112 mg, ca. 0.10 mmol equiv of -MHvas
combined with 8 equiv (0.80 mmol) of benzoic anhydride in 4 mL of GHThe sample
was placed in a 55°C oven for 24h. After removing the sample frenovten, the
solution was decanted and the crystals were washed with 3x10mL ©f; @idfore
soaking in 10 mL of CHGIlfor 24 h. After repeating the washes and soaks for 3 days,

the crystals were stored in the last Cki§ilution until analyzed.
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DMOF-1-AMPh. DMOF-1-NH, (~120 mg, ca. 0.40 mmol equiv of -MNH~vas
combined with 4 equiv (1.60 mmol) of benzoic anhydride in 4 mL of GHThe sample
was placed in a 55°C oven for 24h. After removing the sample fr@noven, the
solution was decanted and the crystals were washed with 3x6 mIHGf; Wefore
soaking in 10 mL of CHGIlfor 24 h. After repeating the washes and soaks for 3 days,
the crystals were stored in the last CEi§ilution until analyzed.

Digestion and Analysis by*H NMR. 'H NMR spectra were recorded on a Jeol
FT-NMR (500MHz) or a Varian FT-NMR spectrometer (400 MHz). Apmately 5
mg of modified MOF (DMOF-1-NB UMCM-1-NH,, or IRMOF-3) from gas sorption
experiments (i.e., thoroughly dried and evacuatede infrg was digested with
sonication in 500 pL of DMS@s and 100 uL of dilute DCI (23 pL of 35% DCI inO
diluted with 1.0 mL of DMSQdg).

PXRD Analysis. Approximately 15 mg of modified IRMOF-3, DMOF-1-NH
or UMCM-1-NH, (typically soaked in CHG) was air dried before PXRD analysis.
Powder X-ray diffraction (PXRD) data were collected at ambigmperature on a
Bruker D8 Advance diffractometer at 40 kV, 40 mA for Cu §& = 1.5418 A), with a
scan speed of 5 sec/step or 10 sec/step, a step size viN02D2and a B range of 3-48
The experimental backgrounds were corrected using the Jade 5.0 software package.

H, Sorption Analysis. Approximately 100-140 mg of modified IRMOF-3,
DMOF-1-NH,, or UMCM-1-NH, was evacuated on a vacuum line for 5-18 h. The
sample was then transferred to a preweighed sample tube andedegad95°C for
approximately 24 h on an ASAP 2020 or until the outgas rate was <®jamrH The

sample tube was re-weighed to obtain a consistent mass for thesdégmodified
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IRMOF-3, DMOF-1-NH or UMCM-1-NH,. For each sample, BET surface are&d/gjn
measurements were collected at 77 K by dinitrogen and at I87 agon on an ASAP
2020 using volumetric technique. The sample was then manually degassbe
analysis port overnight at 10% for approximately 12h. Hsorption isotherms were
collected at 77 K. The sample was manually degassed for anoaddit-2h at 105°C
prior to collecting H sorption isotherms at 87 K.

Calculation of Isosteric Heat of Adsorption Two different curve-fitting
methods were used in determining the coverage-dependent isostéraf hdaorption.
Hydrogen adsorption isotherms were collected at 77 K and 87 &afdr sample. Both
the 77 K and 87 K data sets were fitted using the virial-type iequand the Langmuir-
Freundlich equation.

Method 1: Virial-type equation

P = Pressure (kPa)
Q = Amount adsorbed (mg/g)
R=8.314 J mot K

m andn = Number of coefficients

m

) 1 . n
InP=1n0Q + TZ ;0" + ) b’
i=0 i=0

n

AHUH'S: - R E aIQI
§=1)
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Method 2: Langmuir-Freundlich equation

Q = Amount adsorbed (mg/g)
Qm = Amount adsorbed at saturation (mg/qg)
B andt = Constants

P = Pressure (kPa)

0 Bxp!'"
QO 1+BxP""

The Langmuir-Freundlich equation can be rearranged in terms of sdtwing and
substituted into a modified version of the Clausius-Clapeyron equatiomién to solve

for the isosteric heat of adsorption:

P:( /0, J
B-BxQ/Q,

lni :Adeﬁ
P % RxT xT,

2

( Q/le Jfl
AH :szxszln BI_BIXQ/le

LT 010,
BZ _BZ XQ/QWZ
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4.5 Appendix
Table 4-2 A summary of hydrogen sorption properties of postsyntheticadglified
MOFs.
Material c ) SAgeT H, H, +H L' H, AH g5
ONVEISION 1 mig) | wioe)® | (per f.u)2? @L® | (I/mo)
Trial 1 N.A. 2587 1.50 6.05 N.A. 9.50 5.0
IRMOF-3 | Trial 2 N.A. 2707 1.53 6.06 N.A. 9.70 5.3
Trial 3 N.A. 2624 1.51 6.10 N.A. 9.58 55
AMPh-a 32% 2267 1.73 7.84 1.86 12.30 5.3
AMPh-b 44% 2052 1.73 8.16 1.60 12.80 5.7
AMPh-c 70% 1657 1.68 8.60 1.21 13.49 6.0
Trial 1 36% 1999 1.55 7.24 1.10 11.36 5.7
URPh | Trial 2 43% 1901 1.47 7.06 0.77 11.08 6.0
Trial 3 45% 1919 1.59 7.70 1.20 12.07 55
Trial 1 87% 1292 1.23 6.52 0.18 10.24 6.0
AM5 | Trial 2 83% 1214 1.19 6.25 0.07 9.80 5.6
Trial 3 88% 1212 1.21 6.44 0.14 10.10 5.4
UMCM-1- | Triall N.A. 4014 1.38 7.09 N.A. 5.53 4.3
NH. Trial 2 N.A. 3820 | 1.31 6.73 NA. 5.24 49
Trial 1 75% 3835 1.56 8.61 2.03 6.72 5.3
AMPh Trial 2 76% 3704 1.51 8.36 1.65 6.49 5.0
DMOE-1- | Trial1 N.A. 1379 2.09 6.22 N.A. 18.30 5.6
NH: Trial 2 N.A. 1359 2.07 6.19 N.A 18.18 5.6
Trial 1 62% 886 1.65 5.97 -0.21 17.55 6.9
AMPh Trial 2 64% 939 1.72 6.28 0.03 18.44) 7.0

1: Gravimetric uptake at 77 K and 1 atm.
2: fu. (IRMOF-3s): ZnO(L)sux(L")a X is the modification conversion, L is NHBDC, and L' is the
modified BDC ligand; f.u. (UMCMS): ZIO(BTB)z4(L)1.(L")x; f.u. (DMOFS): ZB(L),1(L")x(DABCO).

3: Molar uptake at 77 K and 1 atm.
4: +H,/L' represents the number aflditional H, molecules per modified BDC ligand. This can be

calculated from the following equation: #H' = (Ny, — NOHZ)/(m*x), where Ny, is the number of H

molecules per f.u. for each modified MQ#,;, is the number of Hmolecules per f.u. for the parent MOF,

mis the number of NHBDC per f.u. in the parent MOF, amds the conversion of modification.
5: Volumetric uptake at 77 K and 1 atm, estimatednfcalculated crystal density. It is assumed theat

cell volume, and thus macroscopic volume of the M@dystals do not change noticeably upon

postsynthetic modification (ref 22).
6: Heat of adsorption at zero coverage calculateu the virial-type equation.
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Table 4-3. Hydrogen adsorption data at 77 K and 87 K for three indeper/B®F-3

samples.
IRMOF-3
Trial 1 Trial 2
77K 87 K 77K 87 K

Pressure Pressure Pressure Pressure
(kPa) H wt% (kPa) H wt% (kPa) H wt% (kPa) H wt%
0.1255 0.0051 0.1620 0.0024 0.1333 0.0059 0.2360  0040.
0.2521 0.0101 0.3237 0.0054 0.2726 0.0112 0.4769  0076.
0.3806 0.0150 0.4882 0.0074 0.4143 0.0164 0.7177 0110.
0.5081 0.0199 0.6512 0.0104 0.5550 0.0215 7.7952 103a.
0.6421 0.0242 0.8162 0.013( 0.6991 0.0264 15.1164 .1886
0.7714 0.0289 7.8026 0.1032 7.5468 0.2254 19.9947 2416
7.6087 0.2233 15.0505 0.1864 15.1606 0.4086 22.2741 0.2658
14.9730 0.3914 19.9560 0.2395 19.7999 0.4984 29.528 0.3388
19.8515 0.4884 22.2753 0.2635 22.2317 0.5450 38.681 0.4069
22.1919 0.5323 29.5159 0.3354 29.5008 0.6733 43.889 0.4721
29.5196 0.6588 36.6898 0.4027 36.6993 0.7875 56.988 0.5331
36.6753 0.7703 43.8718 0.4666 43.802( 0.89/10 58576 0.5949
43.8539 0.8723 50.9923 0.5267 50.9651] 0.98[75 65.411 0.6484
51.0569 0.9669 58.5747 0.5878 58.4977 1.08p0 78.797 0.7041
58.3213 1.0564 65.4453 0.6409 65.4507] 1.16839 79.759 0.7552
65.4319 1.1383 72.8264 0.6959 72.5466 1.24B3 80.016 0.8065
72.7705 1.2197 79.7283 0.7455 79.9468 1.32p5 92.148 0.8549
79.7580 1.2925 86.9911 0.7958 86.9397 1.3936 103.31] 0.9022
86.9413 1.3651 94.1201 0.8438 94.1112 1.4687 107.97| 0.9451
94.1958 1.4342 101.3187 0.8907 101.0088 1.5285
101.2452 1.4985 108.1092 0.934{1 108.171p 1.5937
108.0200 1.5589
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Table 4-3 (continued). Hydrogen adsorption data at 77 K and 87 K for three
independent IRMOF-3 samples.

IRMOF-3
Trial 3
77K 87K
Pressure (kPa) Hwt% | Pressure (kPd) Hivt%
0.1622 0.0066 0.2267 0.003
0.3271 0.0130 0.4523 0.006
0.4940 0.0192 0.6778 0.010
0.6620 0.0253 7.7995 0.105
0.8182 0.0311 15.0981 0.192
7.6199 0.2284 20.0140 0.247

14.9795 0.3991 22.2702 0.271
19.8075 0.4967 29.4599 0.345
22.1815 0.5415 36.6943 0.414
29.4135 0.6679 43.8577 0.479
36.6427 0.7814 51.0441 0.541
43.8467 0.8845 58.2149 0.600
51.0207 0.9794 65.4194 0.656
58.2383 1.0679 72.5325 0.711
65.4101 1.1507 79.8201 0.764
72.5294 1.2292 86.9642 0.814
79.7901 1.3047 94.1968 0.863
86.9306 1.3758 101.3379 0.91d
94.1611 1.4451 108.0083 0.953
101.3608 1.5109
107.8295 1.5684

» 0 W 01l © +» © » 01 01 1 N o1 H © © W © &
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Table 4-4. Hydrogen adsorption data at 77 K and 87 K for three independigid F<3-
AMPh samples.

IRMOF-3-AMPh- a IRMOF-3-AMPh- b
77K 87K 77K 87K

Pressure Pressure Pressure Pressure

(kPa) H wt% (kPa) H wt% (kPa) H wt% (kPa) H wt%

0.1244 0.0067 0.2289 0.004¢ 0.1502 0.0082 0.2245 004a.

0.2562 0.0127 0.4597 0.0089 0.3022 0.0161 0.4476 0080.

0.3881 0.0187 0.6937 0.0131 0.4557 0.0240 0.6710 013a.
0.5190 0.0246 7.7496 0.126* 0.6105 0.0317 7.73483 1366.
0.6532 0.0303 15.1120 0.2323 0.7673 0.0385 15.11610.2488
0.7874 0.0361 19.9769 0.2969 7.8296 0.3186 19.95570.3161

7.7968 0.2942 22.2644 0.3261 15.0848 0.53p3 22.26920.3470
15.1934 0.5066 29.5096 0.4139 19.6578 0.6510 268.430 0.4367
19.7183 0.6176 36.7190 0.4949 22.1582 0.7080 38.671 0.5202
22.1953 0.6732 43.8740 0.5704 29.4631 0.85/76 48.81¢6 0.5968
29.3995 0.8215 51.0618 0.6418 36.6231 0.9856 57.053 0.6688
36.7357 0.9535 58.4199 0.7099 43.8068 1.0986 56.216 0.7362
43.7477 1.0668 65.5054 0.7726 51.00772 1.2011 68.429 0.7994
51.2134 1.1763 72.7909 0.8341 58.22471 1.2942 79.557 0.8589
58.3426 1.2719 79.7643 0.8902 65.381§ 1.3786 79.77¢ 0.9159
65.4787 1.3603 86.9345 0.9457 72.5467 1.4572 88.953 0.9702
72.5830 1.4422 94.2988 0.9998 79.7732 1.5311 90.17]1 1.0223
79.7291 1.5201 101.3117 1.0499 86.9234 1.5995 $5B87.3 | 1.0720
87.0097 1.5944 108.2157 1.0975 94.1465 1.6645 168.0 | 1.1163
94.2288 1.6641 101.3363 1.7268
101.2035 1.7283 107.8803 1.7796
108.0161 1.7885
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Table 4-4 (continued). Hydrogen adsorption data at 77 K and 87 K for three
independent IRMOF-3-AMPh samples.

IRMOF-3-AMPh- ¢

77K 87K

Pressure (kPa) Hwt% | Pressure (kPa) Hvt%
0.1206 0.0083| 0.2226 0.00538
0.2469 0.0160| 0.4517 0.0102
0.3723 0.0239| 0.6793 0.0151
0.5032 0.0312| 7.6712 0.1471
0.6338 0.0387| 15.1338 0.266p2
0.7661 0.0459| 19.8973 0.334p
7.7038 0.3462| 22.2158 0.3658
15.1833 0.5757| 29.4796 0.4571
19.4306 0.6819| 36.6911 0.5393
22.1214 0.7428| 43.8369 0.6141
29.5154 0.8897| 51.0720 0.6837
36.6898 1.0109| 58.1832 0.7477
43.8012 1.1159| 65.5923 0.8096
51.1857 1.2123| 72.7754 0.8659
58.1407 1.2943| 79.9070 0.9187
65.3450 1.3718| 87.0037 0.9683
72.6767 1.4437| 94.2049 1.0160
79.7356 1.5076| 101.3168 1.0609
86.9577 1.5686| 107.9979 1.1010
94.1349 1.6252

101.0668 1.6763

108.1014 1.7257
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Table 4-5. Hydrogen adsorption data at 77 K and 87 K for three independigid F=3-
URPh samples.

65

IRMOF-3-URPh
Trial 1 Trial 2
77K 87K 77K 87K

Pressure Pressure Pressure Pressure

(kPa) H wt% (kPa) H wt% (kPa) H wt% (kPa) H wt%

0.1297 0.0070 0.2224 0.004¢ 0.1099 0.0073 0.1554  0036.

0.2584 0.0142 0.4483 0.008¢ 0.2282 0.0187 0.3164 0068.

0.3910 0.0209 0.6765 0.0131 0.3476 0.0198 0.4798  0098.

0.5246 0.0276 7.7415 0.126% 0.4654 0.0260 0.6414  0129.

0.6620 0.0340 15.1087 0.226ﬂ3 0.5885 0.0318 0.8039 .0159

0.7974 0.0405 19.9266 0.2860 0.7100 0.03y7 77711  .124Q

7.7963 0.2936 22.2763 0.313% 7.5100 0.2717 15.1085 0.2198
14,9531 0.4820 29.5278 0.3929 14.8302 0.4536 18982 0.2772
19.6121 0.5842 36.7034 0.4649 19.6707 0.5536 28.302 0.3033
22.1679 0.6356 43.8630 0.53138 22.1814 0.6014 29.450 0.3784
29.5328 0.7679 50.9597 0.593% 29.5344 0.7257 38.726 0.4487
36.6720 0.8799 58.4441 0.6543 36.6897 0.8318 43.826 0.5124
43.8451 0.9804 65.4068 0.7079 43.8070 0.9255 56.031 0.5730
50.9631 1.0702 72.5800 0.7605 51.1795 1.0136 58.230 0.6302
58.3472 1.1563 79.9899 0.8118 58.1958 1.0907 6B8.581 0.6851
65.4907 1.2329 86.9724 0.8580 65.5451 1.1651 72.592 0.7348
72.5457 1.3032 94.2332 0.9039 72.5341 1.2318 79.947 0.7843
79.7676 1.3706 101.3221 0.9472 79.9545 1.2976 86.93| 0.8295
86.9757 1.4347 108.0807 0.9868 86.9492 1.3566 ©0.28| 0.8750
94.2249 1.4943 94.1613 1.4140 101.311f 0.91
101.1491 1.5494 101.2087 1.467b 108.0668 0.95
107.9757 1.6019 107.9996 1.516P
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Table 4-5 (continued). Hydrogen adsorption data at 77 K and 87 K for three
independent IRMOF-3-URPh samples.

IRMOF-3-URPh
Trial 3
77K 87K
Pressure (kPa) Hwt% | Pressure (kPd) Hivt%
0.0775 0.0064 0.0881 0.002
0.1520 0.0108 0.1744 0.004
0.2179 0.0152 0.2762 0.007
0.3009 0.0200 0.3780 0.010
0.3839 0.0245 0.4834 0.012
0.4660 0.0291 0.5873 0.014
0.5499 0.0335 0.6901 0.017
0.6333 0.0379 7.8193 0.138
0.7176 0.0425 14.9968 0.241
7.6794 0.3074 20.0469 0.307

14.9872 0.5047 22.3485 0.335
19.7657 0.6117 29.5301 0.417
22.2145 0.6610 36.7107 0.493
29.4845 0.7938 43.8812 0.563
36.7406 0.9084 51.1405 0.629
43.8447 1.0080 58.8681 0.695
50.9911 1.0996 65.5016 0.749
58.1622 1.1837 72.6461 0.804
65.8083 1.2658 80.3959 0.861
72.7899 1.3361 87.1910 0.909
79.9245 1.4039 94.3843 0.9564
86.9380 1.4658 101.7490 1.004
94.3540 1.5287 108.0984 1.043
101.4168 1.5849
108.2973 1.6369

a N © M O O WP DM M OO O O N N O OT WM OT @ ©
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Table 4-6. Hydrogen adsorption data at 77 K and 87 K for three independigid F=3-

AM5 samples.
IRMOF-3-AM5
Trial 1 Trial 2
77K 87K 77K 87K

Pressure Pressure Pressure Pressure

(kPa) H wt% (kPa) H wt% (kPa) H wt% (kPa) H wt%
0.1575 0.0087 0.2478 0.0047 0.1391 0.00Y8 0.2514  005Q.
0.3188 0.0172 0.4954 0.0094 0.2832 0.0153 0.5061 010@.
0.4831 0.0255 0.7794 0.014¢ 0.4326 0.0223 0.7669  0140.
0.6492 0.0336 7.7038 0.122¢ 0.5835 0.0293 7.5904  1140.
0.8036 0.0413 15.1299 0.2159 0.7616 0.0374 15.1038 0.2047

7.7486 0.2743 19.8985 0.2689 7.5511 0.253 19.9197 0.2555
14.7533 0.4316 22.2584 0.2939 14.8687 0.41y74 23.248 0.2785
19.5139 0.5175 29.4368 0.3629 19.4882 0.4967 29.50% 0.3439
22.1158 0.5598 36.7028 0.425¢Y 22.1134 0.5375 38.698 0.4022
29.4481 0.6631 43.8541 0.4818 29.4367 0.6363 48.849 0.4550
36.6612 0.7497 50.9518 0.533% 36.6623 0.7195 57.017 0.5036
43.7866 0.8248 58.2648 0.5823 43.7558 0.7913 58.241 0.5491
51.0487 0.8925 65.4101 0.6272 50.9839 0.8566 68.363 0.5909
58.1845 0.9526 72.5809 0.6698 58.2434 0.9156 73.906 0.6327
65.3884 1.0081 79.7880 0.7100 65.4778 0.9695 79.763 0.6687
72.5593 1.0588 86.9208 0.7475 72.5686 1.0187 88.957 0.7041
79.7738 1.1065 94.1770 0.7839 79.7481 1.0646 98.156 0.7375
86.9434 1.1509 101.3541 0.8185 86.9466 1.1076 200.3 | 0.7693
94.1621 1.1928 108.0222 0.8494 94.1734 1.1484 169.9 | 0.7979
101.3555 1.2318 101.2495 1.1859
107.9980 1.2669 108.1454 1.2200
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Table 4-6 (continued). Hydrogen adsorption data at 77 K and 87 K for three
independent IRMOF-3-AM5 samples.

IRMOF-3-AM5
Trial 3
77K 87K
Pressure (kPa) Hwt% | Pressure (kPd) Hivt%
0.0731 0.0041 0.1323 0.002
0.1610 0.0087 0.2432 0.005
0.2504 0.0133 0.3564 0.007
0.3407 0.0177 0.4682 0.009
0.4308 0.0221 0.5805 0.011
0.5222 0.0263 0.6941 0.013
0.6140 0.0302 7.7674 0.118
0.7059 0.0343 15.1704 0.208
7.6130 0.2550 19.9611 0.259

15.0030 0.4143 22.2028 0.282
19.7652 0.4961 29.5328 0.35]
22.2267 0.5350 36.6645 0.411
29.5316 0.6340 43.8031 0.467
36.6334 0.7172 51.0748 0.519
43.8547 0.7919 58.3405 0.568
51.1480 0.8592 65.4881 0.613
58.1632 0.9189 72.7951 0.657
65.3609 0.9751 79.8782 0.697
72.6195 1.0272 86.9739 0.735
79.7364 1.0754 94.1501 0.772
86.9342 1.1220 101.3479 0.808
94.1625 1.1652 107.3546 0.837
101.3204 1.2060
108.0746 1.2430

r B, 00O 01 A O O W 01 W W Pk © O » O & O O W & ©
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Table 4-7. Hydrogen adsorption data at 77 K and 87 K for two independent UMCM-1-
NH, samples.

UMCM-1-NH ,
Trial 1 Trial 2
77K 87K 77K 87K

Pressure Pressure Pressure Pressure

(kPa) H wt% (kPa) H wt% (kPa) H wt% (kPa) H wt%

0.2605 0.0074 0.3477 0.004¢ 0.2701 0.0082 0.3627 004a.

0.5290 0.0142 0.6994 0.008¢ 0.5434 0.0161 0.735 009a.

0.7986 0.0208 8.8287 0.093¢ 0.7910 0.0231 7.8497 088a.

7.7338 0.1749 15.0829 0.1553 7.7385 0.1818 15.0533 0.1608
15.0579 0.3163 20.0673 0.2026 15.0311 0.31p2 20.00% 0.2080
19.9964 0.4023 22.3346 0.2236 19.9005 0.4010 28.292 0.2292
22.2551 0.4398 29.4165 0.287% 22.1811 0.4373 29.466 0.2929
29.5445 0.5532 36.7110 0.3504 29.4477 0.54p7 36.681 0.3537
36.6801 0.6560 43.8035 0.4092 36.6300 0.64B5 43.812 0.4113
43.8553 0.7524 51.3062 0.4692 43.8619 0.7347 54.054 0.4670
51.0706 0.8438 58.1952 0.522% 51.0434 0.81Pp2 58.16% 0.5197
58.1740 0.9292 65.4092 0.5763 58.2303 0.89P2 66.399 0.5715
65.7350 1.0157 72.9251 0.6310 65.4021 0.9750 72.598 0.6207
72.8407 1.0937 79.7534 0.6796 72.5458 1.04[77 79.796 0.6690
79.8574 1.1679 86.9679 0.7301 79.7848 1.11[78 88.975 0.7160
86.9213 1.2403 94.2931 0.7796 86.9229 1.1847 94.174 0.7608
94.3295 1.3136 101.5439 0.8272 94.1743 1.2497 202.3 | 0.8050
101.3682 1.3816 107.4401 0.865) 101.348p 1.3123  .0088 0.8458
108.4262 1.4479 107.8749 1.3676
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Table 4-8. Hydrogen adsorption data at 77 K and 87 K for two independent UMCM-1-
AMPh samples.

UMCM-1-AMPh
Trial 1 Trial 2
77K 87K 77K 87K

Pressure Pressure Pressure Pressure

(kPa) H wt% (kPa) H wt% (kPa) H wt% (kPa) H wt%
0.2228 0.0080 0.3112 0.0043 0.2716 0.0086 0.3686  0048.
0.4534 0.0153 0.6237 0.0084 0.5420 0.0172 0.762%  0100.
0.6866 0.0223 0.9342 0.0125 0.7850 0.0249 7.8448  098G.
7.6753 0.2182 7.8333 0.0984 7.6536 0.2115 15.1274 .182Q
15.2632 0.3929 15.1326 0.1823 15.0744 0.37[73 20.037 0.2353
19.8657 0.4868 20.0661 0.2363 19.8733 0.4717 23.238 0.2587
22.2569 0.5327 22.2824 0.260% 22.1249 0.5136 29.543 0.3322
29.5262 0.6627 29.5181 0.3346 29.4870 0.640P3 36.678 0.4004
36.6891 0.7787 36.6716 0.4037 36.6532 0.75p5 43.870 0.4657
43.8173 0.8858 43.8617 0.4703 43.7825 0.85h8 59.01% 0.5281
51.2145 0.9887 51.0016 0.5336 50.9865 0.95B1 58.167 0.5876
58.2178 1.0808 58.3273 0.5958 58.2252 1.04p1 6%.446 0.6458
65.6042 1.1726 65.4236 0.6536 65.3970 1.1314 70.583 0.7008
72.6195 1.2558 72.5790 0.7104 72.5398 1.21B2 79.806 0.7547
79.7932 1.3375 79.7760 0.765% 79.8084 1.29p5 86.971 0.8068
86.9695 1.4162 86.9543 0.8190 86.9536 1.36B3 99.164 0.8575
94.1199 1.4919 94.1244 0.8709 94.1765 1.4416 168.36) 0.9064
101.0457 1.5623 101.2976 0.9218 101.354) 1.5121  .0008 0.9506
108.0961 1.6321 107.9718 0.9678 107.830p 1.5738
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Table 4-9. Hydrogen adsorption data at 77 K and 87 K for two independent DMOF-
NH, samples.

DMOF-1-NH,
Trial 1 Trial 2
77K 87K 77K 87K

Pressure Pressure Pressure Pressure

(kPa) H wt% (kPa) H wt% (kPa) H wt% (kPa) H wt%
0.1539 0.0106 0.2729 0.006¢ 0.1346 0.0089 0.2193  0058.
0.3159 0.0212 0.5453 0.013% 0.2779 0.0180 0.438)0 0106.
0.4805 0.0316 0.7901 0.019% 0.4229 0.0269 0.6573  0159.
0.6466 0.0419 7.5241 0.166( 0.5693 0.03%8 0.8566  0200.
0.8012 0.0514 15.0684 0.311% 0.7267 0.04b1 7.6569 .1666
7.4839 0.3919 19.8524 0.3966 7.6988 0.3940 15.0900 0.3083
15.0145 0.6950 22.2210 0.43638 15.1949 0.6901 18.964 0.3939
19.5586 0.8483 29.5054 0.5534 19.6607 0.8387 28.246 0.4325
22.0730 0.9253 36.7054 0.6592 22.1300 0.9138 29.502 0.5478
29.5074 1.1264 43.8351 0.7560 29.5215 1.11p0 38.678 0.6528
36.6514 1.2896 51.0125 0.846% 36.6384 1.27381 43.854 0.7498
43.7619 1.4282 58.2027 0.9304 43.8124 1.41115 51.011 0.8397
50.9852 1.5494 65.4079 1.0084 50.9650 1.53115 58.209 0.9232
58.1484 1.6550 72.5782 1.0811 58.1914 1.6372 65.383 1.0009
65.3868 1.7491 79.7757 1.149% 65.3969 1.73p5 72.569 1.0736
72.5852 1.8327 86.9415 1.21338 72.5764 1.8135 78.777 1.1421
79.7973 1.9074 94.1474 1.2737 79.8352 1.8889 88.964 1.2061
86.9372 1.9747 101.3458 1.3308 86.963( 1.9562 98.15| 1.2666
94.1507 2.0366 107.9864 1.3800 94.15671 2.01j78 404.3 | 1.3237
101.3409 2.0921 101.3408 2.0740 108.0126 1.3739
107.6838 2.1385 108.0066 2.123D
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Table 4-10. Hydrogen adsorption data at 77 K and 87 K for two independent DMOF-1-
AMPh samples.

DMOF-1-AMPh
Trial 1 Trial 2
77K 87K 77K 87K

Pressure Pressure Pressure Pressure

(kPa) H wt% (kPa) H wt% (kPa) H wt% (kPa) H wt%

0.0371 0.0055 0.1780 0.0074 0.0411 0.0070 0.1897  0090.

0.1232 0.0176 0.3560 0.0151 0.1251 0.0203 0.3804 0178.

0.2121 0.0295 0.5349 0.0225 0.2125 0.0334 0.5732 0266.

0.3031 0.0412 0.7160 0.0299 0.3029 0.0464 0.753( 034a.

0.3959 0.0528 7.4873 0.2465 0.3957 0.0592 7.8178 271Q.

0.4906 0.0643 15.1814 0.4201 0.4906 0.0718 149164 0.4371

0.5868 0.0757 19.5263 0.5001 0.5891 0.0845 19.5312 0.5240

0.7126 0.0901 22.0855 0.5424 0.7182 0.1000 22.1198 0.5678

7.6173 0.5657 29.4783 0.6494 7.8355 0.6046 29.4900 0.6766
16.3989 0.8682 36.6167 0.7364 16.0892 0.89173 36.688 0.7660
20.9508 0.9750 43.8341 0.8122 20.6644 1.00P3 43.792 0.8421
23.7266 1.0299 51.0181 0.8781 23.5711 1.06p2 54.016 0.9095
29.4434 1.1259 58.2337 0.9367 29.3909 1.17p1 58.208 0.9693
36.6789 1.2234 65.4152 0.9889 36.6437 1.2742 63.342 1.0224
43.7719 1.3015 72.5571 1.0358 43.7763 1.35p9 72.580 1.0713
50.9272 1.3671 79.7747 1.0790 50.9839 1.4249 79.736 1.1150
58.2082 1.4237 86.9735 1.1184 58.1961 1.4842 86.956 1.1554
65.3740 1.4723 94.1662 1.154% 65.3958 1.53p4 93.162 1.1926
72.5446 1.5155 101.3368 1.1880 72.5532 1.5810 268.3 1.2274
79.7763 1.5542 108.0134 1.2175 79.7799 1.6221 288.0 | 1.2569
86.9533 1.5889 86.9528 1.6590
94.1577 1.6204 94.1541 1.6925
101.3298 1.6492 101.3345 1.7237
108.0195 1.6740 108.0190 1.7506
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5.1 Introduction

Catalysis has been another popular area of interest for MO&sdaethey exhibit
features that might capture the best features of both homogeneobetarmbeneous
catalysts™® MOFs are highly porous, which allows for good mass transpuit a
interaction with substrates, thermally stable, and easy tcatésoand reuse’
Additionally, MOFs have excellent chemical tunability and can yrghesized with
various combinations of metal ions and organic ligands to yield bystathat is robust,
active, and selective. Even though MOFs are very appealing nestieniacatalysis,
exerting precise control over the physical and chemical propestithe framework to
improve catalytic activity and selectivity have been an ongadiadjenge. Many MOFs
have been explored as catalysts for transesterficati6a€, bond forming reactior’s->
epoxidations? and many other reactiohs? but there have been very few reports of
MOFs that are both selective and robdst. Overall, the number of reported MOF
catalysts has remained somewhat low in comparison to gas sorption studies.

There are several routes for designing MOF catalysts. dMO&n be
functionalized via their metal nodes or organic ligands through pretje\t’ or
postsynthetit® approaches. The metal ion and organic ligand(s) can be caréfafigre
to produce a MOF with specific pore apertures, chiral topologiesursaturated metal
centers. Likewise, the MOF can be further tuned in a postsynthshion through one
of three different PSM approaches: covalent, coordinate covalentcamhbination of
both covalent and coordinate covalent modification (Figure '8-1).Covalent
modification is defined as the chemical modification of the orgdigand of the

framework'®?° Garibay and Cohen used covalent PSM to modify the amino groups of
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MIL-53(Al)-NH, with maleic anhydride, which resulted in the generation of free
carboxylic acids (Figure 5-2}. The modified MIL, MIL-53(Al)-AMMal, was tested as a
potential Brgnsted acid catalyst and was found to active, rédgctatalyst for the
methanolysis of small epoxides (e.gs-2,3-epoxybutane). Other modified versions of
MIL-53(Al)-NH , were prepared with crotonic acetic anhydride, crotonic amtsdand
succinic anhydride and tested alongside MIL-53(Al)-AMMal to edmine if the
functionality type had an influence on the catalytic activiQut of the four modified

MILs, only MIL-53(Al)-AMMal was catalytically active.

Covalent Coordinate covalent Covalentand coordinate covalent
Modification Modification Modification

Figure 5-1. Representation of covalent (left), coordinate covalent (middie), a
combination of PSM strategies (right) for PSM of MOFs.
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NH2 O T(j\
3 80 °C, CH3CN 3
MIL-53(Al)-NH, MIL-53(Al)-AMMal

Figure 5-2. Covalent modification of MIL-53(Al)-NH with maleic anhydride. MIL-
53(Al)-AMMal was found to be an active, heterogeneous catalysi&ihanolysis of
epoxides.

Coordinate covalent modification, which was briefly mentioned in Chafte
involves modification of the metal centers of the framework. &heme two main
methods for coordinate covalent modification. In the first route,dboating ligands,
such as alkylamine or pyridines, can be introduced into the framet@otkind to
unsaturated sites located on the metal nodes of the $BUsKim and coworkers
converted an achiral MOF into an active chiral catalyst by niogjfMIL-101(Cr) in a
coordinate covalent approath. MIL-101(Cr) has unsaturated metal centers that are
generated upon solvent removal. The unsaturated metal centercomedenated by
chiral L-proline derivatives, [(S)-N-(pyridin-3-yl)-pyrrolide-2-carboxamide] or [(S)-N-
(pyridin-4-yl)-pyrrolidine-2-carboxamide], generating CMIL-1 anMIC-2, respectively
(Figure 5-3). CMIL-1 and CMIL-2 were found to be active, chicakalysts for
asymmetric aldol reactions between aldehydes and ketonesigldl sanging from 60-
90% and with ee’s between 55-80%. In the second coordinate covalentcatmutifi
route, the organic ligand of the MOF may have a binding substituent-@H)j that does
not play a structural role for the framework, and can undergolatieta™® One well-
known example of the second approach was demonstrated by Lin and coywoHeres
they prepared a MOF from €dand (R)-6,6'-dichloro-2,2’-dihydroxy-1,1"-binaphthyl-

4,4-bipyridine and obtained a structure with free, uncoordinated hydrogypg that
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could be metallated with Ti(®r), (Figure 5-4)° Given the MOF contained a chiral’Ti
site, the MOF was tested as an asymmetric Lewis acid catakystas found to be active
for ZnEt addition to aromatic aldehydes to produce secondary chiral aloghbliigh

ee’s.

4N
MIL-101(Cr) (j\'rn CMIL-1or CMIL-2
- T N x -1or -
H |
L

®
Figure 5-3. Coordinate covalent modification of MIL-101(Cr) with chiral proline

ligands. Chiral proline ligands were introduced into the MILdneagate a heterogeneous
catalyst'

RS ROOWN'S
s~ /i o)
OH %’ O""Z'Ti

(J (J

Figure 5-4. Coordinate covalent modification with (R)-6,6’-dichloro-2,2’-dihydroxy-
1,1’-binaphthyl-4,4’-bipyridine with Ti(@Pr),.*°
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The third modification approach involves using both methods in tandem.
Synthesizing MOFs with unsaturated metal centers at the ®BWsth metal-binding
substituents located on the organic ligand is generally difficulhe $BUs may be
coordinately saturated by organic ligands during synthesis. |Hdiet#iing substituents,
such as -COOH and —OH, may end up participating in the framkestaucture. In
contrast, a MOF can be covalently modified with a chelating groupsahsequently
metallated using coordinate covalent modification (Figure 5-1)s dproach, termed as
covalent and coordinate covalent modification, is advantageous becauses vari
combinations of metal chelators (e.g., -OH, -COOH) and metalcamse introduced to
the framework. Very few groups have utilized covalent and coordicat@lent
modification as a dual step process. The first example of covatehtcoordinate
modification was demonstrated by Rosseinsky and coworkers RM©OF-3 (Figure 5-
5). The amino groups of IRMOF-3 were converted into salicylimimelators with
salicylaldehyde, which were metallated with VO(agatr) yield IRMOF-3Vsajs®
Rosseinsky and coworkers tested IRMOF-3ysahs an oxidation catalyst for
cyclohexene withBuOOH? Unfortunately, the MOF exhibited low activity and did not
appear to be stable.

Hupp and Nguyeret al. followed suit by developing a Zhpaddlewheel MOF
(DO-MOF) constructed from 1,2,4,5-tetrakis(4-carboxyphenyl)benz@@PB) and
DPG (meso-1,2-bis-(4-pyridyl)-1,2-ethanediol) that contained fi®l groups® The
diol groups of DO-MOF were modified with succinic anhydride, whiebulted in the
ring opened product with free carboxylic groups that could readilpeh€d* ions from

a solution of CuGl (Figure 5-6). In another report, Yaghi and coworkers modified
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UMCM-1-NH, with 2-pyridinecarboxyaldehyde and obtained a MOF with iminopyridine
moieties that could be metallated with?Pibn using [PAG(CHsCN),] (Figure 5-7)%'
Both groups demonstrated very nice examples of developing metaNéddes, but

neither group further pursued any applications with their systems.

H
(:foi V(O)acac,

Toluene, RT CH,Cl,, RT

IRMOF-3 IRMOF-3salg 4 IRMOF-3Vsalg 4
Figure 5-5. Covalent modification of the amino groups of IRMOF-3 with
salicylaldehyde, followed by coordinate covalent modification with A@g.

/ YN / / / /
/ /) . AS / 0cit
oH L Lo o~ A
o [ o AN A~
2N — ) Cucl °
S5y DMF, 80°C I AN SN H;0,
A _
7 7 7
/ N/ / N/ //
/ / / /

Figure 5-6. Covalent modification of the diol groups of DO-MOF with succinic
anhydride, and coordinate covalent modification with GuCl

N PACl,(CHyCN),
_ TR

Toluene, RT CH,Clp, RT

Figure 5-7. Cb\;alent modification of UMCM-1-NHKwith 2-pyridinecarboxyaldehyde
and coordinate covalent modification with PE{CH3;CN)s.

This chapter focuses on the design of Lewis acid MOF cagalyshg covalent

and coordinate covalent modification. UMCM-1-pNkas modified with two cyclic
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anhydrides to generate metal binding sites within the frameward the two new
modified UMCMSs were digested and analyzedHyNMR. The modified UMCMs were
then metallated with metal ions and characterized by TGA, IRXd&omic absorption
(AA) analysis, diffuse reflectance solid-state UV-Vis gspescopy, and B sorption

analysis to determine their metal content and overall stabilitye metallated UMCMs
were tested as potential Lewis acid catalysts for the Makaay aldol reaction and
epoxide ring opening reactions. To confirm their robustness and ycthet UMCM

catalysts were recycled several times and examined byDPatiRl atomic adsorption

(AA) analysis to see if they maintained their structural integrity aethincontent.

5.2 Results and Discussion
5.2.1 UMCM-1-AMSal and UMCM-1-AMpz synthesis and characterization
UMCM-1-NH, was modified with two different cyclic anhydrides, 2,3-
pyrazinedicarboxylic anhydride and 3-hydroxyphthalic anhydridgyroduce two new
modified MOFs, denoted as UMCM-1-AMpz and UMCM-1-AMsal (Scheme.5-T)
confirm modification occurred, UMCM-1-AMpz and UMCM-1-AMsal wedégested
and analyzed byH NMR, which showed UMCM-1-AMpz was ~50% modified while
UMCM-1-AMsal was ~35% maodified (Figure 5-8). Both MOFs wexamined by TGA
and PXRD analysis to determine the overall stability ofntloelified frameworks. TGA
indicated both MOFs remained stable up to ~450 °C and PXRD showed both MOFs
maintained their overall bulk crystallinity in comparison with unmediftuMCM-1-NH,
(Figures 5-9 and 5-10). BET analysis of UMCM-1-AMpz and UMCM-1g8Malso

confirmed microporosity was maintained with surface areas of ~36@0 m



150

M(acac),
—
CHCly, RT, 4h

M(acac),
ESR——

CHCly, RT, 4h

UMCM-1-NH,

UMCM-1-AMpz

Scheme 5-1.Postsynthetic Modification of UMCM-1-NH UMCM-1-NH, is modified
with cyclic anhydrides and metallated with metal acesfiacates (acac, M = Fe Cu/*",

In®*" to give UMCM-1-AMMsal (where M = Fé or In**) and UMCM-1-AMMpz (where
M = CU* or In*").

---r——mr——T-rr-Tr-r--rreeeeee T T T
94 92 90 88 86 84 82 80 78 76 74 7.2 70 68 66
8lppm

Figure 5-8.'H NMR analysis of digested UMCM-1-AMpz (left) and UMCM-1-AMsa

(right). Unmodified NH-BDC and modified N®BDC are indicated by black circles
and red squares, respectively.
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94 92 90 88 86 84 82 80 78 76 74 7.2 70 68 66
8lppm
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Figure 5-9. TGA traces of unmodified and modified UMCM-1- hNH

UMCM-1-AMFesal

Relative Intensity
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Figure 5-10. PXRD analysis of UMCM-1-N§ UMCM-1-AMpz, and UMCM-1-
AMCupz (left) and UMCM-1-NH, UMCM-1-AMsal, and UMCM-1-Fesal (right).
5.2.2 UMCM-1-AMFesal and UMCM-1-AMCupz synthesis and characterization
Since UMCM-1-AMpz and UMCM-1-AMsal contained metal binding sitthe
MOFs were exposed to metal ions. Metal acetylacetonatgs, (ee(acag) and
Cu(acac)) were selected as the metal source due to their high slubilCHCI;, and

Fe** and Cd* were specifically chosen because they exhibit very distivlor changes
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in the presence of salicylate and pyrazine moieties, regpbctiwhen UMCM-1-AMpz
was subjected to a solution of Cu(agathe pale yellow crystals immediately became
blueish-green (Figure 5-11). Similarly, UMCM-1-AMsal, which iscalpale yellow,
became reddish purple in the presence of Fe(a¢k@ure 5-12). TGA and PXRD
analysis of UMCM-1-AMCupz and UMCM-1-AMFesal showed no significehanges

in thermal or structural stability from their precursors, andTBg&urface area

measurements were found to not change significantly (Table 5-1, Figures 5-13).

Figure 5-11. From left to right: Photographs of UMCM-1-NKbeige) UMCM-1-AMpz
(yellow), UMCM-1-NH, treated with Cu(acag)(pale yellow) and UMCM-1-Cupz
(blueish green).

Figure 5-12. From left to right: Photographs of UMCM-1-NKbeige) UMCM-1-AMpz
(pale yellow), UMCM-1-NH treated with Fe(acag)pale orange) and UMCM-1-Cupz
(reddish purple).
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Figure 5-13. N, Full isotherm analysis of UMCM-1-Ni UMCM-1-AMsal, and
UMCM-1-AMFesal at 77 K.

Table 5-1. Brunauer-Emmett-Teller (BET) surface area measurenenfts) under
dinitrogen at 77 K. Average values listed were determined frwm independent

samples.
UMCM-1- NH, AMpz Cupz AMsal AMFesal

BET surface

3973 3601 3387 3655 3619
area (M/g)

UMCM-1-AMCupz and UMCM-1-AMFesal were further analyzed usinijude
reflectance solid state UV-Vis and atomic absorption (AA)yaislto determine if metal
binding was successful. By diffuse reflectance UV-Vis amgly$MCM-1-AMCupz and
UMCM-1-AMFesal showed very distinct absorbances bands at 700nan¥@0 nm,
respectively (Figures 5-14 and 5-15). These absorbances were fobredctmsistent
with known Cu-pyrazinecarboxyldfeand Fe-salicylat€ compounds. UMCM-1-NbJ
UMCM-1-AMsal, and UMCM-1-AMpz were also examined by diffusflectance solid

state UV-Vis and showed neglible absorbances above 400 nm. As additotrals,
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UMCM-1-NH, was treated with either Fe(acaor Cu(acag) and was also examined.
Visually, UMCM-1-NH, underwent a mild color change in the presence of Cu(aaad)
Fe(acaq (Figures 5-11 and 5-12), but did not exhibit any strong absorbanoés ba
above 400 nm. The MOFs exposed to metal acacs were then tesd@ddmalysis to
approximate the metal uptake (Table 5-2). UMCM-1;Nitdated with either Cu(acac)
or Fe(acag)contained very low trace amounts of’Cand F&" at 0.04 wt % and 0.06 wt
% on average, respectively. In contrast, UMCM-1-AMCupz was detedrto have
1.76 wt% CG@" and UMCM-1-AMFesal was found to contain 0.77 wt% ‘Fevhich
corresponds to roughly 50% of the metal binding sites are methllatboth MOF
systems. Here, the results indicate the metal speciesnwiiiCM-1-AMCupz and
UMCM-1-AMFesal are not free metal species and are coordm#bi the metal binding

sites within the modified frameworks.

—— UMCM-1-NH,
— UMCM-1-NH, + Cu(acac),

UMCM-1-AMpz
UMCM-1-AMCupz

Absorbance

200 ' 3(I](l ' 4(I)0 ' 5(|)0 l 6(|)0 l 7[I10 l 8l!l(l

A (nm)
Figure 5-14. Diffuse reflectance solid-state UV-Vis comparison betwed&nCi-1-
NH,, UMCM-1-NH; treated with Cu(acag)UMCM-1-AMpz, and UMCM-1-AMCupz.
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—— UMCM-1-NH,

—— UMCM-1-NH, + Fe(acac),|
—— UMCM-1-AMsal

— UMCM-1-AMFesal

Absorbance

T T r T T T T T T T T
200 300 400 500 600 700 800
A (nm)

Figure 5-15. Diffuse reflectance solid-state UV-Vis comparison betwe@nC-1-
NH,, UMCM-1-NH; treated with Fe(acag;)UMCM-1-AMsal, and UMCM-1-AMFesal.

Table 5-2. AA analysis of metal content in unmodified and modified UMCM-1,NH

MOF? UMCM-1- | NH,+ | AMsal | AMFesal | NH+ AMpz AMCupz
Fe CU/*
Theoreticdf! n 25.26% 23.}93@% 23.5{5%*’1' 25.26% | 23.55% 22.%]1%”'
cu’ n.d. n.d. n.d. n.d. n.d. 2[(.117@%
Fe n.d. n.d. 1.76% n.d. n.d. n.d.

[d]

Experimentaf’ zZn** 25.05+ | 24.00+ | 2145+ | 2530+| 2361+ | 2151+
0.49% | 0.22% 0.73% | 0.30% | 0.16% 0.87%

cu’ n.d. n.d. n.d. 0.04% <0.1% 1.76 +

0.07%

Fe** 006+ | <0.1% 0.77 + n.d. n.d. n.d.
0.03% 0.04%

Post- " n.d. n.d. 20.41 + n.d. n.d. n.d.
catalysi€ @ 0.80%

Fe* n.d. n.d. 0.65 + n.d. n.d. n.d.
0.04%

[a] Determined from f.u. of ZIWO(BTB)45(L)14(L"); X is the conversion, L is NBDC, and L’ is the
modified BDC ligand. [b] Based on 35% maodificatioft] Based on 50% modification. [d] Assuming all
metal binding sites occupied. [e] Three indepehdsmples. [f] Three catalytic cycles. [g] Four
independent samples
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5.2.3 UMCM-1-AMFesal as a Lewis acid catalyst

Given UMCM-1-NH, was successfully modified and metallated with**Fe
UMCM-1-AMFesal was tested as a potential Lewis acid gstdor the Mukaiyama
aldol reaction. The Mukaiyama aldol reaction involves the carbon-caboowal
formation between an aldehyde and silyl enol and is generally cmtdusing a Lewis
acid catalyst (e.g., Tigl under mild conditions (e.g., -78 °C to Rf) More importantly,
the reaction can be facilitated in &El,, which is a favorable solvent for the UMCM
system. As an initial test reaction, UMCM-1-AMFesal, whecimtains 0.0001 mmol of
Fe**, was suspended in GOl, (or CHCl,) followed by the addition of aldehyde
(mesitaldehyde or 1-naphthaldehyde), and 1-methoxy-2-methyl-1-
(trimethylsiloxy)propene (Scheme 5-2). After allowing thectiea to proceed at RT for
24 h, the crude reaction supernatant was analyzed Usif§MR (Table 5-3). On
average, UMCM-1-AMFesal showed 58% conversion with both aldehydestloeer
catalytic cycles (Figures 5-16 and 5-17). UMCM-1-AMFesal foasd to show higher
activity over a MA" MOF that been previously tested for the Mukaiyama aldol reatiion.
UMCM-1-AMFesal had significantly lower catalyst loadingg(e.0.0001 F& vs. 0.2
mmol Mrf*) and higher activity (24 h vs. 99 h). When UMCM-1-NHUMCM-1-
AMsal, and UMCM-1-AMpz were tested under similar conditions, tatke MOFs
showed little or no reactivity. UMCM-1-NHtreated with Fe(acag)did show some
catalytic activity with 1-naphthaldehyde, but the overall yield W% on average and

considerably lower than UMCM-1-AMFesal.
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Scheme 5-2.Mukaiyama-aldol reactions with 1-naphthaldehyde (top) and mesitaldeh
(bottom) that were catalyzed by UMCM-1-AMFesal.

Table 5-3. Results from Mukaiyama-aldol reactions with UMCM-1-AMFesaibet

and control reactions (after 24 h).
[l ] ] Overall
Aldehyde MOF Cycle® | Cycle 2 Cycle & Average
No MOF No rxn n.d. n.d. n.d.
UMCM-1-NH, <10% n.d. n.d. n.d.
1-Naphthaldehyde— =y vical <10% nd. nd. nd.
UMCM-1- 0 0 o 0
NH,/Fe(acaq) 27% 15% 14% 19 + 7%
UMCM-1-AMFesal | 70 +119' | 56 + 12%" | 52 + 129" | 58 + 14%
No MOF No rxn n.d. n.d. n.d.
UMCM-1-NH, <5% n.d. n.d. n.d.
=-1- 0,
Mesitaldehyde UMCM-1-AMsal <5% n.d. n.d. n.d.
UMCM-1- 0
NH,/Fe(acac) <5% n.d. n.d. n.d.
UMCM-1-AMFesal® | 53 + 18%! | 55 + 50 65 + 8% | 58 + 1204

[a] After 24 h. [b] Based on 4 trials. [c] Basaa 3 trials.
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Figure 5-16. 'H NMR spectra of supernatant from the reaction of 1-naphthadeesuyd
1-methoxy-2-methyl-1-(trimethylsiloxy)propene after 24 h at wihout MOF (black)
and with UMCM-1-NH (red),UMCM-1-AMsal (green), UMCM-1-NH treated with

Fe(acaq) (blue), or UMCM-1-AMFesal (cyan).
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Figure 5-17. *H NMR spectra of supernatant from the reaction of mesitylatittmd
1-methoxy-2-methyl-1-(trimethylsiloxy)propene after 24 h at wihout MOF (black)
and with UMCM-1-NH (red), UMCM-1-AMsal (green), UMCM-1-NHtreated with
Fe(acaq) (blue), or UMCM-1-AMFesal (cyan).

Several other tests were performed with UMCM-1-AMFesalptapoint its

catalytic activity and overall stability.

Size seledivistudies were performed by

switching 1-methoxy-2-methyl-1-(trimethylsiloxy)propene folagger silyl enol, ltert-
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butylvinyloxy)trimethylsilane, and testing it with 1-napthaldehyd® mesitylaldehyde

(Figure 5-18). After 24 h at RT, neither aldehyde underwent carudom formation

with the sily eno

[.  This indicated the silyl enol was too bul&yiriteract with the

aldehydes and confirmed catalysis was indeed taking place withirpores of the

framework. Filtration of UMCM-1-AMFesal from the reaction suyaant completely

stopped the reaction from proceeding any further, providing additendence that

UMCM-1-AMFesal was the main catalytic source of the reacind the catalysis was

not being promoted by free soluble species. AA analysis of UMGMAEesal after 3

catalytic cycles confirmed the former results, showing that the MOReelt.65 wt% of

Fe* from its original 0.77 wt% and leached very little*FéTable 5-2). UMCM-1-

AMFesal was also found to remain stable, as confirmed by PX4R&bysis after 3

catalytic cycles (Figure 5-19).

No MOF
UMCM-1-AMFesal

coel,

J
|

No MOF
UMCM-1-AMFesal

o
0.~ MOF catalyst
 MOF catalyst
/@H I I sl“ RT, CHiCly Nomn

Figure 5-18.

4

alppm

alppm

'H NMR spectra of supernatant of 1-naphthaldehyde (top) and

mesitaldehyde (bottom) with (ert-butylvinyloxy)trimethylsilane after 24 h at RT
without MOF (black) and with UMCM-1-AMFesal (red). No reactionoisserved in

either system.
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Figure 5-19. PXRD comparisons of UI\Z/TEM-l-AMFesaI pre-activation (black), post-
activation (red), and post-catalysis (blue).
5.2.4. Characterization of UMCM-1-AMInpz and UMCM-1-AMInsal

Since UMCM-1-AMFesal showed promising results as a Lewid aatalyst,
additional attempts were made to produce different metallate@N$1that could be
further explored for catalysis. After examining different ahsburces, [ versions of
UMCM-1-AMpz and UMCM-1-AMsal were successfully obtained from(alcacy,
resulting in UMCM-1-AMInpz and UMCM-1-AMInsal. AA analysisas used to
determine the overall metal binding within UMCM-1-AMInpz and UMCM\iHnsal,
and with UMCM-1-NH treated with In(acag)Table 5-4). The overall fi averages for
UMCM-1-NH; treated with In(acag) UMCM-1-AMInpz, and UMCM-1-AMInsal were
determined to be 0.5 wt%, 2.96 wt%, and 3.76 wt%. The wt % for UMCM-1nraXI

and UMCM-1-AMInsal correspond to 70 % of the metal binding sitésgbeetallated

with In°".
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Table 5-4. Atomic Absorption (AA) analysis of UMCM-1-NHtreated with In(acag,)
UMCM-1-AMInpz, and UMCM-1-AMInsal.

MOF (UMCM-1) Metal Theoretical Experimental
NH, + In(acacy’ zn” 25.26 2430+ 055
- + In(aca
2 In® N/A 0.50 + 0.28
oo zn’! 22.40 21.48 +0.77
-AMInpz™ -
In 4.92 3.76 £ 0.56
AMInsal zn** 23.09 22.41+0.46
- nsal™
In®* 3.55 2.96 + 0.25

®Based on three independent sample8Based on six independent samplesAssuming 50%
modification. Assuming 35% modification.

TGA and PXRD analysis show no significant structural differenagon If*
binding (Figure 5-20). Single crystal X-ray diffraction datasveollected for UMCM-1-
AMInpz, which revealed the expected UMCM topology with/@rEBUs coordinated by
four BTB and two NH-BDC ligands (Figures 5-21 and 5-22)? The cell parameters
were found to be similar to the original UMCM-1-Abtructure (space group =4A8; a
= b =41.3685 Ac = 17.5097 A = p= 90°,y = 120°; V = 25950 A). Interestingly, a
nitrogen atom was located and assigned on the BDC ligand; howeveectroreldensity
was found for the modified pz substituent or fof*Jrnwhich is most likely due to
incomplete modification of the sites and positional disorder of tbdifred NH,-BDC
ligand. BET surface areas for UMCM-1-AMInpz and UMCM-1-AMIlhseflected the
high uptake of Iff", resulting in lower BETs of ~3200%g in comparison with UMCM-

1-AMCupz and UMCM-1-AMFesal.
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Figure 5-20. TGA trace (left) and PXRD (right) comparison of UMCM-HN(black),
UMCM-1-AMInpz (red), and UMCM-1-AMInsal (blue).
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Figure 5-21. Asymmetric unit of UMCM-1-AMInpz with 50% probability ellipsoids and
atom numbering scheme.
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Figure 5-22. UMCM-1-AMInpz single crystal X-ray structure of framewolileff) and
small pore (right).
5.2.5 Epoxide ring opening catalysis

As a follow-up to the Mukaiyama aldol catalysis study, UMCM-1-fedal,
UMCM-1-Cupz, UMCM-1-AMInpz, and UMCM-1-AMInsal were examined asgmial
catalysts for epoxide ring opening reactions. Epoxide ring-openin¢angeted for three
main reasons: 1) it is an important process for generatimgostitrolled organic
intermediates for natural product synth&st§ 2) it generally involves a Lewis acid
catalyst (e.g., metal salen complexes with*CEF*, or Mr?")**3® and a nucleophile
(e.g., thiols, alcohols, aromatic amines) under mild conditfdfsvhich are ideal with a
MOF system; and 3) there have not been many reported MOF tatalygpoxide ring
opening, especially those that are robust, have large pores, and are re€yéable.

The general epoxide ring opening conditions involved taking UMCM-1-AMFesal,
UMCM-1-AMCupz, UMCM-1-Insal, or UMCM-1-AMInpz, suspending the MOF in
CDCls, adding epoxide and nucleophile, and letting the reaction proceed at RZ Ifor

Afterwards, the crude reaction supernatant was directly analpgetH NMR to
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determine the percent substrate conversion. For this experinvengpioxidesdis-2,3-
epoxybutane, cyclopentene oxide, styrene oxige,andtransstilbene oxide) and two
nucleophiles (TMSRhland aniline) were examined with each MOF (Schemes 5-3 and 5-
4). TMSN; had never been tested for epoxide ring opening for MOF catalyais.
contrast, aniline had been previously examined with different M@tess and chosen

as a comparison control. UMCM-1-NHJMCM-1-NH, treated with In(acag) UMCM-
1-AMsal, and UMCM-1-AMpz were tested alongside the metall@drs to distinguish

the catalytic source of the MOFs.

N; OTMS N; OH
R R’ R R’
0] MOF cat.
+ TMSN3 > or
R NR CDCl;, RT, 24h
N, OTMS N; OH
R’ R R’ R

Scheme 5-3 MOF catalyzed epoxide ring opening reactions with TMSN the
nucleophile.

NH,

0 MOF cat. HO HN—@ HO HN—@
R "R CDCls, RT, 24h R R R R

Scheme 5-4 MOF catalyzed epoxide ring opening reactions with aniline as the
nucleophile.

cis-2,3-epoxybutane and TMSNvere examined in the first round of catalysis.
cis-2,3-epoxybutane has a distinctive multiplet at 3.05 ppm, which is indecafi the
mesoprotons, and a doublet at 2.5ppm, which correspond to its methyl groups.24fte

h in the presence of metallated MOF, two new multiplets wererebg at 3.6 and 3.8
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ppm in addition to a set of new doublets appearing in the upfield regibich
corresponded to the ring opened product (Figure 5-23). Interestinglproduct did not
match the reported 2-azido-3-(trimethylsilyloxy)butane. A mmak at 2.05 ppm was
also present in the crude supernatant spectra that had equivaleratioetyr the peaks
at 3.6 and 3.8 ppm. Closer observation of the product revealed it to dergpoonding
B-azido alcohof instead of the TMS protected product, which suggested that in situ
deprotection was taking place with the MOF catalyst. UMCMH;NJMCM-1-NH,
treated with In(acag)and UMCM-1-AMsal showed very low conversions (< 10%) while
UMCM-1-AMInpz had slightly higher yields at ~16% (Figure 4-49All metallated
MOFs catalyzed the reaction betwers2,3-epoxybutane and TM3Nout with varying
turnovers. UMCM-1-AMInpz had the highest conversion at 78%, followed MMZ M-
1-AMinsal at 56%, UMCM-1-AMFesal at 30%, and UMCM-1-AMCupz at 1{Egure

5-24).

No MOF
UMCM-1-NH,

UMCM-1 -NHz + In(acac]!

UMCM-1-AMpz
UMCM-1-AMinpz

o MOF cat. Ny OH Ny
+  TMSN, —— )—Q + )—(
AN €DCly, RT, 24h

UMCM-1-AMinpz

o
J\ UMCM-1-AMFesal |
coci, —
| DU I f
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Figure 5-23. No MOF (black), UMCM-1-NH (red), UMCM-1-NH + In(acacj (green),
UMCM-1-AMpz (blue), and UMCM-1-AMInpz (cyan). Unreacted epoxisiéndicated.
by black squares, alcohol product is indicated by red circles, argl grbtected product
is indicated by blue circles.
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Figure 5-24. *H NMR supernatant comparison between metallated MOF cataljtbts
epoxide and TMSH Epoxide starting material is indicated by black squareshal
product is indicated by red circles, and TMS protected produgtdisated by blue
circles.

In the second round of the catalysis, TMSMas switched with aniline as the
nucleophile. The MOFs were treated similarly as the TEdderiment and the reaction
supernatants were analyzed after allowing the reaction to go for 24 h at R NBYR,
two new multiplets appeared at 3.8 and 4.7 ppm along with a new broadtgeékppm
corresponding to the alcohol group (Figure 5-25). These peaksfouera to correlate
with the reporte@-amino alcohol spectfd. UMCM-1-NH,, UMCM-1-NH, treated with
In(acac), UMCM-1-AMpz, and UMCM-1-AMsal showed little or no reactivityigbre
5-25). After testing all the metallated MOFs with anilind)©M-1-AMInsal turned out
to have the highest catalytic activity with 86% conversion. UMTKMFesal and

UMCM-1-AMInpz both had similar conversions at 34% and 30%, respectiaeky,

UMCM-1-AMCupz did not show any activity (Figure 5-26).
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Figure 5-25. No MOF (black), UMCM-1-NH (red), UMCM-1-NH + In(acac) (green),

UMCM-1-AMsal (blue), and UMCM-1-AMInsal (cyan).
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Figure 5-26 'H NMR supernatant comparison between metallated MOF cataljtbts
epoxide and aniline. Epoxide starting material is indicated agkbsquares, and the

product is indicated by red circles.

5.2.6 Stability of UMCM-1-AMInpz and UMCM-1-AMInsal

Overall, UMCM-1-AMInpz and UMCM-1-AMInsal were found to be the mos

active catalysts out of the four metallated MOFs, but fdeiht ring-opening reactions.

UMCM-1-AMInpz was highly active for the reaction with TM$Nvhile UMCM-1-
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AMInsal showed a preference with aniline as the nucleophile. Setests were
performed with UMCM-1-AMInpz and UMCM-1-AMInsal to determinketr overall
chemical stability postcatalysis. Both MOFs were used faat8lyic cycles, withcis-
2,3-epoxybutane and their respective nucleophiles, and showed no changeslin over
reactivity. UMCM-1-AMInpz maintained 76% conversion over three eyclghile
UMCM-1-AMInsal gave 82% conversion (Table 5-5). PXRD analysis of bt@s
postcatalysis revealed they maintained their overall struahiegyrity, and AA analysis
showed the MOFs leached < 10% of'Iafter three catalytic cycles (Table 5-6, Figure 5-
27). To further prove the MOFs were stable and the mininfaldaching had no effect

on catalyst, UMCM-1-AMInpz or UMCM-1-AMInsal were removed frahe reaction
supernatant after 6h. Removal of either catalyst completely stappereaction, which
was confirmed byH NMR analysis after completion of the 24h reaction period, thereby
justifying the MOFs remained robust and the epoxide ring openimgoea could only
proceed if catalyst was present (Table 5-7, Figures 5-2&%&%8). Additional control
tests were performed with In(acaey the catalyst. Despite using 10 mol % catalyst, no
catalytic activity was seen, therefore showing In(acasglf had poor catalytic activity

for epoxide ring opening.
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Table 5-5. Recycling experiment with UMCM-1-AMInpz and UMCM-1-AMInsahll
values are the result of three independent samples.

Cycle 1 2 3 Average
Inpz 76+£9 75+5 76 +5 76+ 6
Insal 85+7 83+ 3 79+ 3 82+ 4

Relative Intensity

Inpz Postcatalysis

AN

Inpz Precatalysis

T v T T T T
5 10 15

20

T T T
25 30

35

Relative Intensity

Insal Postcatalysis

Insal Precatalysis

20/°

Figure 5-27. PXRD comparison of UMCM-1-AMInpz (left) and UMCM-1-AMInsal

(right) before and after 3 catalytic cycles.

Table 5-6. AA analysis of Inpz and Insal before and after 3 catabytades. All values
are the result of three independent samples.

MOF Metal Precatalysis Postcatalysis
| zZn* 20.97 +0.75 20.59 + 0.59
npz

P In** 3.33+£0.17 3.13+£0.19
zn* 22.19+£0.21 20.64 £0.42

Insal -

In 3.01+£0.01 2.93£0.05

Table 5-7. Leaching experiment with UMCM-1-AMInpz and UMCM-1-AMInsal. Two
reaction setups (denoted as A and B) were prepared using thebsacheof MOF

catalyst.

The supernatant of Vial A analyzed after 6 Rhtwhile Vial B was left

undisturbed. Both Vial A and Vial B were then examined$yNMR after 24 h from

the initial starting time.

Time UMCM-1-AMInpz UMCM-1-AMiInsal
6h 47% 57%
24h 47% 57%
24h straight 83% 90%
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Figure 5-28. Filtration test with UMCM-1-AMInpz at 6 h and 24 h. Epoxide stgrt
material is indicated by black squares and product is indicated by red.circle
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Figure 5-29. Filtration test with UMCM-1-AMInsal at 6 h and 24 h. Epoxidatsig
material is indicated by black squares and product is indicated by red.circle
5.2.7 Size selectivity - epoxides

The metallated MOFs were tested with other epoxides of vasiaas and shapes
using the same conditions fois-2,3-epoxybutane. Overall, UMCM-1-AMInpz had the
highest conversions with TMSNs the nucleophile while UMCM-1-AMInsal dominated

with aniline as the nucleophile (Tables 5-8 and 5-9). For TM&MN cyclopentene,
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UMCM-1-AMInpz had the highest conversion of 53%, followed by UMCM-1-ABHI
with 43%, UMCM-1-AMFesal with 26%, and UMCM-1-AMCupz with < 5% (&rg 5-
30). With TMSN and styrene oxide, UMCM-1-AMInpz showed 70% and was followed
by UMCM-1-AMInsal and UMCM-1-AMFesal with ~53% (Figure 5-31)urfrisingly,
UMCM-1-AMCupz had a high conversion of 32%, but the MOF controls also had
unexpectedly high conversions up to 40%. The results, though, still tandica

metallated MOFs (e.g., UMCM-1-AMInpz) have the highest activity on geera

No MOF

UMCM-1-AMCupz
UMCM-1-AMFesal
UMCM-1-AMinpz
UMCM-1-AMInsal

oo ©o
A A UMCM-1-AMInsal
MOF cat. Ny OH N, OTMS
Oo o TMSN CDCly, RT, 2n d + d J
. A A UMCM-1-AMinpz
A " UMCM-1-AMFesal

- UMCM-1-AMCupz

1 Asdh -
o Vo— - L o
: l_/ﬁ: J No MOF

8.0 7.5 7.0 6.5 5.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.D 0.5 0,0 -0.5 4.4 4.2 4.0 3.3 J.S 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.6 1.6 1.4 1.2 1.0
8/ppm 3/ppm

Figure 5-30. 'H NMR supernatant comparisons of cyclopentene oxide and TM&N
all metallated MOFs. Unreacted epoxide is indicated byltdguoares, alcohol product is
indicated by red circles, and TMS protected product is indicated by bluescircl
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Figure 5-31. 'H NMR supernatant comparisons of styrene oxide and TM®ith
metallated MOFs. Unreacted epoxide is indicated by black esjualcohol product is
indicated by red circles, and TMS protected product is indicated by bluescircl
Similar results were observed when TMShas switched with aniline. UMCM-
1-AMinsal had the highest activity with cyclopentene and aniline8ét (Figure 5-32).
UMCM-1-AMInpz and UMCM-1-AMFesal had percent conversions of ~20%lewhi
UMCM-1-AMCupz and the other controls showed < 5% activity. When cgcitgme
was switched to styrene oxide, all the MOFs showed an increase inyg@ligiire 5-33).
UMCM-1-AMCupz and the control MOFs had conversions as high as ~20%&vieow
the other metallated MOFs still had higher activity (43% WMCM-1-AMFesal and
49% for UMCM-1-AMInpz). Interestingly, UMCM-1-AMInsal was aryegood catalyst
for the reaction between styrene oxide and aniline and resultdgk ifotmation of 2
products. The major product was determined to be 2-phenylamino-2-phangleand
the minor was identified as the bis-alkylated product, 2,2’(phenytalig)bis(2-
phenylethanolf>** The identity of both products was confirmed 'byand*C NMR,

and high resolution mass spectrometry. By increasing the ratio of anilityeeioesfrom
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1:1 to 4:1, the 2-phenylamino-2-phenylethanol was obtained at ~90%l. yiel
Alternatively, increasing the ratio of styrene to aniline to 2draased production of
2,2’-(phenylazanediyl)bis(2-phenylethanol)cis- and trans-stilbene oxide were also
examined with all the MOFs. The yields were noticeably reddcedto the size and
sterics of the stilbene oxides. With TMShAk the nucleophile, UMCM- 1-AMInpz had
48% conversion while UMCM-1-AMInsal, UMCM-1-AMFesal, and UMCM-1-AMfz
had 17%, 9%, and 4%, respectively (Table 5-8). When TM8&k switched with
aniline, only UMCM-1-AMInsal showed any significant activityG. Upon changing
the epoxide tdransstilbene oxide, the activity was completely shut down for all the
metallated MOFs, and all the control MOFs showed little orativity regardless of the

stilibene oxide and nucleophile combination (Table 5-9).

No MOF
UMCM-1-AMCupz [=

UMCM-1-AMFesal .
UMCM-1-AMInpz -
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UMCM-1-AMInpz
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Figure 5-32. 'H NMR supernatant comparisons of cyclopentene oxide and aniline with
metallated MOFs. Unreacted epoxide is indicated by black sqaackalcohol product
is indicated by red circles.
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Figure 5-33. 'H NMR supernatant comparisons of styrene oxide and aniline with
metallated MOFs. Unreacted epoxide is indicated by black syaackalcohol product
is indicated by red circles.

Table 5-8 Percent conversions of MOF catalyzed reactions betweenediffepoxides
and TMSN. All values are the result of three independent experiments.

Epoxide MNgF UIMSM UlMl\(l:ﬁg U'\-/IEM U'\-Al(?M UMEM- UMl(?M- UMEM- UMEM-
R R’ +1n AMpz AMsal | AMInpz | AMInsal | AMCupz | AMFesal
Me | Me r'\)'(?] 8+6 104 | 167 7+4 78£9| 56+2° 11+5 | 35+12
-(CHy)+- r'\)'(?] 2+1 | 4+3 | 4+2| 5+4| 5343| 43+8 | 3+4 | 26+3
H Ph '!\)l(?] 19+8 277 419 19+11 702 54 + ¢ 32+ 341
Ph | PR :\)l((r)] 22 1+1 1+£1 3z1 48 +8 17 £ 1( 4+2 9+72
Ph | PH r'\>l<(r)1 No rxn No rxn No rxn No rxn No rxn No rxn No rxn Non

3Based on four independent triafCis °Trans
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Table 5-9. Percent conversions of MOF catalyzed reactions betweenediffepoxides
and aniline. All values are the result of three independent experiments.

Epoxide No | UMCM- UMCM- UMCM- | uMcM- UMCM- | UMCM- | UMCM- | UMCM-
MOF | 1-NH, | INEe* | 1 Avpz | 1-AMsal | , & 1- 1- 1

R | R 2 In®* P AMInpz | AMInsal | AMCupz | AMFesal

Me | Me r’\)l(?] No rxn 9+7 86 13+2 307 86 + 11 1+2 36+

-(CHp)s- r’\)l(?] No rxn 1+1 2+2 1+1 207 58 +12 No rxm 2+

H | Ph No 5+4 14+3 20+1 12 49+1 ~99 16 + 1 43+

xn

Ph | PR r’\)l(?] No rxn No rxn No rxn No rxn No rxn 6+£2 No rxn Nben

Ph | PA No No rxn No rxid | Norxrf | Norxn No rxd | No rxn No rxi No rxn

xn

?Based on two independent experimentis “Trans

5.2.8 Size selectivity — aniline derivatives

Different aniline derivatives were also examined with theattsged MOFs, in
particular with UMCM-1-AMInsal. UMCM-1-AMInsal readily calyzed the reaction
betweencis-2,3-epoxybutane and aniline up to 78%. As a starting point, UMCM-1-
AMiInsal was tested withis-2,3-epoxybutane and different aniline derivatives (aniline, 2-
methylaniline, 2,6-dimethylaniline) under similar reaction coonddi After 24 h at RT,
all three aniline derivatives were found to give moderate perasmnecsions at 86%,
93%, and 56% for aniline, 2-methylaniline, and 2,6-dimethylaniline, ctispé/ (Figure
5-34). Given all three anilines were turned over despite theidg#ieeences, UMCM-1

AMInsal appeared to be relatively tolerant of derivatized nucleophiles.
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Figure 5-34.'H NMR comparison betweetis-2,3-epoxybutane and aniline derivatives
(aniline, 2-methylaniline, or 2,6-dimethylaniline). Unreactad-2,3-epoxybutane is
indicated by the black square.
5.2.9 Catalytic selectivity of UMCM-1-AMInpz and UMCM-1-AMInsal

Overall, UMCM-1-AMInpz and UMCM-1-Insal had the highest activityr
epoxide ring opening, but showed specificity with certain nucleophiledICM-1-
AMInpz proved to be a better catalytic with TMShhile UMCM-1-AMInsal exhibited
higher catalytic activity with aniline as the nucleophile. Thmsnd was consistent
regardless of the epoxide. On a molecular level, both MOFsdiaiar In°* loadings
and the same topology, but it appears the metal binding groups, pgrearbexylate vs.
salicylate, as well as the type of metal ion*{Fes. Cd* vs. IF") has a significant
influence on the catalytic activity of the MOF. Previous studvdl UMCM-1-NH;

indicated that the efficiency of PSM is influenced by a comlnatif both pore and
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reagent size/shape. The metal-ligand combination seems to plajparole in epoxide
ring opening catalysis. The results obtained here show thaysatahn be similarly
affected. The orientation and accessibility of the catabjte is dependent on how the
metal-ligand unit fits within the pore based on the size and shahe ohelating ligand,
the metal ion coordination geometry, and the size and shape of theTpargosition of
the catalytic site can affect how the substrates (e.g., eparidienucleophiles) interact
with the catalytic site and with each other. Catalytitvdg can also be affected by the
orientation and accessibility of the catalytic sites (e.g.alligand combinations) within
the framework. For example, UMCM-1-AMInpz and UMCM-1-AMIns&ére good
catalysts for these epoxide ring opening reactions, but UMCM-1-4d@&nd UMCM-
1-AMFesal had the opposite outcome.

Interesting selectivity was observed amongst the metalM@HBs whencis- and
trans-stilbene oxide was usedcis-stilbene oxide was readily turnover with TMSHs
the nucleophile, butransstilbene oxide was completely shut out. To rule out the
possibility trans-stilbene oxide might be poisoning the catalyst, UMCM-1-AMInpz and
UMCM-1-AMInsal were recycled after being used for thens-stilbene oxide reaction
and were shown to still be competent for the reaction betwiséh3-epoxybutane and
both nucleophiles (TMSN with UMCM-1-AMInpz and aniline with UMCM-1-
AMinsal). Based on these results, the shape of the stilbedesoappears to influence
its interactions with the catalytic sites within the MORdore specifically,cis-stilbene
oxide seems to interact more favorably with the MOF catabites ovetransstilbene
oxide, especially with UMCM-1-AMInpz. UMCM has two types of mre large

hexagonal pore and a smaller pore. Based on the crystal strofctukéCM-1-AMInpz
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the catalytic site can exist in either the hexagonahwller pore. Givertis andtrans
have different conformations, their structural differences mégactahow it can interact
with the catalytic site. While trans-stilbene may be abl@adcess the interior of the
MOF, it may be (a) sterically unable to interact with theahsite, or it (b) can interact
with the metal site, but is in an orientation that makes nucleophilic attack unfavorabl
To test this theory, a known homogeneous catalyst (Cr(salengSItested with
the stilbene oxides. In one report, Cr(salen)Cl was found to zatehyg opening ofis-
andtransstilbene oxide with aniline up to 90% conversfoft Cr(salen)Cl was used as
a catalyst forcis-andtransstilbene oxide with either TMSNor aniline. Under similar
reaction conditions adapted from the MOF catalyst experimenglénj€| was found to
turnover both stilbene oxides with either nucleophile. With TNSh& and trans
stilbene oxide gave yields of 94% and 68%, respectively. Changing TkeSahiline
resulted in conversions of 43% fois-stilbene oxide and 60% fdrans-stilbene oxide.
UMCM-1-AMInpz and Cr(salen)Cl were then studied side by sidesee how they
compared as catalysts for stilbene oxide. GBGlutions were prepared with 1:1 ratios
of cis- andtrans-stilbene oxide with TMSRhlas the nueclophilecis- andtrans-stilbene
oxide have distinct proton shifts at 4.38 ppm and 3.89 ppm, respectively, alluals
for easy monitoring. As expected, Cr(salen)Cl readily catalythe conversion of both
cis- and trans-stilbene (Figure 5-35), but UMCM-1-AMInpz only catalyzed theg+in
opening ofcis-stilbene oxide (Figure 5-36). As an additional experiment, a 1id o
ciss and trans2,3-epoxybutane were prepared and tested with both catalysts. With
Cr(salen)Cl, botltis andtrans were ~99% converted. In the UMCM-1-AMInpz system,

both epoxides were catalyzed, loig was ~90% converted while only 20%todins was
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reacted. Based on these results, the UMCM-1-AMInpz catalgstvs unique,

stereochemistry-based substrate selectivity due to its mgaaldicombination.

Cis/trans-stilbene oxide + TMSN,

Cis/trans-stilbene oxide + TMSN |
trans
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Trans-stilbene oxide + TMSN,
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Figure 5-35. 'H NMR of 1:1 mixture cistransstilbene oxide and TMSNwith
Cr(salen)Cl as the catalyst. The peaks are slightly bneadéue to the presence of Cr
cis-stilbene oxide was ~99% converted to a mixture of TMS azidoBeamido alcohol
products (red squares)ransstilbene oxide was ~70% converted to a mixture of TMS
azido andp-azido alcohol products (blue squares).
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Figure 5-36. 'H NMR of 1:1 mixturecistransstilbene oxide and TMSN\before and
after addition of UMCM-1-AMInpz.
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5.3 Conclusions

UMCM-1-NH, was modified with two types of metal binding groups
(pyrazinedicarboxylate and salicylate) and metallated witket metal ions (B& Cu,
and I resulting in four single site MOF catalysts. All foulO% catalysts remained
isostructural to one another and had similar thermal stabilithowever, the MOFs
displayed different catalytic activity based on their metai and organic ligand
combination. UMCM-1-AMFesal was an active, robust catalysti®mMukaiyama aldol
reaction while UMCM-1-AMInpz and UMCM-1-AMInsal were found to bery active
catalysts for epoxide ring opening. UMCM-1-AMInpz and UMCM-1-AMInsal disptay
unique substrate selectivity in comparison with homogeneous catalystso dheir
different pore environments. This highlights the advantages of using PSM to déeerate
MOF pores with specific functionalities (e.g., metal and ligandkaoations) to enhance
their selectivity and activity. Lastly, all MOF catalystsderwent three catalytic cycles
without degradation, as confirmed by PXRD and AA analysis. Tbatdytic results
represent the first systematic study of designing Lewid BMOF catalysts through

covalent and coordinate covalent modification.

5.4 Experimental Section

General methods. Starting materials and solvents were purchased and used
without further purification from commercial suppliers (Sigma-Aldy Alfa Aesar,
EMD, TCI, Cambridge Isotope Laboratories, Inc., and others). Meidydbloride was
dried using molecular sieves. Samples were submitted to Robekistnolit

Laboratories for atomic absorption (AA) analysis. IRMOF-3, CMONH,, and
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UMCM-1-NH, were synthesized and activated as described previtif§lyzormation of
the corresponding TMS protectegtazido alcohol, ang-amino alcohol products were
confirmed by comparison with reported literature spetfa?4447->0

UMCM-1-AMsal. UMCM-1-NH; (ca. 56 mg, 0.05 mmol equiv of -NHwas
combined with 2 mL of a 0.05 M solution of 3-hydroxyphthalic anhydmdEtOAc and
transferred to a 55 °C oven. After 24h, the supernatant was decantéue agistals
were washed with EtOAc (3 x 10mL). After the last wash, 10 mL of @@ added to
the vial and the crystals were left to soak overnight. Theatsystere washed with
CHCI; (3 x 10 mL) and soaked in CH{Obdvernight for an additional 2 days. Following
the last overnight soak, the crystals were immediately usednétallation. Yield:
35+2% (based on three independent samples).

UMCM-1-AMFesal. Fe(acag) (18 mg, 0.05 mmol) was added to a vial of
UMCM-1-AMsal in 2 mL of CHC}. Within minutes, the crystals became a dark purple
red. After 4 h at RT, the supernatant was decanted and the <ry&tad profusely
washed with CHGI(5 x 10 mL minimum). The crystals were soaked in 10 mL of {ZHC
overnight and the process was repeated for a minimum of 3 daysilathe supernatant
was colorless. The crystals were stored in the final gk@sh.

UMCM-1-AMpz. UMCM-1-NH; (ca. 56 mg, 0.05 mmol equiv of -NHwas
combined with 4 mL of a 0.006 M solution of 2,3-pyrazinedicarboxylic antigdn
EtOAc. After 24 h at RT, the supernatant was decanted and thtalsrwere washed
with EtOAc (3 x 10 mL). An additional 4 mL of anhydride solution wddeal back to
the vial and the reaction was left at RT for another 24 h.thétend of day 2, the

supernatant was decanted and the crystals were washed with BGAOmML). After
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the last wash, 10 mL of CHEWwas added to the vial and the crystals were left to soak
overnight. The crystals were washed with CHE x 10 mL) and soaked in CHLCI
overnight for an additional 2 days. The crystals were stored iimddeCHCkL wash until
metallation. Yield: 49+1% (based on three independent samples).

UMCM-1-AMCupz. Cu(acac) (13 mg, 0.05 mmol) was added to a vial of
UMCM-1-AMpz in 2 mL of CHC}. Within minutes, the crystals became bluish green.
After 4 h at RT, the supernatant was decanted and the crystedswashed profusely
with CHCL (5 x 10 mL minimum). The crystals were soaked in 10 mL of Gldadl the
process was repeated for a minimum of 3 days or until the supgmaitsi colorless. The
crystals were stored in the final CH®ash.

UMCM-1-AMInpz and UMCM-1-AMiInsal. In(acac} (21 mg, 0.05 mmol) was
added to a vial of either UMCM_1-AMpz or UMCM-1-AMsal in 2 mE©@HCI;. The
mixture was left to stand at room temperature (RT) for 4 h.erAMt h at RT, the
supernatant was decanted and the crystals were washed profillseél-&k (4 x 10 mL
minimum). The crystals were soaked in 10 mL of CH&ld the process was repeated
for a minimum of 3 days. The crystals were stored in the final gW&sh.

UMCM-1-NH , treated with Fe(acac}, Cu(acac}, or In(acac). Metal sources
(Fe(acaq or Cu(acacg) 0.05 mmol) were added to UMCM-1-NMHca. 56 mg, 0.05
mmol equiv of -NH) in 2 mL of CHC}. After 4 h at RT, the supernatant was decanted
and the crystals were washed profusely with GHEIX 10 mL minimum). The crystals
were soaked in 10 mL of CHE bvernight and the process was repeated for a total of 3
days or until the supernatant was colorless. The crystas stered in the final CHEI

wash.
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Digestion and Analysis by'H NMR. *'H NMR spectra were recorded on a Jeol
500 or Varian FT-NMR spectrometer (400 MHz). Approximately 5 mgnodified
UMCM-1-NH, material was dried under vacuum at RT and digested with sa@maati
500 pL of DMSOd® and 100 pL of dilute DCI (23 pL of 35% DCI in,© diluted with
1.0 mL of DMSO#P).

PXRD Analysis. Approximately 15 mg of modified UMCM-1-NH(typically
soaked in CHG) was air dried before PXRD analysis. Powder X-ray diffoact
(PXRD) data were collected at ambient temperature on a Bri&rAdvance
diffractometer at 40 kV, 40 mA for Cuck(L = 1.5418 A), with a scan speed of 5 or 10
sec/step, a step size of 0.02° i, &and a B range of 2-35°. The experimental
backgrounds were corrected using the Jade 5.0 software package.

Thermal Analysis. Approximately 10-20 mg of MOF sample was used for TGA
measurements. Samples were analyzed under a stream of géinittcsing a TA
Instrument Q600 SDT running from room temperature to 600 °C withrarata of 5
°C/min.

BET Surface Area Analysis. Approximately 40-60 mg of modified UMCM-1-
NH; (stored in CHGJ) was evacuated on a vacuum line for 2 h at RT. The sample was
then transferred to a preweighed sample tube and degassed ab2@afA@/licromeritics
ASAP 2020 Adsorption Analyzer for a minimum of 12 h or until the outgaswas <5
pmHg. The sample tube was re-weighed to obtain a consistentfondkse degassed
MOF sample. BET surface area?(g) measurements were collected at 77 K with
dinitrogen on an Micromeritics ASAP 2020 Adsorption Analyzer usingimelric

technique.
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Solid State UV-Vis analysis. Approximately 15-20 mg of modified UMCM-1-
NH, (typically soaked in CHG) was air dried before UV-Vis analysis. Solid state
spectra were collected using an StellarNet EPP2000C spectromigte a diffuse
reflectance probe.

Activation of UMCM-1-NH ,, UMCM-1-NH , treated with Fe(acac}, and
UMCM-1-AMsal for the Mukaiyama aldol reaction. UMCM-1-NH, and UMCM-1-
NH, treated with Fe(acagyere dried under vacuum at 90 °C for 4-5 h. Both samples
were used immediately afterwards. UMCM-1-AMsal was dried at RT-foh4

Activation of UMCM-1-AMFesal.  UMCM-1-AMFesal was dried under
vacuum at 90 °C for 1-2 h. 10 mL of CH®Vas immediately added to the crystals. The
crystals were washed 3x with CHQlefore being soaked in 10 mL of CHG@lvernight.
After soaking the crystals overnight, the supernatant was decantkthe crystals were
washed an additional 3x with CHCbefore being dried under vacuum again. The
process was repeated for a total of three times. Thealsysere dried one more time
under vacuum at 90 °C for 4-5 h and used immediately afterwards.

Mukaiyama aldol reaction. Dried modified UMCM-1-NH (15 mg) was
transferred to a 4 mL dram vial and 1 mL of & (or CD,Cl,) was added. 1-Methoxy-
2-methyl-1-(trimethylsiloxy)propene (0.2 mmol) and aldehyde (O.inoth were
subsequently added and the contents of the vial were lightly agitaensure thorough
mixing. The vials were left at RT for 24 h. 80(or 10QuL if CD,Cl,) of the supernatant
was diluted in 500uL of CDCl; and analyzed byH NMR. The supernatant was
decanted from the catalyst and the catalyst was washed witl; @81x 3 mL) before

being soaked in pure CHECI3 mL) overnight. The supernatant was decanted the
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following morning and the catalyst was washed 3 times beforg bbeit in pure CHG
until needed.

Epoxide ring opening catalysis with MOFs. UMCM-1-NH,;, UMCM-1-NH,
treated with In(acag) UMCM-1-AMCupz, UMCM-1-AMInpz, and UMCM-1-AMInsal
were dried under vacuum at 90 °C for 4-5 h. UMCM-1-AMpz and UMCRMSsal
were dried at room temperature for 4-5 h. UMCM-1-AMFesal waBvated as
previously reported* Dried MOF samples (15 mg, 0.014 mmol based on,)Nt¢re
placed into 4 mL dram vials. The MOF was immersed in 1 mL oflg,0ollowed by
epoxide (0.1 mmol), and TMSNO.1 mmol) or aniline (0.1 mmol). The reaction mixture
was left standing at room temperature for 24 h and the supetnaas analyzed b\H
NMR.

Recycling Experiment with UMCM-1-AMInpz and UMCM-1-AMInsal .
UMCM-1-AMInpz or UMCM-1-AMInsal (15 mg, 0.014 mmol based on -NHtis-2,3-
epoxybutane (0.1 mmol), nucleophile (TM$SNor UMCM-1-AMInpz, aniline for
UMCM-1-AMinsal, 0.1 mmol), were placed in a 4 mL dram vialhwit mL CDC} for
24 h at RT. The reaction supernatant was directly analyzéti INMR without further
purification. The MOF catalyst was washed with CEH@x 3 mL) and left to soak in
fresh CHC} overnight. After washing the catalyst with CHGIgain (3x 3 mL), the
catalyst was dried at 90 °C under vacuum for 1-2h and then reused.

Leaching experiment with UMCM-1-AMInpz and UMCM-1-AMINs al.
UMCM-1-AMInpz or UMCM-1-AMINsal (15 mg each, 0.014 mmol based on -)\NH
cis-2,3-epoxybutane (0.1 mmol), nucleophile (TMShr UMCM-1-AMInpz, aniline for

UMCM-1-AMiInsal, 0.1 mmol), were placed in a 4mL dram vial with 1 @DCl; for 24
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h at RT. Two reaction setups (denoted as A and B) were pregsirggdthe same batch
of MOF catalyst. The supernatant of Vial A was removed and filtereddghrsand and a
glass wool plug after 6 h at RT. The reaction supernatant wectigianalyzed byH
NMR without further purification and stored at RT. Vial B wa#t undisturbed. Both
Vial A and Vial B were then examined Bl NMR after 24 h from the initial starting
time.

Epoxide ring opening catalysis with UMCM-1-Insal and aniline devatives.
UMCM-1-AMInsal (15 mg, 0.014 mmol based on -NHcis-2,3-epoxybutane (0.1
mmol), and nucleophile (aniline, 2-methylaniline, or 2,6-dimethylaniline, 0.1 mreyh
placed in a 4 mL dram vial with 1 mL CDCAt RT for 24 h. The reaction supernatant
was directly analyzed by NMR without further purification.

In(acac); Control Reactions. In(acac} (23 mg, 0.056 mmol) was dissolved in 4
mL of CDCk followed by the addition of ligand (3-hydroxyphthalic anhydride, 2,3-
pyrazinedicarboxylic anhydride, or salicylamide, 0.042 mmol). Th&ture was
sonicated for 15 min and was left to sit overnight. A portion (1 ofL)he CDC}
solution was transferred to a 4 mL dram vial followectlsy2,3-epoxybutane (0.1mmol)
and nucleophile (TMSqor aniline, 0.1 mmol). The reaction mixture was left standing at
room temperature for 24 h and the supernatant was analyZzedNiiR.

Epoxide ring opening catalysis with Cr(salen)Cl. The experiments described
were adapted from a literature procedtireCis or trans-stilbene oxide (0.1 mmol) and 5
mol % R,R-N,N-bis(3,5-ditert-butylsalicylidene)-1,2-
cyclohexanediaminochromium(lil) chloride (Cr(salen)Cl) were aliesd in 50 pL of

CDCl3 in a 4 mL dram vial. TMSMor aniline (0.1 mmol) was added and the vials were
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placed on a shaker for 24 h at room temperature. The reaction enwasr directly
analyzed byH NMR without further purification.

Epoxide ring opening catalysis with Cr(salen)Cl and 1:1 cigins-stilbene
oxide. A 1:1 mixture ofcis/transstilbene oxide (0.05 mmol each) and 5 mol RR-
N,N*-bis(3,5-ditert-butylsalicylidene)-1,2-cyclohexanediaminochromium(lll)  chloride
(Cr(salen)CI) were dissolved in 50 pL of CRQ@ a 4 mL dram vial. TMSMor aniline
(0.1 mmol) was added and the vials were placed on a shaker for &4rdom
temperature. The reaction mixture was directly analyzedHbj}MR without further
purification.

Epoxide ring opening catalysis with UMCM-1-AMInpz and 1:1 mixture of
cis/trans-stilbene oxide. UMCM-1-AMInpz (15 mg, 0.014 mmol based on -NH
cis'transstilbene oxide (0.05 mmol each), and TMS.1 mmol) were placed in a 4
ML dram vial with 1 mL CD{ for 24 h at RT. The reaction supernatant was directly

analyzed byH NMR without further purification.
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6.1 Introduction

In Chapter 1, two methods for synthesizing functionalized MOFs were
introduced: prefunctionalization and PSM. Prefunctionalization was ildedcas the
direct preparation of a functionalized MOF from a specificainiein and functionalized
organic ligand combination under solvothermal conditthsPSM was defined as the
chemical modification of a MOF after the framework had been synthesizBdring the
course of PSM, a third approach, named postsynthetic deprotectidd), (R@s
introduced as a combination of the prefunctionalization and PSM strigegye 6-1).
PSD involves protecting the functional group of interest, using the pedtéigand to
synthesize a MOF, and then removing the protecting group within thesvirairk
afterwards. In theory, PSD utilizes the prefunctionalizatigor@ach first to synthesize
the MOF with the protected functionality, and then the PSM apprdteatward to reveal
the functional group.

In 2009, Yamada and Kitagawa made an early observation that free
uncoordinated -OH groups could potentially be incorporated into MOFs thrdsBh P
As an initial test, they attempted to protect 2,5-dihydroxy-1,4-dreedicarboxylic acid
(dhBDC), synthesize a MOF with the protected ligand, and thepvwertine protecting
groups afterwards (Figure 6-2)dhBDC was protected using acetic anhydride to yield
2,5-diacetoxy-1,4-benzendicarboxylic acid and was combined with #ms and
bipyridine (bpy) in an attempt to the form the protected MOF. 1&imgly, the acetyl
groups were removed in situ, resulting in a MOF with free uncoatelih-OH groups.
No explanation could be made for the unexpected result aside frorortbleision that

the acetyl deprotection took place during framework synthesis. etfawthe results
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foreshadowed that the protection and deprotection strategy ofdoakcgroups was a

valuable method for obtaining MOFs with more complex functionalities.

LI

Functionalized

Starting ligand .
iigand

_L ©

Starting ligand

o

Protected ligand

Protected MOF

Figure 6-1. Three different methods for obtaining functionalized MOFs:
Prefunctionalization (top), PSM (middle), and PSD (bottom). The gsgderes
represent the metal source, the purple spheres represent thienfaingroup, and the
orange pentagon refers to the protecting group.
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Figure 6-2. Synthesis of 2,5-diacetoxyterephthalic ;alc.id from 2,5-di.hydroexp’ﬂihalic
acid and acetic anhydride (top). MOF synthesis with 2,5-diagitie@phthalic acid,
bipyridine, and Zn(N@), in DMF. Bipyridine is represented by the dashed lines.

Hupp and Nguyeret al. performed chemical PSD on TMS protected alkyne-
containing MOF<:2 Trimethylsilyl (TMS) groups are known to undergo deprotection in
the presence of fluoride to yield the terminal alkyne. Two tyfe&n’* paddlewheel
MOFs were prepared from 3-[(trimethylsilyl)ethynyl]-2-(4-pyridinyl)ethenyl]pyridine
and either 2,6-naphthalenedicarboxylic acid (NDC) or 1,2,4,5-tetdakis(
carboxyphenyl)benzene (TCPB). In their first study, Hupp and Ngayel. exposed
their NDC containing MOF to a solution of tetrabutylammonium fluoitBAF) and
were able to deprotect only the MOF surface, which was attdiiotéhe bulkiness of
TBAF.” To confirm the deprotection, the newly exposed alkyne groups underwent
‘click’ chemistry with either ethidium bromide monoazide @+(2-aminoethyl)©-(2-

azidoethyl)nonethylene glycol (PEGazide). Both azides wereessfully clicked with
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the alkyne groups to form their respective triazole products. rivassisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spectrarngeonfirmed that the
triazole ligands were present. As further proof of the modidina fluorescence
microscopy was used to confirm the ethidium bromide monoazide protiletaontact
angle measurements were used to confirm the newly hydroptitigazide substituent.
In their second study, the TCPB containing MOF (TO-MOF) wasctieely modified on
the surface and interior by utilizing the solubility preferencéhefdeprotection reagents
(Figure 6-3) To perform the selective deprotection, TO-MOF was modifigt two
different fluoride reagents: potassium fluoride (KF) inOHand tetraethylammonium
fluoride (TEAF) in THF/HO. The MOF, which was initially prepared from DMF, was
solvent exchanged with CHECANd exposed to the KF solution. Only the MOF surface
was deprotected due to the insolubility of KF in CECAfter coupling the alkyne groups
with ethidium bromide monoazide, the MOF was subsequently exposed TEAfe
solution to remove the silyl groups from the MOF interior. Benzjidex was
successfully coupled with the interior alkyne groups, therefore sigothiat selective

deprotection could be accomplished on the surface and interior of the framework.



197

------ N
e - |
---- NS
/".- \\ 7
| W
N -z
g .
P N
~d -
-
7/
]/ e
1. KF/H,0
2. CuS0Qy4, Na ascorbate, DMF
N
g
=
~d|Z -
-
7/
|
3. TEAF in THF/H,0
4. CuSO,, Na ascorbate, DMF
N
Q g
X
\ ~
'N=N S
7.
)/ e

Figure 6-3. Selective modification via Click chemistry with ethidium bromide
monoazide on the surface (middle) and benzyl azide in the interidd-diOF (bottom).
1,2,4,5-Tetrakis(4-carboxyphenyl) benzene (TCPB) is represented by thd taske
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Telfer and coworkers took PSD to the next level by performingique study
using thermolysis as a deprotection methodror their studytert-butoxycarbonyl (Boc)
was selected as the protecting group because: a) it is theriablle at high
temperatures, and 2) it breaks down into,@@d isobutylene, which are innocuous side
products (Figure 6-4). Boc-protected 2-amino-4,4’-biphenyldicarboxglitid was
synthesized and combined withZrnons in diethylformamide (DEF), which resulted in
colorless cubic crystals. Single crystal X-ray diffractienealed that the product was an
analog of IRMOF-9, a 3D cubic lattice with £ SBUs and biphenyldicarboxylate
linkers; however, the Boc-protected substituent could not be detected due to diserder ov
eight positions of the biphenyl linket'H NMR analysis of the digested MOF, though,
confirmed the presence of the Boc-protecting group.

To perform the thermal deprotection, the Boc-protected MOF was relespen
DMF and heated between 150-200 °C for several hours. Powder aredcsiysial X-ray
diffraction verified that the thermolysis had no effect on fraorkw stability.
Unfortunately, no electron density was present for the resultingoasubstituents to
unambiguously confirm removal of the Boc groups. Howel¢rNMR analysis and
TGA both showed the protecting group was completely removed and oritge¢h@mino
group was present. When the protected MOF is heated, a distigtit Weesis is observed
between 120- 240 °C (approx. 22%), which corresponds to the Boc-protgobing
breaking down into C®and isobutylene. In contrast, the deprotected MOF showed little
weight loss around the same region (approx. 5%), therefore confitimenguccessful

deprotection.
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Figure 6-4. Deprotection of an IRMOF-9 analog using a thermally labile [Botecting
group (Boc =tert-butoxycarbonyl).

Telfer and coworkers emphasized several interesting advantagesngyPSD.
Protecting functional groups could prevent these groups from intgrferth framework
formation. As a control experiment, 2-amino-4,4’-biphenyldicarboxylid was directly
combined with ZA" to form a MOF. Surprisingly, no crystals could be obtained despit
testing different reaction conditions. Another key point was thabtisiee bulky Boc-
protecting group prevented formation of an interpenetrated frarkel@MOF-9, which
is obtained from 4,4’-biphenyldicarboxylic acid, is known to be an petestrated
framework unless extremely dilute conditions are dsétere, the bulky Boc-protecting
group prevented interpenetration presumably due to steric hinderanirg from the
size and shape of the Boc group. Lastly, the use of protecting groulgsbe used to
obtain MOFs with expanded pore volumes and greater pore accessibhi¢pretically,
removal of the Boc-protecting should result in a higher surface amne larger pore
diameters then the as-synthesized material. To test ouh&asy, the Boc-protected and
deprotected MOFs were examined for $orption analysis. However, the MOFs were
found to undergo pore collapse upon solvent removal and no gas sorption sigéace a

measurements could be obtained to confirm the expected increap®rosity.
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Regardless, these seminal results indicate the utility of R&Dobtaining more
functionalized MOFs with control over framework formation and porosity.

In this chapter, photochemical deprotection was explored as a ndwdrfet
revealing more complex functionalities within the framework.oThew BDC ligands, 2-
((2-nitrobenzyl)oxy)terephthalic  acid (NBnO-BDC, 4) and 2,3-bis((2-
nitrobenzyl)oxy)terephthalic acid ((N®nO),-BDC, 8) were prepared from hydroxyl-
containing BDC ligands and protected using a well-established photolatmtecting
group. Two new MOFs, UMCM-1-OBnNO and UMCM-1-(OBnNQ),, were
successfully synthesized using the protected BDC ligands and undg@ivegathemical
deprotection to yield their hydroxyl analogs. All MOFs weharacterized usingH
NMR, TGA, PXRD, single crystal X-ray diffraction, and;Nsorption analysis.
Metalation studies with one of the hydroxyl containing MOFs wereducted and the
preliminary results will be discussed. Two other benzyl protedtdFs were
synthesized from two new benzyl protected BDC ligands, and both M@Fes fully
characterized and tested for photochemical deprotection. Lastlyew hydroxyl
functionalized ligand (4,4',4"-benzene-1,3,5-triyl-tribenzoate, H&)BW¥as synthesized,

and the preliminary attempts to prepare the ligand for PSD will be discussed.

6.2 Results and Discussion
6.2.1 Synthesis of UMCM-1-OBnN@ and UMCM-1-(OBnNO,),

One of the challenges with PSD is to find a protecting groupctrabe removed
under conditions that are compatible with the MOF. Hupp, Nguyen, ane Wedfe able

to find relatively labile groups that could be removed under mild claramd thermal
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conditions. For this study, light was selected as the depmtectethod of interest.
There have been a few reports using light to physically and chemicalijyOFs and
their properties’*? but there have not been any studies using light as a deprotection
method on a MOF. As a starting point, 2-hydroxy-1,4-benzenedicarbagitic(HO-
BDC, 1) and 2,3-dihydroxy-1,4-benzenedicarboxylic acid (CAT-BDC, CAT tedwol,

5) were selected as the ligands of interest and nitrobenzidetiere chosen as the
protecting group. MOFs with free, uncoordinated hydroxyl groups ayer&es because
the hydroxyl groups tend to chelate to metal foffsNitrobenzylethers are well known
photolabile protecting groups for amines and alcohols and are easily M
exposed to UV light? Moreover, the byproduct produced from the deprotection
reaction, nitrosobenzaldehyde, is not caustic or reattivEor these reasons, attempts
were made to synthesize hydroxyl protected BDC ligands, incogothrat into a MOF,
and then remove the protecting groups through photochemical deprot&timeme 6-

1).

365nm

NO,BnO-BDC OH

HO_ _O
HO__0O ON O
%ﬁk;@ N Zn(NO;),
o O DMF, 85°C
HO' l?'Oz/N\/© 0, O O OH
OH o
BTB

HO__O
HO__ O O)N. O
0\;© . Zn(NO;),
O DMF, 85°C
woSo oJT T o
o
BTB

365 nm

(NO,BnO),-BDC

UMCM-1-(OBnNO,), UMCM-1-CAT

Scheme 6-1. Synthesis and postsynthetic photochemical deprotection of UMCM-1-
OBNNG; (top) and UMCM-1-(OBnNG), (bottom).
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HO-BDC" and CAT-BDC?® were prepared from previously established literature
procedures. The carboxylic acid groups were protected via Esteoih first, and the
hydroxyl groups were protected subsequently uskimgrobenzyl bromide in DMF and
K,CQOs. After isolating and purifying the ligands, the fully protecteghnds were
subjected to a solution of THF/4%KOH followed by acidification vatimcentrated HCI
to yield the nitrobenzyl protected BDC ligands: 2-((2-nitrobenzyl)i@xephthalic acid
(NO.BnO-BDC, 4) and 2,3-bis((2-nitrobenzyl)oxy)terephthalic acid ({8Q0) »-BDC,

8) (Scheme 6-2).

HO__ O 0.0 ON HO__O ON
_conc. HyS0, \J@ _ 4% KOH, THF O N Ij
MeOH A cho3 DMF, 80°C "~ conc. HCI, pH~1 pH~1
HO" o HO o
1

(95 %) (90 %) (98 %)

conc. HZSO,, 4/ KOH, THF
MeOH A OH cho3 DMF, 80°C 1M HCI, pH~1
~So o 02 HO o OZN

[}

Scheme 6-2.Synthesis o(;f/(;\lOZBnO-BDC) (tg;)) an@ ((NOanO)z-B(g[;/()?) (bottom).
The ligands were used to synthesize two UMCNItgpe MOFs (Scheme 6-3).
In a general setup, a 3:1 ratio of protected BDC ligand to 4,4gtzene-1,3,5-triyl-
tribenzoaté’ (BTB) was dissolved with Zn(N§-6H,0 in DMF and the solution was
heated at 85 °C. After 48 h, both setups yielded colorless needialxryghich were
assumed to be UMCM-1-OBnNOand UMCM-1-(OBnNQ®),. The crystals were
analyzed by several techniques to confirm the composition ardwst. PXRD analysis

confirmed that both sets of crystals had similar PXRD pateesnsMCM-1 (Figure 6-5).
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'H NMR of the digested MOF samples in dilute acid (35% DCl y®/EP-DMSO)
verified the presence of both the BTB and the respective protegéed]ithus indicating
that the protecting group remained intact during synthesis (Figuge As further
support, TGA revealed UMCM-1-OBnNGnd UMCM-1-(OBnNQ); displayed unique
weight losses corresponding to the nitrobenzyl moieties (Figure 6UMCM-1-
OBNNG; showed a weight loss of 9% (expected 9%) while UMCM-1-(OBs)NO
displayed a more prominent weight loss of 18% (expected 20%) betweetDQ5C.
After 400 °C, both UMCM-1-OBnN@and UMCM-1-(OBnNQ), decomposed, which is
consistent with previously established UMCM analtg$. N, sorption analysis at 77 K
revealed that UMCM-1-OBnNO and UMCM-1-(OBnNG@), maintained their high
porosities regardless of having bulky substituents located withinptites of the
framework. The BET surface area measurements were desetioi be 3219+150 7y
and 2661+172 fAlg for UMCM-1-OBnNGQ and UMCM-1-(OBnN®),, respectively.
Full isotherm analysis of both MOFs revealed a charactesis atP/P, ~0.2, which is

typically seen for the UMCM-1 structure type.
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Figure 6-5. PXRD comparison of UMCM-1 (black, simulated), UMCM-1(OBn)O
(red, simulated), and UMCM-1-(OBnN (blue, CHC} exch).
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UMCM-1-(OBnNO,), JL
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Figure 6-6. H NMR comparison between digested UMCM-1-(OBrijCand CAT-
BDC ligand.
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Figure 6-7. TGA comparison between as-synthesized protected UMCM (black, from
DMF), protected UMCM (red, CHglexchanged and dried), and deprotected UMCM
(blue, CHC} exchanged and dried). UMCM-1-OBnBYOMCM-1-OH system (left) and
UMCM-1-(OBNnNG,),/JUMCM-1-CAT (right).

Single crystal X-ray diffraction provided the most compelling eviode that
UMCM-1-OBnNG, and UMCM-1-(OBnN@Q®), were indeed isostructural to UMCM-1.
Both MOFs were found to have similar cell parameters as UMGIMd contained 20
SBUs coordinated by BTB and their respectiveitrobenzyl BDC ligands. UMCM-1-
OBNNG; and UMCM-1-(OBnNQ), both have large hexagonal pores bordered primarily
by BTB ligands and smaller pores built from BTB and the nitrobeBBC ligands
(Figures 6-8 and 6-9). In the UMCM-1-OBnk®&tructure, no suitable electron density
was located for the nitrobenzyl protecting group. An oxygen atormogated off of the
benzenedicarboxylate and was found to be disordered over all four positorentrast,
both oxygen atoms and benzyl groups were located and assigned fGMIM
(OBNNQ,), (Figure 6-10). The oxygen atoms and benzyl groups were also desbrder
over all four positions of the benzenedicarboxylate. Nitro groups lweatded for the
benzyl group in the difference map, but suitable electron dermitg eot be assigned

due to severe disorder.
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9.‘ Single crystal Xry sucture of UMCM-1-(OBnN) with view of the

framework (left) and small pore (right). Electron densdythe benzylether group was

located and assigned (disordered over two positions).
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Figure 6-10. Asymmetric unit of UMCM-1-(OBnNg), with 50% probability ellipsoids
and atom numbering scheme.

6.2.2 Synthesis of UMCM-1-(OBrpand UMCM-1-(OBnNNO,(MeO),).

Benzyl and 4,5-dimethoxy-2-nitrobenzyl BDC ligand versions werpgred
using slightly modified reaction conditions for the nitrobenzyl BDgamid synthesis.
The two benzyl groups were selected for two main reasons:nkyBis not a photolabile
group; and 2) 4,5-dimethoxy-2-nitrobenzyl is photolabile and known to haver fast
photocleavage rates than the nitrobenzyl grufAT-BDC was protected using benzyl
bromide and 4,5-dimethoxy-2-nitrobenzyl bromide to yield (BABI)C (10, Scheme 6-

3) and ((MeO)NO2,BnO),-BDC (12, Scheme 5-3)iespectively. After testing different
ratios of BDC:BTB and solvent conditions (e.g., DEF vs. DMF), UMCMBi{), and
UMCM-1-(OBnNGO,(MeQ),), were both successfully synthesized from DEF at 85 °C for
48 h. Pale yellow needle clusters were obtained for both MOFd)datystals were too
small for single crystal X-ray analysis (Figure 6-1BXRD and gas sorption analysis

provided concrete evidence that UMCM-1-(OB@gnd UMCM-1-(OBNnNQ(MeO),),
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were indeed UMCM MOFs. PXRD analysis showed UMCM-1-(QBmd UMCM-1-
(OBNNQy,(MeO),), had similar structures to UMCM-1-(OBnNj@ and UMCM-1 (Figure
5-12). Both MOFs also displayed the characteristic stélJRt~0.2 in their isotherms
and had BET surface areas of 2983+50gnfior UMCM-1-(OBn) and 2534+23 fig for
UMCM-1-(OBnNOy(MeO),), (Figure 6-13).*H NMR analysis of UMCM-1-(OBn)and
UMCM-1-(OBnNQG,(MeOQ),), showed both the benzyl protected BDC ligand and BTB.
The MOFs were found to be stable up to ~450 °C and displayed unique \osggd
corresponding to their benzyl groups. A 15% weight loss was obsew&tMCM-1-
(OBn), (15% expected) and a 21% weight loss was calculated for UMCM-1-

(OBNNG,(MeO)), (27% expected) (Figure 6-14).

HO_O o
OH  onc. _conc. H,SO, ©/\ \/© _ 4% KOH, THF _ 0\/©
on  MeOH,A W TAMHCL, pHo1 o

HO" S0 HO" Y0 /\©

5 10
(60/) (78/) (77%)

HOO 0. 0 ON HO__O O,N
. D0,
conc. H2504 OMe OMe 4/ KOH, THF OMe
'
OH T MeoH,a K,CO,, DMF, 80°C OMe TAMHCL pH-1 OMe
HO™ ~O

o OOzN HO 002N
5

(60/) (85/) (99/)

Scheme 6-3. Synthesis 0of10 ((BnO)-BDC) (top) and12 ((MeOLNO,BnO)-BDC
(bottom).



209

Figure 6-11. Photographs of UMCM-1-(OBg)left) and UMCM-1-(OBnNnNQ(MeO),).
at 4« magnification.
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w c
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Figure 6-12. PXRD analysis of UMCM-1-(OBga)and UMCM-1-(OBnNG)(MeO),),
as-synthesized from DEF (left) and CH@kchanged (right).
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Figure 6-13. N, isotherms of UMCM-1-(OBnNg),, UMCM-1-(OBnNG(MeO),),, and
UMCM-1-(OBn), at 77 K.
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Figure 6-14. TGA comparison of UMCM-1-(OBnN£,, UMCM-1-(OBNNG,(MeO),),,
and UMCM-1-(0OBn) as-synthesized (left) and CH@xchanged and dried (right).
6.2.3 Photochemical deprotection

Initial tests were conducted with UMCM-1-OBnN@nd UMCM-1-(OBnNQ),
to determine suitable reaction conditions for photochemical depteciThe crystals

were suspended in CHCEtOAc, and DMF and exposed to 365 nm to see if solvent had
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any effect on the deprotection rate and MOF stability. The $)@fich are initially
colorless, were found to undergo a color change upon exposure to the light, thus
indicating that a reaction was occurring. In CklGhe crystals became red and were
visually opaque, therefore signaling a loss of crystallinititerAatively, when DMF was

used as the solvent, crystals turned light orange and remained crystaitinere clearly
cracked. EtOAc was found to be the best solvent for the photochesacdon, where

the crystals were found to maintain their crystallinity.

To perform the photochemical deprotection, UMCM-1-OBaN@d UMCM-1-
(OBNNQ,), were suspended in EtOAc and irradiated at 365 nm for 24-48 h. Both MOFs
underwent a distinct color change from colorless to orange, whichnd@astive of the
photochemical reaction occurring (Figures 6-15 and 6-16). After 24 hCNH¥-
OBNNO, was quantitatively converted into UMCM-1-OH, as determinedHhyNMR
analysis of the digested sample (Figure 6-17). Only the aimmpedks associated with
the HO-BDC were seen in tHel NMR spectra. UMCM-1-CAT was achieved at 75%
after 48 h and was found to contain a mixture of both singly protéampgaox. 12%) and
doubly protected (approx. 12%) CAT-BDC (Figure 6-18). The percgmbtketion was
determined by taking the singlet aromatic peak of CAT-BDC dindtling it by the
summation of the integrated singlet peak and the two integratédyleree peaks
corresponding to the singly and doubly product CAT-BDC ligands. Therahfte in
deprotection between the singly and doubly protected UMCMs can benexplay the
concentration of protecting groups present and their crystal morpholoigial solution
state studies with and8 in d®-DMSO showed! underwent deprotection at a much faster

rate than8, presumably due to having only one photocleavable substituent. This trend
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was found to be consistent with UMCM-1-OBnplé&nd UMCM-1-(OBnN@Q),. All the
protecting groups were removed from UMCM-1-OBniN@s expected, but UMCM-1-
(OBNNG,), could not undergo complete deprotection even when exposed to UV light for
up to 72 h. Both MOFs form as needles, but UMCM-1-(OBghl©onsists of tightly
packed needle clusters while UMCM-1-OBnN@rms as distinct, single needles
(Figures 6-15 and 6-16). The UV light appears to penetrate UNIECMBNNG, without
any problem, but the morphology of UMCM-1-(OBni®may prevent the UV light
from reaching the center of the crystal clusters. This pgsedplains why complete
deprotection cannot be achieved regardless of extending the exposeireTo confirm
this speculation, the crystal clusters of UMCM-1-(OBni¢Qwere lightly crushed to
increase surface area exposure to UV light. After optimitiegsetup conditions, a

maximum 85% deprotection yield was achieved, therefore indicdtexghbrphology of

UMCM-1-(OBnNG,); has a profound effect on the deprotection rate.

. ‘ S = -
Figure 6- 15 Slngle crystal |mages of UMCM-1- OBnMCIIeft) and UMCM 1-OH
(right).
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Flgure 6- 16 Slngle crystal |mages ofUMCM 1- (OBan (Ieft) and UMCM-1-CAT
(right).
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Figure 6-17. *H NMR comparison of HO-BDC (black), digested UMCM-1-OBnNO
(red), and digested UMCM-1-OH (blue).
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Figure 6-18. 'H NMR comparison of CAT-BDC (black), digested UMCM-1-
(OBNNQ,), (red), and digested UMCM-1-CAT (blue). Based on the NMR spectr
UMCM-1-CAT is comprised of ~75% CAT-BDC, ~12 % (M8nO)-BDC, and ~12%
of a BDC ligand with a single 2-nitrobenzyl group removed.

TGA, PXRD, and single crystal X-ray diffraction provided additioewidence
that the MOFs had undergone successful photochemical deprotectiarGABYJMCM-
1-OH showed no significant weight loss, therefore confirminghallnitrobenzyl groups
had been completely deprotected (Figure 6-7). Since UMCM-1-CA3 mot fully
deprotected, a weight loss was still detected (~13%), but wag liwae the fully
protected MOF. Both MOFs showed no significant structural anomadiess result of
UV exposure, as confirmed by PXRD and single crystal X-ray analysigle®rystal X-
ray analysis of UMCM-1-OH revealed the framework was isesiral to UMCM-1-
OBNNQ;, (Figures 6-19 and 6-20). For UMCM-1-CAT, single crystal X-eaalysis

showed complete disappearance of the nitrobenzyl protecting groups)diuaging that

the photochemical deprotection was indeed successful (Figures 6-8924nd Oxygen
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atoms were only located off of the benzenedicarboxylate and nwoeletensity was
present for the nitrobenzyl groups.

N, sorption analysis of UMCM-1-OH and UMCM-1-CAT also gave conmpgll
evidence for the loss of the protecting groups. As mentioned previdusIgM-1-
OBNnNO, and UMCM-1-(OBnN@), have surface areas around ~3200 and 2686, m
respectively. After deprotection, large increases in surfaga were seen for both
MOFs. The BET surface area for UMCM-1-OH was found to be 3705+%#&y, which
is an increase of 500%g from its protected analog, and UMCM-1-CAT was determined
to be 3541+38 fig, which is an increase of 900%m from its protected version.
Previous PSM studies have shown that incorporating substituents ints M@®PSM
results in a decrease in BET surface ared.ikewise, the increase in surface area for
UMCM-1-OH and UMCM-1-CAT appear to be consistent with the remmfathe
nitrobenzyl protecting groups. Geometric calculations of UMCM-BA(RO,), and
UMCM-1-CAT infer they should have BETs of 3493 and 412gnrespectively®?!
Full isotherm analysis of both deprotected MOFs showed their buptake capacities
were substantially higher. Their average pore size hbligions were also found to

increase from 7.5 to 7.9 A using the Horvath-Kawazoe (H-K) model.
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Figure 6-19. Asymmetric unit of UMCM-1-CAT with 50% probability ellipsoidsich
atom numbering scheme.

(left) and small pore (right). Electron density for the oxygen aibthe hydroxyl group
was located and assigned (disordered over four positions).
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framework (left) and small pore (right). Electron densay the oxygen atoms of the
hydroxyl groups was located and assigned (disordered over two positions).

UMCM-1-(OBn), and UMCM-1-(OBnNQ(MeO),), were also suspended in
EtOAc and exposed to 365 nm under similar conditions as UMCM-1-(OBnN®fter
24 h, UMCM-1-(OBn) did not undergo any significant color changes, but UMCM-1-
(OBNNO;(MeO),), crystals did turn orange. 'H NMR analysis of the digested
frameworks showed no changes for UMCM-1-(OB{bigure 6-22), but some reactivity
was found for UMCM-1-(OBnNg{MeOQ),),, which was calculated to be <30% (Figure
6-23). After 48 h, the BnO-BDC ligand for UMCM-1-(OBnhad significantly
decomposed and only trace amounts could be seen HtN&IR spectra. In contrast,
UMCM-1-(OBnNnNO,(MeOQ),), appeared to remain intact, but deprotection was still <30%.
Based on these results, it is clear that photochemical depoatextly occurs with a
photolabile group, which was demonstrated with UMCM-1-(QBht it appears that
the MOF is not stable for prolonged periods under UV light. Adgvely, it was

anticipated that UMCM-1-(OBnNg£MeO),), would react more quickly than UMCM-1-
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(OBNnNQ,),, but instead the reaction was very slow. This suggests s@amsbilities:
1) the MOF morphology may not be ideal for efficient deprotecti@p; the
nitrosbenzaldehyde byproduct may be lingering within the pores dfaheework and
preventing UV light from reaching further into the crystabince these studies are
preliminary, optimization of the crystal quality (e.g., size amdrphology) and
photochemical deprotection conditions of UMCM-1-(OBn{@e0),), should be
conducted in order to develop a better understanding of how MOF morphalody (

topology) plays a crucial role in the choice of protecting groups used.
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Figure 6-22. 'H NMR comparison between digested UMCM-1-(OBiefore UV
exposure (black), digested UMCM-1-(OBrgfter 24 h in the photoreactor (red), and
digested UMCM-1-(OBn)(blue) after 48 h in the photoreactor.
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Figure 6-23. 'H NMR comparison between digested UMCM-1-(OBrii@eO),),
before UV exposure (black), digested (OBni{{@®eO),), after 24 h in the photoreactor
(red), and digested (OBnNMeO),), (blue) after 48 h in the photoreactor.
6.2.4 Metallation attempts with UMCM-1-CAT

As further proof that free uncoordinated hydroxyl funcitonalitiesewabtained
within the MOF, UMCM-1-CAT was metallated with Fe(agacxposure of UMCM-1-
CAT to a solution of Fe(acagci EtOAc resulted in a distinct color change from orange
to red-purple. The change in color was found to be consistent with krefnafechol
complexes (Figure 6-245* When protected UMCM-1-(OBnN{) was subjected to
Fe(acag), the crystals turned pale orange, but did not exhibit the intarilsechange as
UMCM-1-CAT. Metallated, and as well non-metallated, UMCNE&BNNG,), and
UMCM-1-CAT were analyzed by diffuse reflectance solidesilictronic spectroscopy.
UMCM-1-(OBnNG,), did not show any significant absorbance above 400 nm. In

contrast, UMCM-1-CAT had a distinct shoulder around 400 nm, which wasindiof
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the catechol substituent. When UMCM-1-CAT and UMCM-1-(OBaNQvere exposed
to Fe(acag) both MOFs showed a new absorbance band around 500 nm. The
absorbance band was found to be more prominent for UMCM-1-FeCAT, and the catechol
absorbance band around 400 nm was significantly reduced as a rasgitabbinding

(Figure 6-25).

Figure 6-24. Single crystals of UMCM-1-(OBnN§), treated with Fe(acag)left) and
UMCM-1-FeCAT (right).

—— UMCM-1-(OBnNO,),
UMCM-1-(OBnNO,), + Fe(acac),
—— UMCM-1-CAT

—— UMCM-1-FeCAT
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Figure 6-25. Diffuse reflectance solid-state UV-Vis spectra of UMCMEBNNG,),,
UMCM-1-(OBnNG,), treated with Fe(acag;)UMCM-1-CAT, and UMCM-1-FeCAT.
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Several attempts were made to try and obtain a single csysteture of UMCM-
1-FeCAT. Unfortunately, no trace of ¥electron density was located in the difference
map, therefore suggesting metal binding within UMCM-1-FeCAdk \much lower than
anticipated. UMCM-1-FeCAT does contain*Fns, which can be seen by eye and by
diffuse reflectance UV-Vis, but Fe(acaajoes not appear to be successfully diffusing
through the pores of the framework. Closer inspection of the lyystaealed the
expected Fe-catecholate color was not very intense, especladly the crystals were
cracked open. Prolonged soaking in Fe(acao)utions (e.g., up to 3 days) and with
heating (e.g., 55°C) did not seem to improve metal binding. Otherpatteanere made
using Fe(OTH) and Fe( as the metal salts dissolved in either EtOAc or 10% MeOH in
CHCls; however, the crystal quality was greatly reduced and were not suitable forrpowde
or single crystal X-ray diffraction. Other metal saltgeviested with the UMCM-1-CAT
system, including CgiCl,, Al(acac}, Al(OTf);, Zr(acac), Mg(acac), Mg(OTf),,
Cu(OTf)y, and Cu(acag) Distinct color changes were observed with, T@l, (red
black) and Cu(OT#$) (brown), which suggested successful metal binding was occurring
Unfortunately, the single crystallinity was diminished, and BETfaser area
measurements for the samples were noticeably reduced from 3%§@omi700 rfVg.
With the other metal salts, initial metal binding was detettg using a handheld UV
lamp. UMCM-1-CAT fluoresces blué\.d = 365 nm), which is characteristic of the
CAT-BDC ligand and is not observed with UMCM-1-(OBnN© The fluorescence was
found to change depending on the metal ion, which indirectly suggestiad mmding

was occurring. However, the crystal quality was not very goothdisated by PXRD
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analysis, and no single crystal X-ray structure could be obtaintgdtiae metal ion
chelating to the catechol substituents.

It has proven to be fairly difficult to metalate the majof catechol groups
even though the protecting groups have been clearly removed in UMCMFla@d\the
MOF has remained highly porous. Metal ions should have no problemsimigffwithin
the pores of UMCM-1-CAT, but this seems to be the opposite caBkCMJ1-CAT has
a large hexagonal pore bordered primarily by BTB and a snpadle consisting of BTB
and CAT-BDC. Metal ions should easily diffuse into the largeraberal pore;
however, the size and shape of the smaller pore may affeal imetaccessibility of the
catechol substituents. The smaller pore has two CAT-BDC ligathdsemt to each
other, and it is possible that both catechol substituents may be teoirclpeoximity to

one another, which could make it more difficult for chelation to ottur.

6.2.5 Synthesis of functionalized BTB ligand

The UMCM system is built from two similar, yet different ligands:@Dvhich is
a ditopic ligand, and BTB, which is a tritopic ligand. Many differdMCM structures
have been reported using various functionalized BDC ligands, includir@, Bbi-
BDC, 1,4-naphthalenedicarboxylic acid (NDC), thiophenedicarboxygiid @DC), and
the benzyl protected BDC ligands presented earlier in this ctfapfdternatively, there
has only been one report of a functionalized BTB ligand. Recekdgkel and

coworkers developed a BTB ligand with pendant chiral oxazolidinones gradpsere

able to synthesize a MGE. After completing the PSD studies, it was hypothesized that a

UMCM MOF could be constructed with a ligand that could undergo P&dVaaother
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ligand that could undergo PSD. There have been no reports of a lohaiced
UMCM, and no reports utilizing PSM and PSD in tandem. Herein, ptteewmere made
to develop a hydroxyl functionalized BTB ligand and protect thedxydrgroup with a

photolabile protecting group (Scheme 6-4).
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Scheme 6-4.Synthetic scheme f&0.

Several different synthetic schemes were developed to sy@l28s The initial
plan was to protect methyl-4-iodo-2-hydroxybenzoate with 2-nitrodebromide,
perform a Suzuki coupling betwed3 and 14 to obtain19, and hydrolyze the methyl
esters to obtai20 (Scheme 6-5). After performing the Suzuki coupling under different
reaction conditions, it became apparent that the nitrobenzyl groumatasompatible
with the Suzuki coupling conditions and was being removed in situ. Theréfbwas
synthesized and then coupled withto form the tritopic ligand16a). After purifying
the crude mixture, th&6a was isolated as a beige solid at 30-40% yield. In addition to
obtaining the tritopic ligandl4 underwent homocoupling with itself and its ditopic form
(16b) was isolated as an orange solid in 10% vyield (Scheme &6NMR analysis and

ESI-MS confirmed the identities of the two productfawas subjected to BBand the
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methyl ester and methoxy groups were removed to yield diddeDirect esterification

of crudel7 resulted in pure methyl ester produb8)(in 60% yield over two steps.
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Scheme 6-5.Initial proposed synthetic scheme 5.
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Scheme 6-6.Synthesis ofl6aand16b.

19 was prepared from8 and o-nitrobenzyl bromide in moderate yield (80%).
Unfortunately,19 was found to be highly insoluble in polar solvents (e.g., MeOH, THF),
which made it very difficult to hydrolyze the methyl estensl @btain20. Prolonged
stirring at RT did not improve the solubility d9. Refluxing19 in THF:4% KOH
caused the ligand to become soluble, but resulted in the simultaneous Iremtha
nitrobenzyl groups. Other carboxylic acid protecting groups wetedtdg.g., ethyl,

Boc), but similar solubility problems were also encountered.

6.2.6 Conclusions and Future Directions
Two ligands, HO-BDC and CAT-BDC, were protected usioigitrobenzyl

groups to yield two photolabile ligands, ((BEnO),-BDC and (N@BnO),-BDC. The
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ligands were used to synthesize two photolabile MOFs: UMCM-1-OBrax®@ UMCM-
1-(OBnNG,),. After exposing both MOFs to UV light, the photolabile groups were
removed and two hydroxyl containing MOFs, UMCM-1-OH and UMCM-1-C#é&re
obtained. This is the first example of using UV light to remove photolabile gratipa w
MOFs to yield frameworks with hydroxyl functionalities and witicreased porosities.
More importantly, UMCM-1-CAT is the first report of MOF contaigi a catechol
substituent.

Preliminary metalation studies were conducted with UMCM-1-CAdwever,
UMCM-1-CAT did not undergo quantitative metalation as anticipateldny different
metal sources were explored with UMCM-1-CAT using various i@aatonditions.
Further studies will be needed to explore the pore environment of HHUCMT and
how the catechol groups affect metal ion diffusion and chelation.eXamnple, solvent
activation of the MOF may be more crucial than initially @pated. As mentioned
earlier, photochemical deprotection of UMCM-1-OBnNé@nd UMCM-1-(OBnNQ),
was best achieved using EtOAc as the solvent while ¢H@d DMF affected
crystallinity. Similarly, preliminary tests using EtOAoaked samples for gas sorption
analysis resulted in poor BET surface areas. When the solvenswieched back to
CHCI3, better quality BET measurements were obtained. Once nmtalzds been
achieved with UMCM-1-CAT, the metallated UMCM-1-CAT mdyosv potential for a
variety of different applications ranging from potential $torage* CO, capture?® and
Lewis acid catalysi&

Two other benzyl containing MOFs, UMCM-1-(OBn)and UMCM-1-

(OBNNG,(MeQ),),, were also prepared and exposed to UV light. UMCM-1-(Q@ B
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found to not be photolabile, as expected, and decomposed under prolonged UV exposure.
UMCM-1-(OBnNnNO,(MeOQ),), unfortunately did not undergo complete photochemical
deprotection despite containing a more photolabile protecting group ipacision with
UMCM-1-(OBNNQ,)a. Further studies should be conducted with UMCM-1-
(OBNNG,(MeQ)), in order to understand the difference in photochemical deprotection
rates. This may require revisiting the synthesis of UMCM-1{R8,(MeO),), and
improving the crystal growth (e.g., morphology) and then optimizing theopheinical
deprotection conditions (e.g., time, solvent).

Lastly, a new hydroxyl BTB ligand was synthesized with thd gbdeveloping a
bifunctionalized UMCM MOF. Synthesis 4B was accomplished, b@0 could not be
achieved. After protecting8 with o-nitrobenzyl,19 proved to have very poor solubility,
and therefore could not undergo hydrolysis to y@0d Its precursorsl7/18, are still
promising ligands that can be protected with other hydroxyl prategioups or other
functional substituents. Ultimately, the goal would be to protechydeoxyl groups of
18, and as a starting point, mix the ligand with ABDCand Zn(NQ), to yield a UMCM
MOF that can undergo PSM and PSD. The amino groups would be mdulgteand
then the photolabile groups would be removed afterwards to unmask thexylyd
functionality. This dual postsynthetic approach has great potentause it would
allow for two different functionalities to be present within thenfework. The overall
distribution and location of the functional groups would be known since thesjtaated
on similar, but different ligands (e.g., tritopic vs. ditopic). Maddifion of either

functionality can be controlled via the reaction conditions. Moreovevingpaa
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bifunctional system may lead to the discovery of new matedpalgarious applications,

such as MOFs catalysts that resemble biomimetic systems.

6.3 Experimental Methods

General. Starting materials and solvents were purchased and used without
further purification from commercial suppliers (Sigma-AldrichfaAResar, EMD, TCI,
Cambridge Isotope Laboratories, Inc., and othets)*C NMR spectra were recorded
on a Varian FT-NMR spectrometer (400 or 500 MHz). Elementalysisawas
performed by NuMega Resonance Laboratories, San Diego, CA. 4Bdh4éne-1,3,5-
triyl-tribenzoic acid® (BTB) was synthesized as reported in Chapter 3. 2-hydroxy-1,4-
benzenedicarboxylic acidl), and 2,3-dihydroxy-1,4-benzenedicarboxylic ad&il Were
synthesized according to literature procedtres.

Dimethyl 2-hydroxyterephthalate (2). 1** (2.42 g, 13.3 mmol) was dissolved in
250 mL of MeOH. Conc. 80, (5 mL) was added and the solution was refluxed
overnight (=18 h). Upon cooling the reaction to room temperature, tl@HMeas
removed under vacuum. The remaining solution was neutralized withtedtiaHCQ
(aq) solution and the product was extracted withb@H(3x50 mL). The organic layer
was isolated, washed with brine (4x15 mL), and the@Hwvas removed under vacuum
to obtain a white solid. Yield: 2.65 g (95%)H NMR (CDCk, 400 MHz, 25°C)3 3.92
(s, 3H; CQCHg), 3.98 (s, 3H; CECHg), 7.52 (dd, 3(H,H)=8 Hz, 4(H,H)=1.6 Hz, 1H;
ArH), 7.63 (d, 4(H,H)=1.6 Hz, 1H; ArH), 7.90 (d, BH,H)=8.4 Hz, 1H; ArH). **C
NMR (CDCl, 100 MHz, 25 °C)s 52.5, 52.6, 115.7, 118.8, 119.7, 130.0, 136.4, 161.2,

165.9, 169.9. ESI-MS(+Jn/2209.23 [M-H].
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Dimethyl 2-((2-nitrobenzyl)oxy)terephthalate (3). 2 (1.83 g, 8.7 mmol) was
dissolved in 40 mL of DMF. 2-nitrobenzyl bromide (2.26 g, 10.4 mmol) a@iCK
(2.49, 17.3 mmol) were added and the mixture was stirred at 85 °GhfoARer cooling
to room temperature, the;€0O; was filtered off, and the solvent removed under vacuum
to reveal a slightly orange solid. Yield: 2.74 g (90%H NMR (CDCk, 400 MHz,
25°C): & 3.95 (s, 3H; C@CHg), 3.95 (s, 3H; CECHs), 5.62 (s, 2H, Ch 7.52 (t,
3J(H,H)=8 Hz, S(H,H)=0.8 Hz,1H; ArH), 7.74 (q, BH,H)=7.6 Hz, 4(H,H)=1.2 Hz,
3H; ArH), 7.92 (d, 34(H,H)=8 Hz, 1H; ArH), 8.22 (t, XH,H)=8 Hz, 4(H,H)=1.2 Hz,
2H; ArH). °C NMR (CDCk, 100 MHz, 25 °C)5 52.3, 52.6, 67.7, 114.0, 122.0, 124.2,
124.9, 128.4, 128.8, 131.9, 133.1, 134.3, 134.8, 146.6, 157.3, 165.7, 165.9. ESI-MS(+):
m/z345.87[M+H], 362.79[M+NH4], 368.07[M+Nal].

2-((2-nitrobenzyl)oxy)terephthalic acid (4). 3 (2.47 g, 7.1 mmol) was dissolved
in 80 mL THF followed by the addition of 4% KOH (aq) (80 mL). Af&irring the
solution at room temperature for 2 h, the solution was diluted witerw&0 mL) and
washed with diethyl ether twice (25 mL). The aqueous laysroslected and acidified
to pH~1 with concentrated HCI to precipitate out an off white sollthe solid was
collected via vacuum filtration, washed with® and dried under vacuum with heat.
Yield: 2.2 g (98%).*H NMR (d6-DMSO, 400 MHz, 25°C)5 5.60 (s, 2H; Ch), 7.62 (m,
3H; ArH), 7.78 (d, 3(H,H)=8 Hz, 1H; ArH), 7.82 (t, XH,H)=7.6 Hz, 4(H,H)=1.2 Hz,
1H; ArH), 8.06 (d, 3(H,H)=8 Hz, 1H; ArH), 8.16 (dd, BH,H)=8 Hz, 4(H,H)=1.2 Hz,
1H; ArH). C NMR (d°-DMSO, 100 MHz, 25 °C)s 67.4, 114.2, 122.1, 125.3, 126.0,
129.2, 129.4, 131.4, 133.1, 134.6, 135.2, 147.2, 146.8, 166.9, 167.1. ESI-M&(-):

316.17[M-HJ.
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Preparation of UMCM-1-OBnNO,. Zn(NG;),6H,O (3.26 g, 10.9 mmol),
4,4’ 4”-benzene-1,3,5-triyl-tribenzoic acid (0.4 g, 0.91 mmol), 4r§@.87 g, 2.75 mmol)
were dissolved in 100 mL DMF. The solution was sonicated and divided intoL10
portions and transferred to 10 scintillation vials (20 mL capaciti)eaThe vials were
placed in a sand bath and the bath was placed in an isothermdieated at 85 °C for
48 h. Clear needle clusters were found in each vial. Oncedlsewere cooled to room
temperature, the mother liquor was decanted and the crystalswashed with DMF
(310 mL), rinsed with CHGI (2x10 mL) and left to sit for 3 days with fresh CHCI
added every 24 h. The crystals were stored in gl needed. The average yield of
dried UMCM-1-OBnNQ per vial was approximately 40 mg (37% based on BTB, 0.038
mmol per ligand). Anal. Calcd for 40(C,7H1506)1.33 (C15H9NOy): C, 52.18; H, 2.49; N,
1.20. Found: C, 52.09; H, 3.78; N, 1.2@pon photochemical deprotection to UMCM-1-
OH: Anal. Calcd for ZrO(Cy7H1506)1.33 (CsH4O0s): C, 50.87; H, 2.33; N, 0. Found: C,
50.99; H, 3.23; N, 0.43.

UMCM-1-OH Direct Synthesis Attempt. 1(0.51 g, 2.8 mmol), BTB (0.4 g,
0.91 mmol), and Zn(Ng),-6H,0 (3.26 g, 10.9 mmol) were dissolved in 100 mL DMF.
The solution was sonicated, divided into 10 mL portions, and transferrelD to
scintillation vials (20 mL capacity each). The vials wel&ced in a sand bath and the
bath was placed in an oven and heated to 85 °C for 48 h. No solid produets wer
generated.

Dimethyl-2,3-dihydroxyterephthalate (6). 5'° (10 g, 50 mmol) was dissolved in
250 mL MeOH. Conc. FBOy (-2 mL) was added and the solution was refluxed

overnight. After cooling the reaction to room temperature, MeOBl iemoved under
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vacuum to yield a brown solid. The crude solid was neutralized aitiN@HCQ and
the product was extracted using £&Hp. The organic layers were combined, dried with
MgSQ,, filtered, and concentrated under vacuum to yield a light beigk séield: 6.9 g
(60%). 'H NMR (CDCk, 400 MHz, 25°C)3 3.99 (s, 6H), 7.34 (s, 2H), 10.94 (s, 2H).
3C NMR (CDC}, 100 MHz, 25 °C)5 52.9, 116.0, 118.5, 151.7, 170.3. ESI-MS{h)z
227.05 [M+H] , 243.93 [M+NH]".

Dimethyl-2,3-bis(nitrobenzyl(oxo))terephthalate (7). 6 (2.0 g, 8.8 mmol) was
dissolved in 60 mL DMF. 2-nitrobenzyl bromide (4.2 g, 19 mmol, 2.2 eq) a@®OK
(5.1 g, 37 mmol, 4.2 eq) were subsequently added and the mixture wassftat 80
°C for 2 h. After cooling the mixture to room temperaturgDHvas added to the
solution to precipitate out the crude product. A pale yellow solglis@ated by vacuum
filtration and was washed with copious amounts gDHo remove KCO; and DMF.
The solid was then washed with MeOH to remove any unreacted mimmgldaromide.
An off white solid was obtained and dried under vacuum. Yield: 3.7 g)(85%NMR
(CDCls, 400 MHz, 25°C)5 3.84 (s, 6H), 5.47 (s, 4H), 7.35 (dt, 2H= 0.8 Hz, 7.8 Hz ),
7.54 (dt, 2HJ) = 1.2 Hz, 7.6 Hz ), 7.68 (s, 2H), 7.90 (dd, 2H 1 Hz, 7.8 Hz ), 7.99 (dd,
2H,J = 1.2 Hz, 8 Hz ).*C NMR (CDC}, 100 MHz, 25 °C)5 52.8, 72.9, 124.7, 126.5,
128.1, 128.2, 130.0, 134.0, 134.3, 146.3, 152.7, 165.5. ESI-M${#):519.17
[M+NH,]*, 520.19 [M+Na].

2,3-bis(nitrobenzyl(oxo)terephthalic acid (8). 7 (2.0 g, 4.0 mmol) was
dissolved in 80 mL of THF. 4% KOH (aq) (80 mL) was added to the salatnd the
reaction was left stirring at room temperature for 2 h. rAfeamoving THF under

vacuum, the solution was filtered and washed once with diethyl. effiee solution was
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subsquently acidified to pH~1 using a 1M HCI solution resulting infawlaite solid.

The off white solid was collected by vacuum filtration, washeith wopious amounts of

H,0, and dried under vacuum with heat. Yield: 1.7 g (94%)NMR (d°-DMSO, 400

MHz, 25°C):§ 5.36 (s, 4H), 7.50 (t, 2H] = 7.6 Hz), 7.58 (s, 2H), 7.63 (t, 28,= 7.6

Hz), 7.79 (d, 2HJ= 8 Hz), 8.00 (d, 2HJ = 8.4 Hz). **C NMR (d®-DMSO, 100 MHz, 25

°C): 0 72.9, 125.0, 126.3, 129.1, 129.2, 131.3, 133.5, 134.5, 146.9, 151.7, 166.9. ESI-
MS(+): m/z466.92 [M+H] .

UMCM-1-(OBnNO ), synthesis. 8(1.26 g, 2.7 mmol), BTB (0.34 g, 0.78
mmol), and Zn(N@), - 6H,O (3.22 g, 10.8 mmol) was dissolved in 100 mL of DMF by
sonication. The solution was split into 10 mL portions and placed into 20 mL
scintillation vials. The vials were then transferred to arhesobal oven at 85 °C for 48
h. Colorless needle clusters were found in all vials. The nekdieers were washed
with DMF (3x10 mL) and soaked in CHE(12 mL) overnight. After 24 h, the CHCI
was decanted from the vial and fresh CkWghs added. The solution was replaced with
fresh CHC} every 24 h for a total of 3 days and the crystals were storétH@i; until
further used. Yield: 50 mg (49% based on BTB, 0.04 mmol per ligandal. &alcd for
Zn,0(C,7H1506)1 39 C22H14N2040): C, 52.57; H, 2.59; N, 2.12. Found: C, 51.71; H, 3.95;
N, 2.24. Upon photochemical deprotection to UMCM-1-CARnal. Calcd for
ZNn40(Ca7H1506)1.33 (CsH406)0.75(C1sHsNOg)o. 125 C22H14N2010)0.125 C, 50.65; H, 2.36; N,
0.48. Found: C, 48.49; H, 3.82; N, 0.85.

UMCM-1-CAT Direct Synthesis Attempt. 5 (0.053 g, 0.027 mmol), BTB
(0.034 g, 0.078 mmol), and Zn(NR6H0O (0.322 g, 1.23 mmol) were dissolved in

either 10 mL of DEF or DMF with sonication. The vials were tlandferred to an oven
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and heated at 85 °C for 48 h. A dark orange-brown solid was fouedation mixtures
using either DEF or DMF as solvent. PXRD analysis of the prednclicated that
neither material was UMCM-1-CAT.

Dimethyl-2,3-bisbenzyl terephthalate (9).6 (1.0 g, 4.4 mmol) was dissolved in
30 mL DMF. Benzyl bromide (2.1 mL, 17.6 mmol, 4 eq) an€®&; (3 g, 21.7 mmol, 5
eq) were subsequently added and the mixture was left to 0 a&C for 1 h. After
cooling the mixture to room temperature, the crude product was&xtrasing brine and
CHCIl;. The CHCY layer was isolated, dried with MggQiltered, and concentrated by
vacuum to yield an orange oil. After allowing the oil to cool ddvack to RT, MeOH
was added and an off white solid precipitated. The solid waatesblby vacuum
filtration and washed with MeOH. The filtrate was then reteolaand concentrated until
solid precipitated again. The solid was isolated by vacuuratidtr and combined with
the previous product. Yield: 1.4 g (78%H NMR (CDCk, 400 MHz, 25°C)5 3.88 (s,
6H), 5.13 (s, 4H), 7.35-7.43 (m, 12H), 7.56 (s, 2H). ESI-MS(#)x407.17 [M+H],
423.93 [M+NH]", 429.10 [M+Nal].

2,3-bisbenzyl(oxo)terephthalic acid (10).9 (1.0 g, 4.0 mmol) was dissolved in
20 mL of THF. 4% KOH (aq) (20 mL) was added to the solution andefhetion was
left stirring at room temperature for 2 h. After removing THF under vacuum, thesolut
was filtered and washed once with diethyl ether. The solutiorswasequently acidified
to pH~1 using a 1M HCI solution resulting in a white solid. The evisiblid was
collected by vacuum filtration, washed with copious amounts xf, tnd dried under
vacuum with heat. Yield: 0.71 g (77%)H NMR (d®-DMSO, 400 MHz, 25°C)5 5.03

(s, 4H), 7.34-7.39 (m, 12H), 7.50 (s, 2H). ESI-MSf3)Jz377.00 [M-H].
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UMCM-1-(0OBn) ; synthesis. 10(0.51 g, 1.3 mmol), BTB (0.17 g, 0.39 mmol),
and Zn(NQ),-6H,0 (1.60 g, 5.4 mmol) was dissolved in 50 mL of DEF by sonication.
The solution was split into 5 mL portions and placed into 10 mL saitdifi vials. The
vials were then transferred to an isothermal oven at 85 °C for 48ale. yellow clusters
were found in all vials. The clusters were washed with OB¥10 mL) and soaked in
CHCI; (12 mL) overnight. After 24 h, the CHQOWlas decanted from the vial and fresh
CHCI; was added. The solution was replaced with fresh geN&ry 24 h for a total of 3
days and the crystals were stored in CH@Itil further used. Yield: 25 mg (52% based
on BTB, 0.02 mmol per ligand).

Dimethyl-2,3-bis((4,5-dimethoxy-2-nitrobenzyl)oxy)terephthalate (11).6 (1.0
g, 4.4 mmol) was dissolved in 30 mL DMF. 4,5-dimethoxy-2-nitrobenzyl wer(.7
g, 9.6 mmol, 2.2 eq) and-KO; (2.6 g, 18.8 mmol, 4.2 eq) were subsequently added and
the mixture was left to stir at 80 °C for 1 h. After coolirge tmixture to room
temperature, O was added to the solution to precipitate out the crude product. A
yellow solid was isolated by vacuum filtration and was washiéd @@pious amounts of
H,O to remove KCO; and DMF. The solid was then washed with MeOH to remove any
unreacted benzyl bromide. A pale solid was obtained and dried under vadalu:

2.3 g (85%).*H NMR (CDChk, 400 MHz, 25°C)5 3.87 (s, 6H), 3.89 (s, 6H), 3.92 (s,
6H), 5.49 (s, 4H), 7.35 (s, 2H), 7.60 (s, 2H), 7.70 (s, 2H). ESI-M3(#):634.13
[M+NH,4]*, 639.16 [M+Na], 655.10 [M+KT.

2,3-bis((4,5-dimethoxy-2-nitrobenzyl)oxy)terephthalic acid (12). 1.0 g, 1.6

mmol) was dissolved in 40 mL of THF. 4% KOH (aq) (40 mL) was adddke solution

and the reaction was left stirring at room temperature for &fter removing THF under
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vacuum, the solution was filtered and washed once with diethyl. effiee solution was
subsequently acidified to pH~1 using a 1M HCI solution resultingpal@ yellow solid.

The pale yellow solid was collected by vacuum filtration, washki¢ial copious amounts

of H,0, and dried under vacuum with heat. Yield: 0.93 g (99%)NMR (CDClk, 400
MHz, 25°C):6 3.75 (s, 6H), 3.81 (s, 6H), 5.34 (s, 4H), 7.27 (s, 2H), 7.52 (s, 2H), 7.58 (s,

2H). ESI-MS(-):m/z587.12 [M-H].

UMCM-1-(OBnNO (MeO),), synthesis. 121.58 g, 2.7 mmol), BTB (0.42 g,
0.96 mmol), and Zn(Ng),-6H,0 (3.22 g, 10.8 mmol) was dissolved in 100 mL of DEF
by sonication. The solution was split into 10 mL portions and placed2idtonL
scintillation vials. The vials were then transferred to athesoal oven at 85 °C for 48
h. Pale yellow clusters were found in all vials. The clustese washed with DMF
(3%x10 mL) and soaked in CH{12 mL) overnight. After 24 h, the CH{Nas decanted
from the vial and fresh CHgwas added. The solution was replaced with fresh HCI
every 24 h for a total of 3 days and the crystals were store#i@i;@intil further used.
Yield: 43 mg (31% based on BTB, 0.03 mmol per ligand).

Methyl-4-iodo-2-((2-nitrobenzyl)oxy)benzoate (13). Methyl-4-iodosalicyate
(2.0 g, 3.6 mmol) was dissolved in 20 mL of DMF..(QO; (1.0 g, 7.6 mmol) and-
nitrobenzyl bromide (0.86 g, 4.0 mmol) was added and the mixture was phaced
preheated 80 °C oil bath. After heating for 2 h, the mixture wascdoen to RT and
H,O was added to precipitate out the crude orange product. Thevsaliddashed with
H,O several times followed by MeOH washes to remove any cteeanitrobenzyl

bromide. A pale orange solid was obtained and was left to dtheotouse vacuum.
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Yield: 1.2 g (80%).'H NMR (CDCk, 400 MHz, 25°C)5 3.91 (s, 3H), 5.53 (s, 2H), 7.41
(d, 1H,J = 7.2 Hz), 7.45 (s, 1H), 7.52 (t, 1Bi= 7.6 Hz), 7.59 (d, 1H] = 8 Hz), 7.78 (t,
1H,J = 7.6 Hz), 8.22 (dd, 2H] = 8 Hz).

Methyl-4-iodo-2-methoxybenzoate (14). The procedure was adapted from
literature®® Methyl-4-iodosalicyate (4.8 g, 17.3 mmol) was dissolved in 20 mL of DMF
K>CO; (9.6 g, 69.6 mmol) and methyl iodide (2.1 mL, 34.5 mmol) was added and the
mixture was left to stir at RT for 2 h. The reaction was foundd to completion by
TLC. KyCOs; was filtered from the reaction and the DMF solution was usédout
further purification for the next stegH NMR (CDCk, 400 MHz, 25°C)5 3.82 (s, 3H),
3.84 (s, 3H), 7.30 (s, 1H), 7.34 (d, 1Hs 8.4 Hz), 7.45 (d, 1H] = 8.4 Hz). ESI-MS(+):
m/z292.82 [M+H].

1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (15PDMF (20
mL) was added to a flask containing 1,3,5-triboromobenzene (2.0 g, 6.4 mmol),
bis(pinacolato)diboron (5.1 g, 20.1 mmol), Pg@ppf) CHCI, (0.164 g, 0.2 mmol), and
KOACc (3.76 g, 38.3 mmol). The reaction mixture was placed in prethea bath at 90
°C and left stirring under Novernight. The dark brown mixture was removed from the
oil bath and left to cool to RT. J was added to the flask and a light grayish brown
solid was isolated by vacuum filtration. The crude product washed with HO several
times and was used without further purification. Yield: 2.7 g (93%) NMR (CDCE,

400 MHz, 25°C)3 1.32 (s, 36 H), 8.36 (s, 3H). ESI-MS(#){z474.09 [M+NH]".

Dimethyl-3,3"-dimethoxy-5'-(3-methoxy-4-(methoxycarbonyl)phenyl)-
[1,1:3',1"-terphenyl]-4,4"-dicarboxylate (16a). The procedure was adapted from

literature®! 15 (2.2 g, 4.8 mmol), Pd(PBh (1.6 g, 1.4 mmol), and 4CO; (10.4 g, 75
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mmol) were added to the4 DMF solution followed by an additional 20 mL of DMF.
The flask was placed in a preheated oil bath at 90 °C undandNleft stirring overnight.
The flask was removed from the oil bath to cool down to REO Was added to the
mixture, which caused a dark red brown solid to precipitate. The ddrkrown solid
was isolated by vacuum filtration and was redissolved igGTH The CHCI, was dried
with MgSQ,, filtered, and then concentrated to yield a dark red oil. The redasl
purified twice via column chromatography (Si@H.Cl,, 10% EtOAc/CHCI,) to yield
the pure product as a beige solid. Yield: 1.0 g (37%). NMR (CDCk, 400 MHz,
25°C):4 3.91 (s, 3H), 3.98 (s, 3H), 7.21 (s, 1H5 1.6 Hz), 7.27 (dd, 1Hl = 1.6, 8 Hz),
7.78 (s, 1H), 7.93 (d, 1H,= 8 Hz). ESI-MS(+)m/z570.99 [M+H].
Dimethyl-3,3'-dimethoxy-[1,1'-biphenyl]-4,4'-dicarboxylate (16b). The orange
solid was isolated befor&6a eluted off the column.Yield: 0.3 g (10%). 'H NMR
(CDCls, 400 MHz, 25°C)3% 3.91 (s, 6H), 3.98 (s, 6H), 7.14 (s, 2H), 7.18 (d, 24,8
Hz), 7.88 (d, 2HJ = 8 Hz). ESI-MS(+)m/z474.09 [M+NH]".
5'-(4-carboxy-3-hydroxyphenyl)-3,3"-dihydroxy-[1,1":3',1"-terphenyl]-4,4" -
dicarboxylic acid (17). The procedure was adapted from literatirel6a (1 g, 1.75
mmol) was dissolved in dry GBI, and cooled to -78 °C in a dry ice/isopropanol bath
under N. 1.0 M BBg in CH,Cl, (16 mL) was added to the pale yellow solution, which
resulted in turning the solution red-brown. The solution waddestir overnight while
slowly warming up to RT. A yellow-orange solid was presenta ftask and MeOH
was slowly added to the mixture to quench any remaining.BBiter letting the reaction
stir for several minutes, the solvent was removed under vacuum. The yellowish solid wa

redissolved in MeOH and the solvent was removed agay® Whs then added to the
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solid, and a crude off white solid was isolated by vacuum filtnatwhich was washed
with H,O several times. The crude solid was generally used diiecthe esterification
step. Attempts to purify the crude solid involved heating in hot Et@#tisolating the
white solid by vacuum filtration. No yields were obtained fohesitstep. *H NMR
(CDCls, 400 MHz, 25°C)5 7.46 (d, 1H,) = 8 Hz), 7.52 (s, 1H), 7.86 (d, 1BI= 8.4 Hz),
8.02 (s, 1H). ESI-MS(-m/z242.10 [M-2H}", 484.95 [M-H].
Dimethyl-3,3"-dihydroxy-5'-(3-hydroxy-4-(methoxycarbonyl)phenyl)-
[1,1:3',1"-terphenyl]-4,4"-dicarboxylate (18). Crudel7 was dissolved in 100 mL of
MeOH and ~2 mL of conc. 50, and was refluxed for 24 h. During the reflux, an off
white solid precipitated from solution, providing indirect confirmatioat tthe methyl
ester product had formed. The solution was cooled to RT and the Me®kemaved
under vacuum. The solid was dissolved i,ChHland sat. NaHC®was slowly added to
the vigorously stirring solution until the solution became basic. HgCl, layer was
then isolated and dried with MggCfiltered, and then concentrated under vacuum to
yield a pale yellow solid. Yield: 0.65 g (60%fH NMR (CDCk, 400 MHz, 25°C)3
3.99 (s, 9H), 7.20 (d, 3H,= 8 Hz), 7.30 (s, 3H), 7.84 (s, 3H), 7.93 (d, 3H; 8.4 Hz),

10.85 (s, 3H).

Dimethyl-5'-(4-(methoxycarbonyl)-3-((2-nitrobenzyl)oxy)phenyl)-3,3"bis((2-
nitrobenzyl)oxy)-[1,1":3",1"-terphenyl]-4,4"-dicarboxylate (19). 18 (0.53 g, 1.0
mmol) was dissolved in 10 mL DMF and placed in a 90 °C oil batfCCk (0.9 g, 6.5
mmol) was added followed by the additionoafhitrobenzyl bromide (0.72 g, 3.3 mmol).

The mixture was stirred for 2 h and was cooled to R7O Was added to precipitate out
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the crude product as a pale yellow solid. The solid was waslted,0 followed by
MeOH to remove any unreactednitrobenzyl bromide, resulting in a very light beige
solid. Yield: 0.8 g (86%)."H NMR (CDCk, 400 MHz, 25°C)5 3.97 (s, 9H), 5.69 9 (s,
6H), 7.35 (d, 3H,) = 8 Hz), 7.39 (s, 3H), 7.51 (t, 3d,= 7.2 Hz), 7.79 (t, 3H] = 8 Hz),
7.80 (s, 3H), 8.05 (d, 3H,= 8 Hz), 8.16 (d, 3H] = 8.4 Hz), 8.34 (d, 3H] = 8 Hz).

MOF Synthesis Attempt with 18. Purified 18 (22 mg, 0.045 mmol) was
dissolved in either 5 mL of DMF or DEF with Zn(NR6H.0 (94 mg, 0.32 mmol). The
vials were transferred to an 85 °C oven and heated for 48 h. €caysjalline spheres
were present in the DMF vial while yellow powder was found in t&# Dial. PXRD
analysis showed both products were different from one another and didsantbte
MOF-177. Although the DMF vial did produce crystalline material cttystals were not
well formed and were not suitable for single crystal X-ray diffraction.

Digestion and Analysis by'H NMR. Approximately 5 mg of protected and
deprotected UMCM was dried under vacuum at RT (or used immeduitely BET
analysis) and digested with sonication in 3000f d®>-DMSO and 100-20QL of dilute
DCI (23 uL of 35% DCIl in RO diluted with 1.0 mL ot>-DMSO).

Digestion and Analysis by ESI-MS. ESI-MS was performed using a
ThermoFinnigan LCQ-DECA mass spectrometer, and the data whgead using the
Xcalibur software suite. Samples for analysis by ESIMS were prepgreithler 10uL of
digested'H NMR solution diluted in 0.5~1 mL of MeOH or by digesting proteciad
deprotected UMCM crystals (0.1~1 mg) in 1 mL of MeOH with sonication.

Thermal Analysis. Approximately 8-15 mg of protected and deprotected

UMCM (dried after gas sorption analysis) was used for TGAsuements. Samples
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were analyzed under a stream of dinitrogen using a TA Insttu@&00 SDT running
from room temperature to 600 °C with a scan rate of 5 °C/min.

PXRD Analysis. Approximately 15 mg of as-synthesized UMCM (in DMF or
EF), UMCM-1-OBnNQ and UMCM-1-OH (soaked in DMF), UMCM-1-(OBnN,
UMCM-1-(OBn), and UMCM-1-(OBnNnNQ@MeQ),), (soaked in CHG), or UMCM-1-
CAT (soaked in toluene) was air dried before PXRD analysis.dBoX-ray diffraction
(PXRD) data were collected at ambient temperature on a Bri&erAdvance
diffractometer at 40 kV, 40 mA for Cudk(L = 1.5418 A), with a scan speed of 3 or 5
sec/step, a step size of 0.02° i, &and a B range of 2-35°. The experimental
backgrounds were corrected with either Eva 14 from the BrukeFRANEplus basic
evaluation package or the Jade 5.0 software package.

BET Surface Area Analysis. Approximately 35-60 mg of protected and
deprotected UMCM (previously soaking in CHOlas evacuated on a vacuum line for a
minimum of 2 h (protected UMCM) or a minimum of 5 min (deprotectedddM at RT.
The sample was then transferred to a preweighed samplendloegassed at 25 °C on
an Micromeritics ASAP 2020 Adsorption Analyzer for a minimum of 1@ luntil the
outgas rate was <pmHg. The sample tube was re-weighed to obtain a consistent mass
for the degassed protected or deprotected UMCM. BET surface (ardg)
measurements were collected on three independent samples dfi@&clat 77 K by
dinitrogen on an Micromeritics ASAP 2020 Adsorption Analyzer using vetdm
technique. Pore size distribution was determined using the Horvath-Kawazde mode

Single Crystal X-ray Diffraction. Single crystals of protected and deprotected

UMCM in CHCI; were mounted on nylon loops with Paratone oil and placed under a
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nitrogen cold stream (200 K). Data was collected on a Biygex diffractometer using

Mo Ka radiation § = 0.71073 A) controlled using the APEX 2010 software package. A
semiempirical method utilizing equivalents was employed to dofoe@bsorption. All

data collections were solved and refined using the SHELXTL suiteprotected and
deprotected UMCM were treated with the “squeeze” protocol inTRLA to account for
electron density associated with the nitrobenzyl substituentsoampautially occupied or
disordered solvent (e.g., CHLIwithin the porous framework. Structural details are
available at the CCDC under deposition numbers 786348, 786349, 786350, and 786351.

Photochemical deprotection - UMCM-1-OH. One vial of UMCM-1-OBnNQ@
(40 mg) was rinsed with EtOAc (3x10 mL) and transferred to azjuassel with 20 mL
capacity. The solution was decanted and EtOAc (8 mL) was adtlkd.vessel was
placed inside a Rayonet RPR-200 photoreactor with 365 nm lamps. ridthaiing the
samples for 3 h, the yellow supernatant was decanted and the Aglgeasrystals were
rinsed with EtOAc (3x5 mL). Fresh EtOAc (8 mL) was added the vessel was placed
back inside the photoreactor chamber. This rinsing process wagerepaae more at 20
h. After 24 h, the crystals were washed with EtOAc (3x10 amd exchanged back into
CHCI; (2x10 mL) and soaked overnight in fresh CEHQIO mL).

Photochemical deprotection - UMCM-1-CAT. One vial of UMCM-1-
(OBNNQ,), (50 mg) was split into 10-15 mg portions and transferred to fouilktioh
vials (20 mL capacity). EtOAc (15 mL) was added to eachandl all four vials were
placed inside a Rayonet RPR-200 photoreactor with 365 nm lamps. ridthaiing the
samples for 1-2 h the yellow supernatant was decanted. Freslt Et&®AL) was added

to each vial and the vials were placed back inside the photoreactimber. In a typical
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24 h period, the crystals were rinsed with CH@&hd resoaked in fresh EtOAc twice
within a 12 hour span and were agitated once inbetween to egialeegposure. After
48 h, the four vials were recombined and the crystals were wastie&WAc (3 x 10
mL). Samples for metallation were kept in EtOAc while gagption samples were
washed with CHGI(3 x 10 mL) and soaked overnight in fresh CEH@R mL).
Photochemical deprotection - UMCM-1-CAT optimized: EtOAc (15 mL) was
added to one vial of UMCM-1-(OBnNf) and a glass plunger was used to lightly crush
the needle clusters. The vial was then placed inside a RaR&i-200 photoreactor
with 365 nm lamps. After irradiating the sample for 1 h, theoyebupernatant was
decanted and fresh EtOAc (15 mL) was added to the vial. Anymergairystal clusters
were lightly crushed with the glass plunger again and the samgderansferred back
into the photoreactor chamber. The crystals were then resoakeghnEtOAc (15 mL)
after another 1-2 h. In a typical 24 h period, the supernatant wiaxed with fresh
EtOAc 2-3 times. After 48 h, the crystals were washed wihAE (3 x 10 mL), washed
with CHCk (3 x 10 mL), and soaked overnight in fresh CHQ@2 mL). 'H NMR
analysis of UMCM-1-CAT showed an improved ~85% deprotection.
UMCM-1-(OBnNO ,), treated with Fe(acac). Fe(aca (14 mg, 0.04 mmol)
was added to UMCM-1-(OBnN£{» in 2 mL of EtOAc. After 24 h at RT, the supernatant
was decanted and the crystals were washed profusely with E¢OA® mL). The
crystals were soaked in 10 mL of EtOAc overnight and the pragassepeated for a
total of 3 days or until the supernatant was colorless. The lsryséae washed with

CHCI3 (3%x10 mL) and stored in CHE(12 mL) until further needed.



242

UMCM-1-FeCAT treated with Fe(acack. Fe(acac)3 (14 mg, 0.04 mmol) was
added to UMCM-1-CAT (40 mg) in 2 mL of EtOAc. After 24 h at Rfie supernatant
was decanted and the crystals were washed profusely with E¢OA® mL). The
crystals were soaked in 10 mL of EtOAc overnight and the pragassepeated for a
total of 3 days or until the supernatant was colorless. The lsryséae washed with
CHCI; (3%x10 mL) and stored in CHE(12 mL) until further needed.

Solid State UV-Vis analysis. Approximately 15-20 mg of protected and
deprotected UMCM (typically soaked in CHETlWas air dried before UV-Vis analysis.
Solid state spectra were collected using an StellarNeR®RFE spectrometer with a
diffuse reflectance probe.

Geometric Calculation of Surface Areas. The accessible surface area of each
structure was calculated from a simple Monte Carlo integraechnique described
previously (K.S. Walton, R.Q. Snurr, “Applicability of the BET methoddetermining
surface areas of microporous metal-organic framewotks®m. Chem. So&29, 8552-
8556 (2007); T. Duren, F. Millange, G. Ferey, K.S. Walton, R.Q. Snurr, “Céalogla
geometric surface areas as a characterization tool for metal-organ@iorks,”J. Phys.
Chem. C111, 15350-15356 (2007)) where a probe molecule is effectively “rolled” over
the framework surface. Briefly, a probe molecule was randamsbried around each of
the framework atoms in turn and checked for overlap with other Wwankeatoms. The
fraction of probe molecules that did not overlap with other framewmswas then
used to calculate the accessible surface area. The probedatiavasttaken as the van
der Waals diameter of nitrogen, 3.72 A. By this method the calcubg@dsurface areas

for UMCM-1-(OBnNG), and UMCM-1-CAT were 3493 and 412G/ respectively.
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6.5 Appendix

Table 6-1. Crystal data and structure refinement for UMCM-1-OBaNO
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Identification code

UMCM-1-OBnN®

Empirical formula

C51 H29 N O16 Zn4

Formula weight 1173.23
Temperature 205(2) K
Wavelength 0.71073 A
Crystal system Hexagonal
Space group P 63/m

Unit cell dimensions

a=41.275(2) A a=90°.
b=41.2752) A p=90°.
c=17.5787(10) A y = 120°.

Volume 25936(3) B

A 6

Density (calculated) 0.451 Mgfm
Absorption coefficient 0.569 mml

F(000) 3540

Crystal size 0.50 x 0.20 x 0.20 mi

Theta range for data collection

1.51 to 25.36°

Index ranges

-49<=h<=37, -47<=k<=49, -21<=I<=21

Reflections collected

168049

Independent reflections

16395 [R(int) = 0.0869]

Completeness to theta = 25.00°

99.9 %

Absorption correction

Semi-empirical from equivaken

Max. and min. transmission

0.8947 and 0.7641

Refinement method

Full-matrix least-squares dn F

Data / restraints / parameters

16395/0/288

Goodness-of-fit ofF2

1.021

Final Rindices [I>2(1)]

R1 =0.0600, wR2 = 0.1917

Rindices (all data)

R1 =0.0867, wR2 = 0.2055

Largest diff. peak and hole

2.090 and -0.587 eA




Table 6-2. Crystal data and structure refinement for UMCM-1-OH.
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Identification code UMCM-1-OH
Empirical formula C44 H24 014 Zn4
Formula weight 1038.11
Temperature 200(2) K
Wavelength 0.71073 A

Crystal system Hexagonal
Space group P 63/m

Unit cell dimensions

a=41.381(13) A «=90°.
b=41.381(13) A p=90°.
c=17.548(5) A  y=120°.

Volume 26023(14) K

Z 6

Density (calculated) 0.397 Mgfm
Absorption coefficient 0.563 mml

F(000) 3120

Crystal size 0.40 x 0.15 x 0.10 Mm

Theta range for data collection

0.98 t0 25.47°

Index ranges

-49<=h<=46, -47<=k<=48, -21<=I<=21

Reflections collected

169995

Independent reflections

16596 [R(int) = 0.1827]

Completeness to theta = 25.00°

100.0 %

Absorption correction

Semi-empirical from equivaken

Max. and min. transmission

0.9459 and 0.8062

Refinement method

Full-matrix least-squares dn F

Data / restraints / parameters

16596 /0 /323

Goodness-of-fit ofF2

0.866

Final Rindices [I>2(1)]

R1 =0.0533, wR2 = 0.1005

Rindices (all data)

R1=0.1281, wR2 = 0.1135

Largest diff. peak and hole

0.420 and -0.398 eA




Table 6-3. Crystal data and structure refinement for UMCM-1-(OBaNO
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Identification code

UMCM-1-(OBnNg),

Empirical formula

C58 H34 N2 O19 Zn4

Formula weight 1324.35
Temperature 200(2) K
Wavelength 0.71073 A
Crystal system Hexagonal
Space group P 63/m

Unit cell dimensions

a=41.288(2) A o= 90°.
b=41.288(2) A p=90°.
¢ =17.5402(9) A y=120°.

Volume 25894(2) R

Z 6

Density (calculated) 0.510 Mg/m
Absorption coefficient 0.574 mml

F(000) 4008

Crystal size 0.35x 0.25 x 0.20 Mm

Theta range for data collection

1.29 to 25.36°.

Index ranges

-44<=h<=49, -49<=k<=45, -21<=I<=20

Reflections collected

140103

Independent reflections

16358 [R(int) = 0.0797]

Completeness to theta = 25.00°

99.9 %

Absorption correction

Semi-empirical from equivaken

Max. and min. transmission

0.8938 and 0.8243

Refinement method

Full-matrix least-squares dn F

Data / restraints / parameters

16358 /0/307

Goodness-of-fit ofF2

0.981

Final Rindices [I>2(1)]

R1 =0.0609, wR2 = 0.1753

R indices (all data)

R1 =0.0964, wR2 = 0.1861

Largest diff. peak and hole

0.565 and -0.563 eA




Table 6-4. Crystal data and structure refinement for UMCM-1-CAT.
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Identification code UMCM-1-CAT

Empirical formula C47 H26 N0.40 O15 Zn4
Formula weight 1097.76

Temperature 200(2) K

Wavelength 0.71073 A

Crystal system Hexagonal

Space group P 63/m

Unit cell dimensions

a=41.377(3) A o= 90°.
b=41.377(3) A p=90°.
c=17.5217(13) A y = 120°.

Volume 25979(3) R

z 6

Density (calculated) 0.421 Mgfm
Absorption coefficient 0.566 mml

F(000) 3305

Crystal size 0.40 x 0.10 x 0.07 Mm

Theta range for data collection

1.50 to 25.33°.

Index ranges

-49<=h<=49, -49<=k<=47, -21<=I<=15

Reflections collected

117586

Independent reflections

16376 [R(int) = 0.1218]

Completeness to theta = 25.00°

100.0 %

Absorption correction

Semi-empirical from equivaten

Max. and min. transmission

0.9615 and 0.8054

Refinement method

Full-matrix least-squares dn F

Data / restraints / parameters

16376 /0 /286

Goodness-of-fit ofF2

0.839

Final Rindices [I>2(1)]

R1=0.0477, wR2 = 0.1067

R indices (all data)

R1 =0.1075, wR2 = 0.1165

Largest diff. peak and hole

0.451 and -0.471 eA
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