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Abstract

The aim of this thesis is to demonstrate that the inorganic clusters within MOF-5 can
be derivatized with redox-active cations for subsequent use in coordination chemistry
and small-molecule activation. Rather than reproduce known metal species, this
work harnesses the intrinsic properties of the MOF-5 lattice to isolate species that
are difficult or impossible to achieve with solution-phase molecules or even other
materials. Most of these MOF-5 variants are synthesized through a technique known
as cation exchange-a process not well understood.

Part 1, chapters 1-6, is devoted to studying the parameters that govern this phe-
nomenon and how they may be manipulated. The first chapter surveys the known
examples of cation exchange at the secondary building units of MOFs and poses ques-
tions to guide future studies. Chapter 2 reports the isolation of a Ni2+-exchanged
variant of this material and demonstrates that this unusual species and changes to
its coordination environment can be monitored by conventional methods. Chapter 3
establishes that the original Zn 2+ in MOF-5 also interact with coordinating ligands,
but with no more than one Zn 2+ in each cluster interacting at a time. Chapter 4 pro-
poses that this observation explains why only one Zn 2+ is replaceable by 0h cations
and provides a strategy for replacing the remaining Zn2+ ions. In chapter 5, meth-
ods for analyzing crystallographic data are presented for locating and quantifying the
occupancy of cations inserted into a MOF. Finally, Chapter 6 describes the solvent
dependence of the kinetics and thermodynamics of cation exchange.

Part 2, chapters 7-9, describes the reactivity of MOF-5 after replacement with
redox-active cations. Chapter 7 provides evidence that the Fe2+ sites in Fe-MOF-5
possess the flexibility and reactivity to interact with N 2. In Chapter 8, Ti3+, V3+, V2+,
Cr3+, Cr2+, Mn2+, and Fe2+ variants are shown to undergo electron transfer. Finally,
we conclude with evidence that Fe-MOF-5 promotes the disproportionation of NO.
Together, these chapters lay the foundation for the eventual goal of heterogeneous
catalysis at well-defined metal sites in MOFs.

Thesis Supervisor: Mircea Dinca
Title: Assistant Professor
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Chapter 1

Cation Exchange in MOFs

1.1 Motivation

The chemical transformation of reactant molecules into products often requires elec-

tron transfer from transition-metal species. The role that they play may be catalytic,

where the metal species remains unchanged at the end of numerous transformations,

or stoichiometric, where it is consumed after just a single transformation. If the reac-

tant and metal species share the same phase, their interaction is called homogeneous

and typically involves molecules in the liquid phase. Often, in industrially relevant

catalysis, the metal species is in the solid state, reacting with liquid- or gas-phase

molecules, in which case the interaction is heterogeneous. When employing homoge-

neous or heterogeneous systems, each enjoys distinct advantages. For example, the

active metal species in homogeneous reactions can be studied through precise charac-

terization methods and, once identified, can be equated with the bulk material. This

precision translates into great control over the properties and, hence, reactivity of

the metal species. In heterogeneous systems, on the other hand, the metal species

remains active at high temperatures and pressures, and the material is often inex-

pensive. Despite this appeal, the active sites in heterogeneous systems may arise as

defects, rendering them difficult to characterize and control. However well-defined

metal species are in homogeneous reactions, they are constrained to milder reaction

conditions, may deactivate through mechanisms like bimolecular deactivation, 1 and
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are often expensive to synthesize and recover from reaction mixtures. The focus of

this thesis is to bridge these two classes of reactivity and combine their advantages

by using the class of materials known as metal-organic frameworks (MOFs). In par-

ticular, this thesis will demonstrate that the metal clusters comprising MOFs can be

viewed as well-defined molecules that are endowed with the unique ligand field of the

MOF lattice and that they can undergo redox chemistry with small molecules.

MOFs are coordination polymers with permanent porosity after evacuation. They

consist of metal cations or inorganic clusters tethered together by organic molecules

that contain multiple functional groups capable of ligating to metal sites. The inor-

ganic clusters are often referred to as metal nodes or secondary building units (SBUs).

Over the past two decades, MOFs have been tested for many applications, but the

SBUs are almost always treated as structural supports, thought to be too rigid for

further chemistry-at least without compromising the integrity of the material. We

noticed, however, that on occasion the resulting SBUs are unusual metal species when

viewed from the perspective of classical inorganic synthesis. For example, the material

known as MnMn-BTT contains a four-coordinate Mn2+ with C4 symmetry in the

asymmetric unit and another with C, symmetry and only two coordinate geometry. 2

Inspired by these cases, we sought to prove that the SBUs of MOFs can be used as

novel platforms for coordination chemistry and small-molecule activation.

For the SBUs to be employed for reactivity studies we had to demonstrate that

they met several criteria. For this task, we focused on the iconic example known as

MOF-5 since it is often employed in seminal findings about MOFs in general. In the

following chapters, the SBUs of MOF-5 are shown to support metal species that are

difficult or impossible to achieve in other materials or as molecules. Furthermore, we

show they can undergo significant geometrical distortions while dynamically interact-

ing with molecules as benign as N 2. Without disrupting the crystallinity or porosity

of MOF-5, transition-metal cations mediate both outer-sphere and inner-sphere elec-

tron transfer during transformations that can be well-understood by spectroscopy

and other characterization methods. As a proof that the SBUs can be used for small

molecule activation, we present evidence that Fe2+ ions within MOF-5 promote the
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disproportionation of NO.

MOF-5 does not normally contain unusual metal species or cations that can fa-

cilitate redox transformations. Instead, we employed a technique known as cation

exchange to replace a portion of the original Zn2+ ions with Ti3 +, V3+, V 2+, Cr3+,

Cr2+, Mn2+, Fe2+, CO2+, or Ni2 +. That this process can occur without destroying

the material is at least as fascinating as the subsequent reactivity studies discussed

in Part 2. Because the resulting materials were often isolable only through cation

exchange, we devoted much effort to understanding the factors that govern the ex-

change process so that it might be used as a general and rational tool. Part 1 of

this thesis presents our foundational studies into this area, and, as in the case of

Chapter 3, our findings guided our understanding of how to then conduct reactivity

studies. The following chapter surveys the known examples of cation exchange at

the SBUs of MOFs through a series of questions such as, "Which SBUs can undergo

cation exchange?" By directing future studies toward answering these questions, the

community will reveal deep insight into this fascinating phenomenon.1

1.2 Background

Cation exchange is a powerful tool for designing new materials. Broadly defined, it

is the partial or complete substitution of a metal ion at the site of another. This

process offers an alternative, typically milder, route for accessing materials when

conventional synthesis at high temperature fails. For decades, it has been employed

to tailor the composition of zeolites and, more recently, nanocrystals. MOFs emerged

decades ago, but cation exchange was only first demonstrated with them in 2007.3

In these materials, the exchange occurs at the SBUs. Although these clusters are

integral to the MOF structure, the metal ions can be replaced, sometimes entirely

and in a matter of hours, without compromising the structure. The details of this

fascinating transformation are unknown, and the bounty of MOF structures that

'A portion of the following chapter appeared previously in Brozek, C. K.; Dinca, M. Chem. Soc.
Rev. 2014, 43, 5456 and is reproduced here with permission from the Royal Society of Chemistry.
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undergo metal-ion substitution presents a host of curiosities to explain.

Geochemists have long known cation exchange as diadochy. 4 Minerals are rarely

pure phases because minor amounts of foreign ions of similar charge and size often

incorporate into the structure. The replacement of an ion for another at a particu-

lar crystalline lattice position is a diadochic transformation, and often requires high

temperatures and pressures. For instance, the volcanic rocks known as the olivine

series, (Mg2+, Fe2+)SiO 4 , differ by their relative composition of Mg 2 + or Fe2+, which

results from diadochic transformations in magma. 5 Meanwhile, the substitution of

Na+ into porous leucite, KAlSi 2 0 6 , occurs at temperatures as low as 150 'C, illus-

trating the role of porosity in facilitating the exchange process. 6 V. M. Goldschmidt

developed a set of rules to explain the mutual replacement of ions in magmatic min-

erals. 7 This contends that ions undergo diadochy if they possess similar charge and

radii. Ions with greater charge or smaller radii incorporate to a great degree because

they will form stronger, more ionic bonds. To account for the covalent component of

these bonds, Ringwood's rule states that ions with similar electronegativity replace

each other.' The ion with the lower value will exchange more because it will form

bonds with greater ionic character. These trends are useful for assessing the cation-

exchange behavior of MOFs, though they derive from observations with minerals,

which are typically densely packed structures.

Cation exchange is also employed with nanocrystals to finely tune their band

structures by inserting specific ions into well-defined environments.' Unlike in bulk

CdSe, Cu2 S, or similar extended materials, cation exchange in nanocrystals occurs at

room temperature at sub-second rates due to enhanced surface area and low atomic

counts. The small size of these particles also facilitates atomic reorganization and

diminishes lattice strain. This technique enables the synthesis of metastable phases

that are not achievable by conventional "hot injection" synthesis, such as Cu2 S parti-

cles with turn-on plasmon resonance. 1 0 Cation exchange also enables complexity to be

engineered into a nanocrysal device. For instance, templating CdSe on PbSe nanorods

for fixed amounts of time generates CdSe/PbSe core/shell heterostructures so that

electron and hole carriers confine within the lower band-gap PbSe core, resulting in
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high quantum yield excitonic emission."

In solution, metallo-cluster compounds and mononuclear complexes are also known

to substitute for other cations. For decades, transmetallation has been used to replace

cations in mononuclear compounds featuring multidentate ligands. The mechanism

of these exchanges often involves the transfer of a ligand to a new metal ion. 12 Cation

substitution at a molecular cluster that left the anionic framework intact was first

documented in 1982 for the adamantane-like cage compounds, [M4 - 2,M'n,(SC6 H5 )2-

(M, M' = Fe2+, C0 2+, Zn2+, Cd2+).l3 Metal exchange in these compounds was be-

lieved to involve free ions exiting the cage before the inserting species associated. How-

ever, mechanistic studies of the simpler case of Co2+ incorporating into [M4 (SPh) 10] 2-

(M = Zn or Fe) revealed a process that was quite complex.14 Few other reports have

attempted to understand cation exchange in molecules, though metallothioneins are

thought to mediate detoxification of trace metal through some version of metal ion

substitution. 15

This chapter outlines the available observations of cation exchange at MOF SBUs

so that general trends and future studies can be sketched. We organize data around

questions that need to be answered to endow this technique with predictive capa-

bilities. All known examples of metal-ion substitution at MOF SBUs and relevant

details are listed in Table 1.1 with pictorial representations of the SBUs in Figure

1-1. This discussion is confined to substitution that occurs at SBUs and not in the

pores or when metal ions are part of the ligands, in so-called metalloligands. Cation

exchange has already yielded some surprising results and new materials that have

not been accessible otherwise, but the extent of its use for designing new MOFs in a

systematic and predictive manner depends on understanding its mechanism.

1.3 Which SBUs Undergo Cation Exchange?

If we can predict which MOFs are susceptible to cation exchange, it will become a

rational tool for synthesizing new materials with intended properties. After elucidat-

ing the factors that make an SBU exchangeable, specific materials could be selected

29



for cation exchange from among the thousands of reported MOFs, and their exact

compositions could be designed beforehand. These factors are yet unknown, but sur-

veying the reported examples of cation exchange in MOFs reveals several common

features among their SBUs.

A foremost observation is that the exchangeable metal ions in an SBU are of-

ten capable of higher coordination numbers than those observed in the X-ray crys-

tal structures. For example, the series of materials known as (Cl)M-MOF-5 arise

from Ti+, V3 +, V2+, Cr3+, Cr2+, Mn2+, Fe2+, or Ni2 + replacing a four-coordinate

Zn2+ cation in each cluster of MOF-5 (Zn40(BDC) 3).' 6 ,17 Similarly, the tetrahedral

Zn2+ sites in ZIF-8 (Zn-(MeIm)) and ZIF-71 (Zn-(Cl 2 Im)) can be replaced by Mn2+

ions, 18 while the four-coordinate Zn2+ sites in MFU-41 (ZnZn4Cl4 (BTDD6 )) can be re-

placed by C02+ ions. 19 Furthermore, one of the two replaceable Zn2+ sites in JUC-118

([Zn 4(TIAPy)-(H 2 0) 4 -(EGME)2]) is four-coordinate, 20 as are two of the four unique

Zn2+ sites in Zn4-(DCPP) 2(DMF) 3(H 20)2,21 while one of the two exchangeable Zn 2 t

sites in Zn3 (CBAI) 2 (DMF) 21 is five-coordinate. 22

In several examples, the exchangeable metal ions contain open sites when fully

evacuated, but become partially solvated when immersed in solution. The family of

MOFs known as MM-BTT (M3 [(M 4 Cl)3 (BTT)s1 2 ), begin with a two-coordinate C,-

symmetric Mn2+ site and five-coordinate Mn2+ site with C4, symmetry. 2 When in

methanol, the latter gains a solvent ligand to become six-coordinate, while the former

becomes fully solvated in the cavities of the structure. Either the fully solvated or

both Mn2+ sites exchange for Fe2+, C02+, Ni 2+, Cu2+, or Zn2+. 3 An isostructural

material known as Cd3 [(Cd 4 Cl) 3 (BTT)s1 2 contains Cd2+ that demonstrates similar

coordinative changes upon solvation and replaces for Co2+ or Ni 2+. 23

Not all structures can be desolvated as MM-BTT, but the metal sites in many

other SBUs typically feature bound solvent molecules. The materials known as Zn-

HKUST-1 ([Zn 3(BTC) 2 (H20)31) ,24 PMOF-2 (Zn 24(TDCPEB)s(H 20)12 ) ,24 PCN-921

(Zn 4 (ETTB).4DMF) ,25 and Zn7(BODPDI)3 (H20)7]n[Zn 5((BODPDI)) 3(H 20)5jn2 6 con-

tain SBUs with "paddlewheel" structures. Each of the metal sites in these clus-

ters is bound to four carboxylates from the framework and one solvent molecule
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at the axial position. Cdi.5 (H 30)3 [(Cd4O) 3 (HETT)s]2.6H 20 2 7 and POST-65(Mn)

(Mn(H 30)[(Mn 4Cl) 3(HMTT)s] 2 ) 28 have the sodalite topology, like MM-BTT, with

similar partially solvated SBUs. The metal sites in the planar Cd40 clusters of

Cdi.5 (H30)3 [(Cd4 O)3 (HETT)].6H20 are each bound to a solvent molecule and ex-

change for Pb2 +. The Mn4 Cl clusters of POST-65(Mn) are partially solvated, as

in MM-BTT, and can be replaced by Fe3+, C02+, Ni2+, Cu 2+. In the case of Fe3+

exchange, the 1M4 ClI 7+ SBU transforms to [Fe40H]+, with two P2-O providing ad-

ditional charge balance. Similar to the metal sites in the "paddlewheel" and the planar

MCl/O clusters, the exchangeable Cr3+ sites in MIL-101(Cr) 29 (Cr 3F(H2 0)2 0(BDC)3 )

would be coordinatively unsaturated if not for a pendent solvent ligand in the axial po-

sition. Similarly, the SBU of the series [Co3 0(BTB) 2 (H20)x(DMF)y].zDMFnH 20

(x = y = 1, z = 7.5, n = 12; x = 2, y = 0, z = 8.5, n = 8; x = 2, y = 1,

z = 7, n = 8) contains a cobalt site with a bound solvent molecule, and all three

Co2+ sites exchange to form an entirely new structure. 30 In another case of partial

solvation, the exchangeable di-zinc sites in NTU-101-Zn 3 1 (Zn2 (TDP)(DMF) 3) and

Zn 2(BDCPPI)(DMF) 3 contain a Zn2+ ion held to the framework by only three bonds,

with its remaining coordination sphere filled by three solvent molecules. 32 The mate-

rial Zn(OOCClH 3C6 Fc) 2 (H20)3 features [-Zn2+_ 2-- Zn2+-]bC chains with each Zn2+

site bound to two bridging carboxylates that are oriented trans from each other. 33

These otherwise four-coordinate Zn2+ ions include two ligated water molecules and

can be replaced by Pb2+, Cd2+, Cu 2+, Ni2 +, C02+, Mn2+, or Cr2 +. DMSO occupies

a coordination site of the 6-coordinate Zn2+ in JUC-118, 20 two DMF molecules are

bound to a Zn2+ atom in the asymmetric unit of Zn3 (CBAI) 2(DMF) 2,22 and two of

the four Zn2+ sites in Zn4-(DCPP) 2 (DMF)3 (H20) 2 1 are ligated by DMF or H 2 0. In

one of the most complete mechanistic reports of cation exchange in a MOF, magnetic

measurements revealed that the first Zn2+ to exchange in this material is the one with

most bound solvent.

Conversely, SBUs with metal sites that are octahedrally coordinated by the frame-

work ligands and have no terminal solvento species typically do not undergo cation

exchange. For instance, of the two crystallographically distinct Zn2+ sites in MFU-41,
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the ion attached through six bonds to the framework does not exchange for Co2 .19 In

the MOF known as porphOMOM-10-Cd ([Cd6 (BPT)4C 4 (H20)41 [C44 H3 6NsCdClI),

one Cd2+ is coordinatively saturated in octahedral fashion by framework ligands,

while the other site contains a solvent ligand. 34 Cu2+ only exchanges the latter com-

pletely. Unlike the previous two examples where the extent of cation exchange could

be compared between two types of coordination environments within the same MOF,

we do not have this vantage point in analyzing [(CH3 )2NH2]Im[(Cd2 Cl)3(TATPT) 41,

where a single nine-coordinate Cd2+ ion is present in the asymmetric unit.35 Consis-

tent with the generally small degree of exchange for more highly coordinated ions,

Cd2+ centers in this structure exchange with Cu2+, C02+, Ni2+, and Zn2+, but only

to a small degree. Finally, the MOFs known as UiO-66 36 (Zr 6 O4 (OH) 4 (BDC) 12 )

and MIL-53(Al)-Br 3 6 (Al(OH)(BDC-Br)) also contain SBUs with metals bound to

the framework in high coordination and do not exchange for other ions completely.

Given that Zr4+ and A13+ form some of the strongest metal-oxygen bonds among the

metals incorporated in MOFs, it is remarkable that they undergo any extent of cation

exchange.

Metal sites that are coordinately saturated by the framework and undergo com-

plete cation exchange might do so because their weak-field ligands readily dissociate

from the metal. A ligand-field analysis of Ni-MOF-5 indicates that the MOF-5 frame-

work is a stronger ligand than halides, but is significantly weaker than coordinating

solvents such as DMSO or DMF. Considering that in MOF-5 the ligand field is weak

despite the presence of an 02 in the coordination sphere, this study suggests that

SBUs comprised of only carboxylates form weak bonds with late transition metal ions.

For example, the metal sites in both Nao.25[(CH 3)2NH2]1.75[M(HMBM) 21
37 (M = Cd2+

or Cu2+) and porphOMOM-11-Cd 34 ([Cd 4 (BPT)41-[Cd(C 4 4 H36 N8 )] are bound to six

carboxylate ligands, yet exchange for Cu2+ at 96% of the sites, virtually quantita-

tively. Here, the weak-field carboxylates might dissociate and permit cation exchange

despite the metal sites being octahedrally coordinated. The almost complete exchange

of seemingly coordinatively saturated ions is also observed with ligands other than

carboxylates. Unlike [(CH 3)2NH2]I1[(Cd2 Cl) 3(TATPT) 41 or MIL-53(Al)-Br, which
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exchange partially, the environments of these SBUs typically do not contain single

atom /p2 ligands, such as 02- or Cl-. The "paddlewheel" SBUs of PCN-921, SUMOF-

1-Zn (Zn6(BTB) 4(BP) 3), 38 and M6(BTB)4(BP) 3 (M = Co, Cu, Ni) contain 4,4'-

bipyridine bridging to an adjacent SBU, rather than a solvent molecule at the axial

position. 3 Despite lacking solvent ligands, the metal sites in these materials exchange

for Cu2 + completely. Metal ions in the SBUs of Co3 (BTX)4 (BDC) 3 (H20)4,4 0 Zn(4,4'-

BP) 2-(FcphSO 3)2 ,41 Cd(BP) 2 (FcSO 3) ,42 and [M(BTTN) 2 (H20)212 (PF6 )pyrene2
43 (M

= Cd2+, Zn2+) can be entirely replaced by Cu2+, despite being bound to four 4,4'-

bipyridine ligands and two carboxylates. Similarly, the six-coordinate Cd2+ sites in

Cd2(BTX) 2(BDC) 2 can be replaced by Cu2 +, even though they are bound to bridg-

ing carboxylates and triazole ligands. None of these examples contain chains bridged

by single atom P 2 ligands, and undergo complete exchange despite being coordina-

tively saturated by framework ligands. It is important to note that the family of

MOFs known as M-MOF-74 feature SBUs with {-M2+-02-_M2+-], chains and is

conspicuously absent from the known examples of cation exchange.

Taken together, these observations begin to reveal the factors that enable cation

exchange at certain SBUs. The pervasiveness of partially solvated SBUs among these

examples and the coordination changes that MM-BTT undergoes upon solvation call

into question whether the metal sites in MOF-5, ZIF-8, and MFU-41 are indeed un-

saturated when surrounded by solvent. If geometric flexibility and the ability of metal

sites to interact with the solvent are requisites for cation exchange, then we can begin

to sketch a mechanism for this process (see Figure 1-2). Perhaps the metal ion does

not readily leave from the cluster as a dissociated cation. Instead, solvent molecules

might associate step-wise to the exiting metal ion as it remains partially bound to the

cluster. Furthermore, since cation exchange occurs in "paddlewheel" structures with

either a solvent or 4,4'-bipyridine at the axial position of the metal site, the clusters

must be flexible enough to accommodate the inserting metal ions or, alternatively,

the carboxylates and 4,4'-bipyridine must readily dissociate without compromising

the framework. Alternatively, we may consider a model where the MOF ligands dy-

namically dissociate from metal sites in the presence of coordinating solvents and
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thereby enable cation exchange. The ability of coordinatively saturated metal sites

to exchange when surrounded by weak-field carboxylates, but not bridging 02- hg-

ands, suggests that cation exchange might become a predictable tool by quantifying

the interaction of the SBU with the metal ions. If future studies measured the ligand

field strength of the exchangeable SBUs, then general trends might emerge and aid

our understanding of the cation-exchange process. This might be achieved by UV-

Vis spectroscopy, for instance, in a manner analogous to classic solution studies of

homoleptic complexes. 44

1.4 Which Ions Exchange into SBUs?

To program physical properties into a SBU through cation'exchange, we must be

able to predict whether a particular cation will replace another and to what ex-

tent. By controlling the initial concentration of the inserting cation solution, the

thermodynamic equilibria of the exchange processes could be controlled to furnish

heterometallic SBUs for specific catalytic applications. Clusters with unusual mag-

netic and electronic properties could be assembled through judicious cation exchange

that might be otherwise impossible through direct synthesis. Attaining this depth of

understanding can be achieved by comparing how a wide variety of cations replace

SBUs in a particular MOF structure. Unfortunately, few studies report the results

of more than one exchange, and almost none report unsuccessful attempts, which in

the context of mechanistic investigations can be equally informative.

Most examples of cation exchange at SBUs involve Cu2+ replacing Zn2+ or Cd2+.

The Zn2+ ions in porph MOM-11-Zn, PCN-921, NTU-101-Zn, and PMOF-2 are

known to undergo a high degree of substitution for Cu2+, with no reported attempts

to exchange with other ions. 24,25,31,45 Similarly, the Cd2+ ions in Cd2(BTX) 2(BDC) 2

and Cd(BTX) 2C 2 can be totally replaced by Cu2 +, but their exchange with other

ions is unknown. 40 In the isostructural variants of M 2(BDCPPI)(DMF) 3 (M = Cd2+

or Zn2+) both Cd2+ and Zn2+ are fully replaced by Cu2+. 32 The Zn2+ ions in Zn-

HKUST-1 2 4 and Zn2+ or Cd2+ ion in M(BP) 2(FcSO 3) (M= Zn2+ or Cd2+) both
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exchange for Cu2+ 4 1,4 2 though not to completion. These reports do not always test

whether the cation exchange is reversible, but the reversibility of a process lends

insight into the relative thermodynamic stability of the exchanged variants. We do

know, however, that reversible Zn2+ exchange into NTU-101-Cu 31 or Cu-PMOF-2 24 is

impossible, while Zn2+ can partially replace Cu2+ in the framework of porph@MOM-

11-Cu, but not at the porphyrin metalloligand. 45 Cu2+ replaces the Zn2+ atoms in

these MOFs completely and, in the case of JUC-11820 and Zn3(CBAI) 2 (DMF)2 ,22 does

so irreversibly. While Ni2+ and C02+ do not exchange at all into Zn3(CBAI) 2 (DMF) 2,

they insert only into the six-coordinate sites of Zn4-(DCPP) 2 (DMF) 3 (H 20)2, due to

the preference for these geometries. 45

When information is available for Cu2 + as well as other transition metals ex-

changing in the same host structure, Cu2+ typically inserts to the greatest extent

and is the least reversible. In Zn2 (BDCPPI)(DMF) 3 , 97% of the Zn2+ sites are

exchangeable for Cu2+, but none can be replaced by Ni 2+, C02+, or Cd2+. 32 Simi-

larly, Cu2+ exchanges Zn2+ in Zn7 ((BODPDI))3(H20)7]n[Zns((BODPDI))3(H 20)5 ]n 26

and Cd2+ in Nao.25 [(CH3 )2NH2]1.75[Cd(HMBM) 2 , 3 7 but Ni 2+ or C02+ do not. Cu2 +,

C02+, and Ni2+ replace Zn2+ in SUMOF-1-Zn, but only Cu2+ replaces all the sites,

while Co2 t replaces 35% and Ni replaces 38% after identical times.38 In the reverse

process, the all-Zn2+ material can be regenerated from the Co2+ or Ni2+ variants

after 7 days, but Zn2+ can replace only 38% of the Cu2+ sites in SUMOF-1-Cu.

Furthermore, the C02+, Ni2+, and Zn2+ materials are all interchangeable through re-

versible cation exchange, while their replacement for Cu2+ is irreversible. Similarly,

the isostructural series M 6(BTB) 4(BP) 3 (M = Zn2+, C02+, or Ni2+) generate a Cu2 +

analogue through irreversible cation exchange, while the Co2+ and Zn2+ variants are

completely interchangeable. 39 Despite the overall low degree of cation exchange in

[(CH3) 2NH2 ] 15[(Cd2Cl)3 (TATPT) 4], Cu2 + still replaced Cd2+ more than C02+, Ni 2+,

or Zn2+.3' Among all known examples, there is only one instance in which Cu2+ is

replaced by other transition metal ions: Zn2+ and Co2+ both exchange the Cu2+ sites

in Cus(BIM) 16 , (M = Cu2+, Zn2+, or C02+ and x = 0, 0.21, or 15, respectively) albeit

only 21% and 15% of the Cu2+ sites are replaced, respectively. 46
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SBUs that exchange a variety of cations but are not fully exchangeable by Cu2+

still demonstrate preference for Cu2+. All the Mn2+ sites of POST-65(Mn) can be

replaced by Co2+, and Ni2+ but not Cu2+. Nevertheless, Mn2+ can replace only 34%

of the Cu2+, whereas the Co2+ and Ni 2+ processes are fully reversible. 28 The Mn2+

ions in the SBU of the material known as MnMn-BTT are exchangeable for Cu2+ and

Zn2+, with Cu2+ replacing Mn2+ to the fullest extent. 47 A notable exception to the

apparent dominance of Cu2+ is porphAMOM-10-Cd, where Mn2+ replaces all Cd2+

sites, while Cu2 t replaces 76%. 4

Outside the first transition series, Pb2+ and Cd2+ tend to exchange preferentially

into SBUs over Cu2+ and other transition metals. The extent that Zn2+ sites can be

exchanged in Zn(OOCClH 3C6 Fc) 2 (H 2 0)3 follows the order Pb2+ > Cd2+ > Cu2 + >

Mn2+ > Ni2 + > C02+ > Cr2+. 33 In a related system, Pb2+ replaces 75% of the Zn2+

sites of Zn_2M,(4,4'-BP) 2-(FcphSO 3)2 , whereas Cu2+ replaces just 50%.4

Although little rigorous work has been done to interrogate the kinetics of cation

exchange in MOFs, the present studies indicate that the rate of substitution into a

particular SBU depends on the identity of the metal ions. For (Cl)M-MOF-5, Ni2 +

requires up to a year to replace 25% of the original Zn2+ sites, whereas Cr2+ and

Fe2+ reach that extent in a week. Furthermore, the exchange with Mn2+ is so rapid

at room temperature that the process destroys the crystals and only proceeds in a

controlled fashion when conducted at 35 C. 17 Though the resulting materials are

isostructural, Cu2+ fully exchanges Zn 6(BTB) 4(BP) 3 in 2 days, Co6 (BTB) 4(BP) 3

in 1 day, and Ni6 (BTB)4 (BP)3 in 15 days. 39 Pb2+ replaces Cd2+ in 7 days for

Cdi.5 (H30)3 [(Cd4O)3 (HETT)s.6H 2 0, yet Co2+, Ni2 +, and Cu2+ require 12 days to

replace Mn2+ in a similar structure. 27

The dominance of Cu2+ among these examples and the preference for Cd2+ and

Pb2+ over Cu2+ might be explained by differences in electronegativity. Calculations

suggest that Pb2+ has the lowest electronegativity among the cations that undergo

exchange, followed by Mn2+ and Cd2+. Cu2+, on the other hand, has the highest

electronegativity.48 Perhaps Pb2 t, Mn 2 t, and Cd2 t ions form labile ionic bonds,

allowing them to perform cation exchange faster. This kinetic argument might explain
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why Pb2+ and Cd2 + exchange more sites than Cu2+ in Zn(OOCClH 3C6 Fc) 2(H 20)3
33

(x = 1, 0.92, and 0.76 for Pb2+, Cd2+, and Cu2+, respectively) and why Mn2+ replaces

more sites than Cu2+ in porphAMOM-10-Cd.3 4 If these experiments were allowed to

go longer, Cu2+ might have exchanged completely. The high electronegativity of Cu2+

would enable it to form bonds that are more covalent and thermodynamically stable.

A greater thermodynamic driving force would be consistent with the irreversibility

and high degree of substitution of Cu2+ exchanges. This trend in electronegativity

is also consistent with cation preference following the Irving-Williams series, 49 since

labile Mn2+ species and thermodynamically stable Cu2+ bonds constitute either end

of the series.

Even with the general trends exposed above, we cannot yet predict whether a

particular cation will replace another and to what extent. In the absence of more ex-

perimental and empirical evidence, quantum chemical calculations could prove useful

in predicting which cations form more thermodynamically stable complexes in a given

SBU. With the computed energy values, thermodynamic equilibria could be manip-

ulated to engineer SBUs with certain mixed-metal compositions. The mechanism of

cation exchange, on the other hand, will need to be studied on a case-by-case basis.

With a more detailed understanding of how the process depends on the identity of

the cation, one might control the kinetics and harness cation exchange as a synthetic

tool.

1.5 How Does the Framework Influence the Exchange?

To rationalize how cation exchange occurs at SBUs, one must remember that SBUs are

embedded in the lattice of a MOE. Although they often resemble molecular clusters,

they do not possess the degrees of freedom of molecules in solution. Thus, the lattice

limits the geometrical distortions available to an SBU. We must also understand that

the cation exchange process must occur in the MOF pores. The process is therefore

likely influenced by diffusion and pore size effects. We do not know how these intrinsic

features of MOFs impact cation exchange, but any mechanistic understanding must
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account for them. The scant observations already suggest the MOF lattice impacts

the cation exchange and vice versa.

An important evidence for this co-dependency is that certain cation exchanges can

compromise the structural integrity of a framework. For instance, the crystals are

known to crack after Cu2 t replacement of Zn2 t sites in Zn2 (BDCPPI)(DMF) 3,32 and

the material known as [Zn(BTTN) 2(H 20)21 2(PF6 )pyrene 2.4 3 As mentioned above,

especially fast exchanges into MOF-5, such as Mn2+, also deteriorate the crystals,

which is evidenced both optically and especially through surface area measurements.

For example, synthesizing Fe-MOF-5 using a solution of anhydrous FeCl 2 is rapid

and leads to inferior quality powder, whereas the exchange from Fe(BF 4)2.xH20 is

slow and gives a superior material. 17 Among the cations that substitute into MOF-5,

Ni2+ is the slowest and has the highest apparent surface area. Similarly, after C02+

exchanges Cd2+ in MMPF-5(Cd), the surface area decreases, possibly due to collapsed

pores. 50

Observations suggest that the framework itself limits the extent of cation ex-

change. The replacement of Zn2+ by C02+ in Zn6(BTB) 4 (BP) 3 occurs initially at the

exterior of the crystals and replaces interior sites after approximately a day. The

authors contend that this time dependence is the result of the lattice being more

flexible at the exterior, not of diffusion limitations in the framework pores. 39 When

rationalizing why Cu2+ exchanges 53% of the Zn2+ sites in Zn-HKUST-1 but all sites

in PMOF-2, the authors invoked a similar argument: the longer linkers in PMOF-2

endow the lattice with greater flexibility, even though its SBUs are the same as in Zn-

HKUST-1.24 Perhaps this reasoning might explain why the extent of cation exchange

in Zn1 _-Mx(4,4'-BP) 2-(FphSO 3)2 (x = 0.5, 0.75, and 0.5 for Cd2+, Pb2+, and Cu2+,

respectively) is lower for a powder material than for single crystals.4' Larger particles

might better accommodate distortions and defects introduced by the exchange pro-

cess than small ones. As will be discussed in later chapters and especially in Chapter

4, the substitution of cations in the SBU of MOF-5 is almost universally capped at

25% (i.e. only one Zn2+ ion in every Zn40 cluster). In fact, it may be surprising

that the MOF-5 lattice, which has seemingly saturated pseudo-tetrahedral Zn2+ ions,
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enables cation exchange at all. Attempting to substitute Ni2+ into basic zinc ac-

etate, a molecular analogue of the MOF-5 SBUs, is not possible with retention of the

cluster geometry. 16 Perhaps the M-MOF-74 class of materials do not undergo cation

exchange because any distortion to the [-M2+-02+-M2+_], SBUs would require a

large activation energy imposed by the lattice.

Predicting how a MOF framework influences the cation-exchange process will

become a general tool by first proceeding on a case-by-case basis. Still, knowing

how a lattice inhibits or enables substitution at a SBU would allow us to design the

composition of a material with greater precision.

1.6 What Role Does the Solvent Play in Cation Ex-

change?

Solvents differ along a wide variety of parameters that might be relevant to the mech-

anism of cation exchange at SBUs. The solvent dielectric constant, highest occupied

molecular orbital (HOMO) level, molecular size, or ligand field strength might dictate

how substitution occurs. When we develop a deeper understanding of this process,

careful selection of the solvent might become a powerful handle on the rate and extent

of cation exchange. Studies on the effect of employing different solvents are rarest for

cation exchange in MOFs, but the available observations are still useful.

Zn 2(BDCPPI)(DMF) 3 was one of the first exchangeable materials to be tested

against several solvents. The results suggest that the size of the solvation sphere

impacts the rate of substitution. While the exchange is fast in methanol, it is slow in

acetone and does not occur in larger solvents such as DMF or 1-pentanol. 32 Yet, sol-

vents appear to play a mechanistic role aside from shuttling solvated cations through

pores. Given that most SBUs feature coordinatively unsaturated metal sites or sol-

vent ligands, it is significant that all exchanges involve coordinating solvents. Most

use methanol, DMF, or H20-all strongly donating ligands with relatively high lig-

and field strengths. The Cu2+ substitution into Zn-HKUST-1 occurs more slowly
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in DMF than in the weaker Lewis-base methanol.24 Perhaps the Co2+ exchange

into MMPF-5(Cd) does not go to completion because the strongly donating solvent,

DMSO, was used. 50 Cu2+ inserts into Zn 4(TIAPy)-(H 20)4 -(EGME)2 in the presence

of 2-methoxyethanol but not common solvents such as DMF, MeOH, or acetone. 20

Since 2-methoxyethanol also induces a single crystal-to-single crystal transformation,

perhaps it allows cation exchange by facilitating bond rupture between the Zn2+ and

carboxylate ligands in the MOE. Based on the ligand-field analysis of Ni-MOF-5, "

the lattice is a far weaker ligand than solvents used for cation exchange. If solvents

act as ligands during the exchange mechanism, then they might associate to SBUs

and weaken the bonds between the exiting metal ion and the framework. They might

also stabilize reactive intermediates or dictate the rate at which the inserting metal

ion desolvates and subsequently enters the SBU.

Systematic studies will be needed to elucidate how solvents influence the mecha-

nistic details. Future reports should attempt their synthesis procedures with multiple

solvents and plot the extent of exchange versus relevant solvent parameters. Finding

a single parameter that correlates well with exchange rate would shed light on the

crucial steps of the exchange process. For an example, if substitution rate in a par-

ticular MOF correlates with dielectric constant, then perhaps the role of the solvent

is to stabilize an intermediate with a large dipole moment. Each system will need

to be studied individually, but with many thorough solvent investigations we could

learn about the cation exchange mechanism in general. We will present in Chapter 6

our work with MOF-5 and MFU-41 to demonstrate these sorts of studies are possible

and informative. 5

1.7 Applications

As a research direction, cation exchange at MOF SBUs is still in its infancy, but

the exchange process already has applications that are impossible to achieve through

conventional synthetic routes. Most of the materials covered in this chapter can only

be made through cation exchange. Isolating Ni-MOF-5 is possible by solvothermal
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Figure 1-2: Simplified mechanistic pathways for cation exchange at MOF SBUs.
Green and red spheres represent exiting and inserting metal ions, respectively. Or-
ganic linkers are shown in gray and solvent is depicted in yellow.
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synthesis, but all other variants in the (Cl)M-MOF-5 family are not. M-HKUST-1 (M

= Zn2+ or Cu2+), M-PMOF-2 (M = Zn2+ or Cu2 +), MIL-53(Fe)-Br, MIL-53(Al)-Br,

MIL-101(Fe), MIL-101(Al), and the class of MOFs known as M 6(BTB) 4 (BP) 3 (M =

Co2+, Ni2 +, Cu2+, or Zn2+) are accessible through direct synthesis, but the mixed-

metal derivatives have only been accessed by cation exchange. The Mn2+ , 2 Fe2+)5 2

and Cu2+ 53 variants of MM-BTT can be made directly, but cation exchange remains

the only route to the Zn2+, C02+, Ni 2+-based materials. 32 3

The most common application for cation exchanged-MOFs is in gas storage. In-

stalling cations with open coordination sites and open-shell electronic structures en-

hances the adsorption interaction between the SBU and guest molecule to increase

the overall gas uptake. Whether starting from CdCd-BTT2 3 or MnMn-BTT, 3 al-

tering the cation identity leads to tunable apparent surface areas, H2 uptake, and

H 2 adsorption enthalpies. So far accessible only by cation exchange, the partially

exchanged Co2+ derivative exhibited an unprecedented initial enthalpy of adsorption,

AH, of 10.5 kJ/mol. Calculations suggest that ZnZn-BTT should exhibit the largest

enthalpy of adsorption. Although only a partially substituted Zn analogue has been

reported, the all-Zn material may be accessible through cation exchange."5 Soaking

POST-65(Mn) in a solution of Fe2+, C02+, Ni2+, or Cu2+ leads to isostructural ana-

logues with enhanced H 2 uptake when measured in mole of gas per mole of material.

Most show greater AH than the initial 5.21 kJ/mol of POST-65(Mn), with POST-

65(Fe) displaying a AH of 6.60 kJ/mol. Each variant also displays distinct magnetic

properties, with the Co2+, Ni 2+, and Cu 2+ materials showing antiferromagnetic cou-

pling while the Fe2+ version exhibits ferromagnetic coupling.28 The Zn2+-variants of

HKUST-1 and PMOF-2 do not show appreciable gas uptake since they are not sta-

ble to complete desolvation. The Cu 2+ analogue of HKUST-1 is, on the other hand,

stable to desolvation, and greater amounts of Cu2+ substitution into the Zn2+ parent

material lead to significant N2 uptake indicative of greater porosity and stability. 24

Similarly, the ability of M6 (BTB) 4(BP)3 (M = CO2+, Ni2 +, or Zn2+) to adsorb N2

can be tailored by altering the ratio of any two of these cations in the structure. 39

Finally, while NTU-101-Zn exhibits a BET surface area of just 37 m2 /g, the Cu 2 +
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variant adsorbs significant amounts of H 2, C0 2, and N2 to give a BET value of 2017

m 2 /.31

The application of cation exchange that will be the focus of this thesis in the

nascent area of small molecule reactivity and catalysis in MOFs. Even in these

examples, most reports focus on simply demonstrating reactivity or catalysis; it is

unfortunately not yet common practice to show how the new SBUs compare with the

state-of-the-art (heterogeneous) catalysts for a given transformation. For instance, af-

ter replacing the Cd2+ ions in porph@MOM-10-Cd with Mn2+ or Cu 2+, the MOFs are

capable of catalyzing the oxidation of trans-stilbene to stilbene oxide and benzalde-

hyde in the presence of tert-butyl hydroperoxide. 34 Here, the conversion and turnover

number compare well to molecular Mn3+[TMPyP] under similar conditions. The

Cu2+, Zn2+, and C02+ variants of the helical framework known as M.Cui - (BIM)16

catalyze the self-coupling of 2,6-di-tert-butylphenol under ambient conditions to af-

ford 3,3',5,5'-tetra-tert-butyl-4,4'-diphenoquinone. 46 After replacing the four exterior

Zn2+ sites in the SBU of MFU-41 with Co2+, Co-MFU-41 becomes catalytically active

in oxidizing CO to C0 2.

As will be discussed later, cation exchange builds a fundamentally new platform for

reactivity studies because the resultant metal clusters of SBUs are often unusual coor-

dination motifs that are difficult or impossible to achieve as solution-phase molecules.

For example, no molecule is known to stabilize Ni2+ or C02+ in the two-coordinate

environment conferred by MM-BTT. The metal species in the (Cl)M-MOF-5 family

are without precedent in either materials or molecules because of the unusual all-

oxygen, dianionic, and tripodal ligand field in the MOF-5 SBU. These sites are some

of the few examples of divalent metal ions in three-fold symmetric tetradentate en-

vironments. A ligand-field analysis of Ni-MOF-5 indicates that MOF-5 is by far the

strongest ligand to stabilize Ni2+ in a pseudo-tetrahedral geometry, which is remark-

able because ligand fields of similar strength coerce Ni2+ to assume a square planar

configuration. Preliminary studies demonstrate that these unusual species perform

small-molecule activation without compromising the integrity of the lattice. The Fe2+

centers in Fe-MOF-5 react with NO to generate an unusual ferric nitrosyl, which is
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the only example of electron transfer to NO in a MOF and the only example of a

ferric nitrosyl in an all-oxygen environment.

Viewing the cation exchanged SBUs as molecular entities will be a useful perspec-

tive for conceiving new applications in reactivity and catalysis. Reimagining SBUs

as coordination environments for various transition metal ions constructs an entirely

new platform for coordination and redox chemistry. SBUs will act as superior cat-

alysts only by treating the SBU as an unusual ligand environment. This viewpoint

inspired the use of open-coordination and open-shell metal ions to enhance H2 up-

take. Novel porous magnets might result from installing particular metal ions into

desirable molecular entities. Only a few reports have investigated the applications of

cation exchange, but the ability to insert reactive metal ions into specific geometries

should enable chemistry that is otherwise impossible to achieve.

1.8 Outlook

Being able to substitute specific metal ions into predefined environments is a level of

control uncommon to solid-state synthetic chemistry. Cation exchange into the SBUs

of MOFs is already unlocking materials with unprecedented properties that cannot

be achieved otherwise. However, harnessing this process as a predictive synthetic

tool will require understanding its mechanistic details. The available experimental

observations are insufficient to draw meaningful conclusions about how the process

transpires in even a particular material. Future studies, including those we proposed

here, will uncover trends that will make this technique predictive. We recommend

that if a MOF appears active for cation exchange, then the substitution should be

attempted for a variety of metal species and solvents to tease out trends. The rate

and extent of exchange under these different conditions could be compared against

various chemical properties of the metal ions and solvents to find parameters that

are most relevant to the mechanism. Chapter 6 describes our early attempts at this

approach. Future studies should also report exchange conditions that did not work

along with those that did. Such detailed, seemingly obscure, observations might prove
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critical in uncovering a deeper understanding of cation exchange.

Discovering how SBUs undergo cation exchange will teach us about MOF chem-

istry and dynamics in general. For example, if coordinating solvents enable the ex-

change process by binding to metal sites in SBUs, perhaps this will reveal that MOFs

dynamically interact with solvents and are not as rigid as commonly assumed or as

portrayed by X-ray crystal structures. This is the conclusion we draw in Chapter

3 when studying MOF-5. Elucidating these sorts of fundamentals about MOFs will

have profound consequences for any of their applications. Understanding how the

lattice flexibility or the symmetry of the SBU limits the geometrical distortions of the

metal site will shape future catalytic studies of MOFs. The reactivity of metal sites

could be controlled with the fine level of control we enjoy with molecular catalysts,

but with the unexplored solid-state ligand environment of MOFs. Cation exchange

at the SBUs of MOFs promises a new landscape of materials chemistry and our in-

vestigations have only just begun.
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SBU
9

Common Name
MIL-53(Al)-Br

Inserted cation
Fe3 +

Molecular Formula
Al(OH)(BDC-Br)
Co(H 30) [(Co4 Cl) 3(HMTT)8 ] 2
Co6 (BTB)4(BP)3
Co3(BTX)4(BDC)3(H 20)4
CoO(BTB)2(H 20)2(DMF)y-zDMF-nH 20
Zn2.5Co1.5(DCPP)2(DMF) 3(H 20)2
Zn3.9Co2 .1(BTB)4 (BP) 3
Cd1.5(H 30)3[(Cd4O)3(HETT)8]-6H 20
Cd(BTX) 2C 2
Cd2 (BTX)2 (BDC) 2

Cd3[Cd4ClJ(BTT)8] 2

Cd(BTTN) 2 (H 20) 21 2(PF6 )pyrene 2
Cd(BP) 2(03SFSO3)-(CH 30H)4

[(CH 3)2NH2] 15 [(Cd 2Cl) 3(TATPT) 4]

Ci56H6OCdjjN12051

Cd4(BPT)4] - [Cd(C44H36N 8)] - [ MeOH,H 20]
[Cd6 (BPT)4Cl4(H 20)4] - [C44H36N 8CdCl]
NaO.25 [(CH 3)2 NH2]1.75 [Cd(HMBM) 2]
Cr3F(H 20)20(BDC) 3
Cu 2/3Mni/3(H30)[(Cu 8/3Mn4/3C) 3(HMTT)81 2
[Cu(BTTN) 2(H 20)2] 2(PF6)pyrene 2
Cu6(BTB)4(BP) 3
Cu(BIM)16
Cu4(DCPP)2(DMF)3(H 20)2
Fe(OH)(BDC-Br)

Table 1.1: The known examples of MOF SBUs that undergo cation exchange. SBU numbers refer to structures depicted in

Figure 1-1. The exchangeable metal sites are shown in bold and presented alphabetically.

Extent
undertermined

complete
complete
complete
complete
complete
complete
complete
complete
complete

complete

complete
50%

Cu2 + 7.7%, Co2- 6.2%,
Ni2

+ 4.3%, Zn 4.6%
complete at porphyrin

complete
Mn complete, Cu 76%

96%
Al3 + 10%, Fe3+ 5.8%

34%
complete

38%
Zn 20.81%, Co 14.97%

complete
undetermined

Conditions
H20, 85 -C, 5 d
DMF, RT, 1 mo

DMF, RT, 1 d, 1 d, 2 d
H 20, RT, 7 d

DMF/EtOH, RT, 1 wk - 3 wk
MeCN, 80 'C, 3 h

DMF, RT, 7 d
H20, RT, 7 d
H20, RT, 7 d
H20, RT, 7 d

MeOH, 80 'C, 30 d

MeOH, RT 30 d
MeOH, RT, 30 d

DMF, RT, 5 d

DMSO, 85 -C, 2 d
MeOH, RT, 10 d
MeOH, RT, 1 mo
MeOH, RT, 7 d
H20, 100 -C, 3 d
DMF, RT, 1 mo
MeOH, RT, 10 d
DMF, RT, 3 mo

H20, RT, 5 d
MeCN, 80 'C, 6 h
H20, 85 -C, 5 d

Reference
36
28

39

40

30

21

38

27

40

40

23

43

42

35

50

45

37

37

29

28

43

38

46

21

36

11 POST-65(Co) Mn2 +

18 Ni 2+, Cu2+, Zn2+

8 Cd2+

20 Co3 +

28 Zn2+

18 SUMOF-1(Co:2Zn) Zn2+

2 Pb2+, Dy3 +, Nd3+

Cu
2+

7 Cu
2+

Co2 +, Ni
2
+ not Mn2",

4 CdCd-BTT Fe
2

+, cu2
4, or Zn2 +

15 Cu
2+

14 Cu2
+

Cu
2+, CO

2+,
19 Ni2+,Zn 2+

21 MMPF-5(Cd) C02+

23 porphUMOM-11-Cd Cu2+

24 porph MOM-10 Mn2+, Cu 2+

22 Cu2+not Ni2
+ or C02+

13 MIL-101(Cr) A13+, Fe3+

11 POST-65(Cu) Mn2+

15 Cd2+

18 SUMOF-1-Cu Zn2+

25 Zn2+, C02+

28 Zn2+

9 MIL-53(Fe)-Br A13+



Molecular Formula SBU Common Name Inserted cation Extent Conditions Reference

Mn3[(Mn 4Cl) 3 (BTT)s] 2

Mn(H30)[(Mn 4Cl)3 (HMTT)1 2

Ni6 (BTB) 4(BP) 3
Zn 3.72Ni2.28 (BTB) 4(BP) 3
Ni(H30)[(Ni 4Cl)3 (HMTT)sJ 2
Zn2Ni2 (DCPP)2(DMF) 3(H 20)2
Pb.5 (H30)3 [(Pb40)3 (HETT)8 ]-6H 20

ZnOOCClH 3C6 Fc) 2 (H 20)3

Zn(4,4'-BP)2 -(FcphSO 3)2
[Zn(BTTN) 2 (H 20)2] 2(PF6 )pyrene 2
Zn2 (BDCPPI)(DMF) 30
Zn3 (BTC)2 (H 20) 3
Zn24(TDCPEB)s(H 20)1 2
Zn6 (BTB) 4(BP) 3
Zn2(TDP)(DMF) 3
Zn4 (ETTB)-4DMF.xSolvent
Zn6 (BTB) 4(BP)3
[Zn7 (BODPDI) 3(H 20)7], [Zns(BODPDI) 3 (H 20)3],
Zn4 (TIAPy).(H 20)4.(EGME) 2
Zn3 (CBAI) 2(DMF) 2

Zn4 (DCPP)2 (DMF)3 (H 20)2

ZnZn4 Cl4 (BTDD)e
Zn-(MeIm)
Zn-(Cl 2Im)

Zn4O(BDC)3

4 MnMn-BTT

11 POST-65(Mn)

18
18
11
28
2

12

14
15
16
17
17
18
16
17
18
17
26
27

28

3
5
6

SUMOF-1-(Ni:2Zn)
POST-65(Ni)

Zn-HKUST-1
PMOF-2

NTU-101-Zn
PCN-921

SUMOF-1-Zn

JUC-118

MFU-41
ZIF-8

ZIF-71

1 MOF-5

10 UiO-66ZreO4 (OH) 4(BDC)1 2

Li+1 Fe2+, C02+,
Ni

2
+, Cu 2+, Zn

2
+

Fe3 , Co2 +,
Ni2 , Cu2+

Cu
2+

Zn 2+

Mn2+
Zn2+
Cd2+

Cd2+, Pb2+, Cu
2

+

Cu
2

+

Cu 2+ Not C02+, Ni
2

+, Cd2+
Cu

2+
Cu

2+
Ni

2+, Cu
2+, C02+

Cu
2+

Cu
2

+

Cu
2+, C02+, Ni

2
+

Cu 2+ not Ni
2
+ or C02+

Cu
2+

Cu2+, not Co2+ or Ni
2

+

Cu
2+, C02+, Ni

2
+

C02+

Mn2+
Mn2+

Ti
3
+ V

3
+, V

2
+,

Cr3 , Cr2 , Mn2+
Fe2+, Ni

2
+

T& , Hf4 +

Li 21%, Fe- 20%,
C02+ 20%, Ni 2

+ 18%,
Cu2+ 92%, Zn2+ 80%

Fe3 , Co 2+,
Ni2 + 100%, Cu 2+ 66%

complete
complete
complete
complete
complete

Pb2+ 100%, Cd2+ 92%, Cu 2+ 76%

Cd2+ 40%, Pb2+ 75%, Cu 2+ 50%
complete

97%
53%

complete
complete

80%
complete

Cu 100%, Co 35%, Ni 38%
87%

98.8%
Complete

Cu 2+ 100%, C02+ and Ni2+

only Oh sites
80% (not Zn2 )

12%
10%

Ti
3

+ 2.3%, V
3
+ 5%,

V
2
+ 4.3%, Cr3

+ 35%,
Cr 2 + 24%, Mn 2+ 11%,
Fe2+ 24%, Ni2+ 25%
T

4 + 94%, Hf4+ 18%

MeOH, RT, 1 mo

DMF, RT, 12 d

DMF, RT, 15 d
DMF, RT, 7 d

DMF, RT, 1 mo
MeCN, 80 'C, 4 h

H 20, RT, 3 wk

H 20, RT, 5 d

MeOH, RT, 30 d
MeOH, RT, 6 h
MeOH, RT, 4 d

MeOH, RT, 3 mo
MeOH, RT, 3 d
DMF, RT, 2 d
DMF, RT, 14 d
DMF, RT, 4 d

DMF, RT, 3 mo
MeOH, RT, 7 d

2-methoxyethanol, RT, 3 d
DMF-H 20, RT, 5 d

MeCN, 80 'C, 4 h

DMF, 140 -C, 20 h
MeOH, 55 'C, 24 h
MeOH, 55 'C, 24 h

DMF, RT, 7 d

DMF, 85 -C, 5 d

Table 1.2: Continuation of Table 1.1.

2,3,47

28

39

38

28

21

27

33

41

43

32

24

24

39

31

25

38

26

20

22

21

19

18

18

16,17

36
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Chapter 2

MOF-5 Stabilizes an Unusual

Pseudo- Td Ni2 + Species

2.1 Abstract

In this chapter, we demonstrate that inorganic clusters in Zn40(BDC) 3 (MOF-5)

can be employed as tripodal ligands to enforce an unusual pseudo-tetrahedral oxygen

ligand field around Ni 2+. The Ni2 + variant of MOF-5 is characterized by porosity

measurements and a suite of electronic structure spectroscopies. Classical ligand field

analysis of the Ni2+ ion isolated in MOF-5 depicts the Zn30(carboxylate) 6 tripo-

dal ligand as an unusual, stronger field ligand than halides and other oxygen donor

ligands. This chapter also establishes that that the inserted Ni2+ can undergo ge-

ometrical transformations without disrupting the MOF lattice. These changes can

be monitored by spectroscopy and manipulated using by invoking the same steric

arguments employed by molecular chemists.1

1A portion of this work appeared previously in Brozek, C. K.; Dincd, M. Chem. Sci. 2012, 3,
2110 and is reproduced here with permission from the Royal Society of Chemistry.
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nZn

Figure 2-1: Illustration of the Zn 30(carboxylate)6 SBU of MOF-5 as a tripodal sup-
port that enforces a tetrahedral oxygen ligand field, akin to standard chelating ligands
such as the tetra-amine on the right.

2.2 Introduction

In molecular inorganic synthesis, ligands are used to tune the environment around

metal ions. This fine level of control is uncommon in the solid state. As a proof-

of-concept, we reconceived the SBU of MOF-5 55 as a tripodal ligand for metals that

are typically incompatible with tetrahedral oxygen ligand fields, such as Ni2+ (see

Figure 2-1). Normally, Ni2 + (d') prefers octahedral or square planar coordination

in oxygen ligand fields because the ligand field splitting outweighs the spin pairing

energy. It assumes tetrahedral geometry only when trapped in condensed lattices

such as ZnO, 56,57 or when surrounded by bulky supporting ligands. 58-62 The resulting

pseudo- Td species is site-isolated, allowing its unusual properties and its interaction

with donating ligands to be monitored by UV-Vis-NIR spectroscopy and magnetic

measurements.

2.3 Results and Discussion

Colorless crystals of MOF-5 were soaked in a saturated solution of Ni(N0 3)2-xH20.

The resulting yellow crystals were washed repeatedly with DMF and CH2 C12 without

loss of color until the solvent no longer showed UV-Vis absorption profiles charac-

teristic of solvated Ni2+ ions. Powder X-ray diffraction and elemental analysis of

these yellow crystals revealed a pattern nearly identical to that of MOF-5 (Figure
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Evacuated Ni-MOF-5

As-synthesized Ni-MOF-5

Simulated Ni-MOF-5

-- A -A Ao AA

5 10 15 20 25 30 35 40 45

20(0)

Figure 2-2: Powder X-ray diffraction patterns of Ni-MOF-5. Differences in intensity

between the as-synthesized and evacuated Ni-MOF-5 are due to orientation effects.

These occurred because the samples were prepared without grinding to avoid decom-

position in the presence of moisture.
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2-2) and a Ni:Zn ratio of 1:3. Shorter soaking times engendered lower levels of Ni2+

substitution, with Ni:Zn ratios of 1:10 achievable after two weeks. Alternatively, the

material could be isolated directly, through solvothermal synthesis. Heating mixtures

of Zn(N0 3)2.xH20, Ni(N0 3)2.xH 20, and H2BDC in DMF afforded cubic yellow crys-

tals whose diffraction pattern matched that of MOF-5. We observed that the Ni:Zn

ratio in these samples depended on the relative concentrations of Ni(N0 3 )2.xH20 and

Zn(N0 3)2.xH20 yet never exceeded 1:3 (Figure 2-3). In fact, increasing the Ni:Zn

ratio in the reactant mixture above 6:1 led to selective formation of a yet uniden-

tified crystalline green powder that did not match the X-ray diffraction pattern of

any known Ni2+-BDC or Zn2+-BDC phases. The upper limit of the Ni2+ content

was similar to what had previously been reported as a curiosity in Co2+-substituted

MOF-5 materials.6 3 Based on these observations, we hypothesized that the yellow

color of as-synthesized Ni2+-substituted MOF-5 was indicative of octahedral Ni2+

and that the MOF-5 SBU accommodates only one such distortion. Additional Ni2+

substitution into the ensuing NiZn30 cluster is prevented by a large kinetic barrier

as it would exert debilitating strain on the lattice. The presence and identity of the

two additional ligands that complete the coordination sphere of octahedral Ni2+ was

confirmed by thermogravimetric analysis, which showed that two DMF molecules per

Ni center are lost by heating the yellow crystals between 70 and 150 'C (Figure 2-

4). Zn40(carboxylate)6 SBUs wherein one Zn2+ is hexa-coordinate and binds two

DMF molecules have been reported, offering precedent for the formulation of Ni-

substituted MOF-5 as (DMF) 22NiZn4 - O(BDC) 3 (0 < X < 1), ((DMF) 2Ni-MOF-5).

Remarkably, heating (DMF) 2Ni-MOF-5 under vacuum afforded indigo crystals.

Further characterization revealed this material to have the formula Nix Zn4 - XO(BDC) 3,

which we term Ni-MOF-5, and that it contained pseudo-tetrahedral Ni2 + supported

only by oxygen ligands, shown in Figure 2-5. Single-crystal X-ray diffraction analysis

revealed that the asymmetric unit of Ni-MOF-5 features a single metal site, indicat-

ing that Ni2+ substitutes Zn2+ inside the SBU of a structure otherwise identical to

MOF-5 (see 2.2). Functional similarity to MOF-5 was also established by porosity

measurements. The indigo Ni-MOF-5 adsorbed 825 cm 3 of N 2/g at 1 atm and 77 K
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Figure 2-3: Formula of Ni-MOF-5 as a function of the initial molar ratio of Ni:Zn
used in the preparation. Higher initial ratios of Ni:Zn leads to phase segregation and
isolation of a yet unidentified green crystalline powder that does not match that of
MOF-5 or any known Ni-BDC or Zn-BDC phases.

and exhibited a BET surface area of 3300(100) m 2/g, analogous to original MOF-5

(Figure 2-6).72 FT-IR analysis of Ni-MOF-5 confirmed the absence of a C=O stretch

at 1660 cm- 1 that would be expected if DMF were still coordinated to Ni2+ (Figure

2-7). In contrast to Be 2+ and C02+ analogues of MOF-5,7 3 Ni-MOF-5 is built from

SBUs that do not have molecular analogues, highlighting the importance of the lat-

tice in stabilizing otherwise inaccessible molecular species. Soaking basic zinc acetate

crystals, Zn4 0(O2C-CH 3)6 ,7 4 in an anhydrous DMF solution of Ni(N0 3 )2.6H 20 for

up to three weeks led to the decomposition of the metal cluster, not the incorporation

of Ni 2+.

The pseudo-tetrahedral geometry around the Ni2+ was quantified by diffuse re-

flectance UV-Vis-NIR spectroscopy (blue trace in Figure 2-8), and magnetic measure-

ments. Despite the slight deviation from tetrahedral geometry around Ni2+, Ni-MOF-

5 exhibited a spectrum that resembled solution-phase spectra of strictly tetrahedral

Ni2+ complexes. 75 -1 A peak at 1020 urn (9803 cm- 1) can be assigned to the 3T1 (F)

--+ 3A 2 transition of a d" tetrahedral ion (V2), while the doublet of peaks at 540 nm

(18,500 cm- 1) and 608 nm (16,400 cm- 1) can be assigned to the 3T 1 (F) -+ 3T1 (P)
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Figure 2-4: Thermogravimetric analysis plot of (DMF)0.72NiO.36Zn 3.64 0(BDC)3

Species V3 (cm- 1) v2 (cm- 1 ) B (cm- 1 ) Dq
82 [NiBr4]2- 13320 6995 379 201
82NiC4]2~ 14760 7470 405 206
82Ni(NCO) 412- 16200 9460 511 311
57CdS:Ni2+ 12395 7840 570 400
57ZnO:Ni 2+ 15720 8340 770 420
57ZnS:Ni2+ 12790 9750 560 475
6 1Ni(OAr) 4]2- 16820 10000 867 540

Ni-MOF-5 17406 9803 1045 753

Table 2.1: Calculated Racah and ligand field parameters of various tetrahedral Ni2+
species based on observed transitions v 2 and v3.

transition (v3 ), where 3P is split by spin-orbit coupling into 3Po (A 1 ), 3P1 (T1 ), 3P2

(E + T2) respectively. 56 A ligand field analysis of this spectrum using a system of

equations originally derived by Ballhausen revealed Racah and Dq parameters of 1045

cm 1 and 753 cm- 1. As shown in Table 2.1, these are notably higher than those com-

mon for tetrahedral Ni2+ and suggest that spin-spin repulsion is almost as large as in

unperturbed Ni2+ ions, thereby preserving a large spin-orbit coupling interaction.

The presence of significant spin-orbit coupling was also evidenced by magnetic

measurements. A XmT vs. T plot of Ni-MOF-5, shown in Figure 2-9, revealed the
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Figure 2-5: Part of the crystal structure of Ni Zn4 - .O(BDC) 3 (x 1). Due to
crystallographically-imposed symmetry, the position of Ni2+ centers (blue tetrahedra)
within individual NiZn3 clusters cannot be identified unambiguously, and these are
depicted at random. Green, red, and grey spheres represent Zn, 0, and C atoms,
respectively. Hydrogen atoms are omitted for clarity.
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Figure 2-6: N 2 adsorption isotherm for Ni-MOF-5 at 77 K. The BET apparent surface
area is 3300(100) m2 /g. Eleven relative pressure points between 0.01 and 0.05 were
chosen for the fit, giving a C value of 869.

presence of magnetically dilute Ni2+ ions and a room-temperature magnetic moment

of 4.21 PB per Ni2+ ion. This value is higher than the spin-only value expected for

Ni2+, but is expected for tetrahedral d' ions subject to unquenched orbital angular

momentum. 83-85 The value of peff is further elevated by a temperature independent

paramagnetism value of 0.2 x 10-6 cm 3 /mol as determined by a fit of the susceptibility

data using julX. 2

We could monitor the evacuation of the as-synthesized crystals by in situ UV-Vis-

NIR spectroscopy and confirm that the Ni2+ sites were undergoing step-wise changes

to its coordination sphere. These experiments, plotted in Figure 2-8, evidenced an

isosbestic point around 700 nm, which suggested that DMF loss occurred in two ki-

netically independent processes via a well-defined five-coordinate Ni2+ species. The

identity of this species was probed by treating Ni-MOF-5 with various nucleophiles.

Although the reaction of Ni-MOF-5 with small ligands such as PMe3 , THF, and MeCN

rapidly produced octahedral Ni2+, indicated by a color reversal to yellow, sterically

demanding MesCNO afforded an orange adduct, whose spectrum matched that of the

2E. Bill, Max Planck Institute for Chemical Energy Conversion in Muelheim, Germany, 2013.
Available from the author by e-mail to ebill(Ogwdg.de.
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putative pentacoordinate (DMF)Ni-MOF-5 adduct (Figure 2-10). An FT-IR spec-

trum of these crystals confirmed the presence of MesCNO (Figure 2-11). Figure 2-8

depicts a consecutive six-(Oh) to five- (C4,) to four-(pseudo- Td) coordinate conver-

sion of Ni in a 2+ formal oxidation state. These transformations, illustrated in Figure

2-12, are supported by computational modeling of (DMF)yNiZn 30(benzoate)6 (y --

0, 1, 2) clusters containing six-, five-, and four-coordinate Ni2+ ions with two, one,

or no bound DMF molecules. As shown in Figure 2-13, time-dependent DFT calcu-

lations using optimized geometries of these clusters (see 2.3-2.6) predicted electronic

absorption spectra that agreed well with the assigned yellow, red, and blue traces in

Figure 2-8.

2.4 Conclusion

This chapter establishes that MOF SBUs meet several requirements if they are to be

used for small-molecule activation. Not only do they stabilize unusual coordination

compounds, but they also permit significant geometrical transformations without

compromising the material. Furthermore, the resulting species can be monitored by

conventional methods and treated as site-isolated cations. Finally, chemistry at the

unusual metal site can be manipulated by invoking the steric arguments employed by

molecular synthetic chemists. Later chapters will build upon these results to show

that the SBUs of MOFs meet other criteria for their use in small-molecule activation.

2.5 Methods

2.5.1 Materials

Dichloromethane (DCM, HPLC grade, Honeywell), NN-dimethylformamide (DMF,

99.8%, VWR), Ni(N0 3)2.6H 20 (99.9%, Strem), and Zn(N0 3)2.6H 20 (99%, Alfa Ae-

sar) were used as received. Mesityl nitrile oxide was prepared according to published

procedures. 86
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Figure 2-7: FT-IR spectrum of as-synthesized Ni-MOF-5 after washing with DMF
and CH2C1 2 (A) and after evacuation (B), confirming the disappearance of the DMF
carbonyl stretch.
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Figure 2-8: In situ diffuse reflectance spectra depicting the color progression from
yellow (DMF) 2Ni-MOF-5 to blue Ni-MOF-5 via a putative penta-coordinated Ni2+
intermediate (red trace). The inset shows optical images of the yellow and blue
crystals.
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Figure 2-9: The temperature dependence of XmT of evacuated Ni-MOF-5 (circles).
The red trace represents a fit obtained using julX. The relevant energy splittings are
superimposed as an inset.
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Figure 2-10: diffuse reflectance UV-Vis-NIR spectra of (DMF)Ni-MOF-5 and of
(MesCNO)Ni-MOF-5.
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Figure 2-11: FT-IR spectrum of fully activated Ni-MOF-5 (A) and (MesCNO)Ni-
MOF-5 (B). The CN stretch of the adduct is highlighted at 2293 cm-1 . Inset: Mag-
nification of the region between 1500 cm 1 and 1300 cm-1 to emphasize the peaks
at 1380 cm-1 and at 1376 cm-1 . These appear as shoulders on the asymmetric car-
boxylate stretch and correspond to the C-H bend of the mesityl methyl groups and
the N-O stretch of MesCNO.
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Figure 2-12: Sequential loss of DMF molecules from a (DMF)2NiZn 3O(carboxylate)6
cluster and isolation of a MesCNO adduct.

2.5.2 X-ray Crystal Structure Determination

A diffraction-quality single crystal of Nio.36Zn3 .64 0(BDC) 3 was mounted on Kapton

loops using paratone-N@ oil. Low temperature (100 K) diffraction data (0- and w-

scans) were collected on a Bruker-AXS X8 Kappa Duo diffractometer coupled to a

Smart APEX II CCD detector with Mo-Ka radiation (A = 0.71073 A) from a IPS-

micro source. Absorption and other corrections were applied using SADABS. 8 7 The

structures were solved by direct methods using SHELXS and refined against F2 on all

data by full-matrix least squares as implemented in SHELXL-97.88 All non-hydrogen

atoms were refined anisotropically. The Ni/Zn ratio was fixed and refined as 1:10.

Hydrogen atoms were included at geometrically calculated positions using a riding

model. The crystallographic data for Nio.3 6Zn 3. 64 013C24H 12 is shown in 2.2.

2.5.3 Physical Measurements

Thermogravimetric analysis (TGA) was performed on a TA Instruments Q500 Ther-

mogravimetric Analyzer at a heating rate of 0.5 C/min under a nitrogen gas flow

of 9 mL/min. Infrared spectra were obtained on a Perkin Elmer Spectrum 400 FT-

IR/FT-FIR Spectrometer equipped with a Pike Technologies GladiATR accessory

with a diamond single-bounce crystal. Powder X-ray diffraction (PXRD) patterns

were recorded on PANalytical X'Pert Pro and Bruker Advance II diffractometers

equipped with 0/20 Bragg-Brentano geometry and Ni-filtered Cu-Ka radiation (Ka,

= 1.5406 A). The tube voltage and current were 45 kV and 40 mA, respectively. Sam-

ples for PXRD were prepared by placing a thin layer of samples on a zero-background
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silicon crystal plate. Solution UV-Vis spectra were obtained at room temperature on

an Agilent 8453 spectrophotometer. Diffuse reflectance UV-Vis spectra were collected

on a Varian Cary 5000 UV-Vis-NIR spectrometer equipped with a Praying Mantis

diffuse reflectance accessory and an environmental chamber (Harrick Scientific Prod-

ucts) and referenced to Spectralon® or BaSO 4 .

A Micromeritics ASAP 2020 Surface Area and Porosity Analyzer was used to

measure nitrogen adsorption isotherms. Oven-dried sample tubes equipped with

TranSeals"M(Micrometrics) were evacuated and tared. Samples were transferred to

the sample tubes, heated to the appropriate temperatures (as determined by TGA

analysis), and held at those temperatures until the outgas rate was less than 2

mtorr/minute. The evacuated sample tubes were weighed again and the sample mass

was determined by subtracting the mass of the previously tared tube. N 2 isotherms

were measured using liquid nitrogen baths (77 K). UHP grade (99.999% purity) N 2

and He, oil-free valves and gas regulators were used for all free space corrections and

measurements.

Magnetic data were collected using a Quantum Design MPMS-XL SQUID magne-

tometer. A gelatin capsule was filled with evacuated crystals of Nio.3 6Zn3. 4 0(BDC) 3

to obtain susceptibility data. DC susceptibility measurements were obtained under

a DC field of 100 Oe between 5 K - 300 K. All data were corrected for diamagnetic

contributions from the capsule and the sample using Pascal's constants. 89

Nickel and zinc analyses were conducted at the MIT Center for Materials Science

and Engineering Shared Experimental Facility (CMSE-SEF) using a HORIBA Jobin

ACTIVA inductively coupled plasma atomic emission spectrometer (ICP-AES). Stan-

dards were prepared from solutions purchased from ULTRA Scientific@, designated

suitable for ICP analysis.

2.5.4 Calculations

All time-dependent density functional theory (TD-DFT) calculations and geometry

optimizations were performed at the spin-unrestricted level using the Becke-Perdew

(BP) functional, 90,91 with the ORCA 2.8.0 software package. 92 For each TD-DFT
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Figure 2-13: Experimental diffuse reflectance traces of the six- (yellow), five-(red), and
four-(indigo)-coordinate nickel(II) species are compared to the calculated transitions
of their corresponding model compounds, shown in Figures 2-15 - 2-17.
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calculation, 10 excited states were included using one-electron transitions. All geom-

etry optimizations began from crystallographically determined structures, where all

atomic positions were optimized.

The all-electron Gaussian basis sets developed by the Ahlrichs group were em-

ployed in all calculations.93 ,94 The standard basis sets TZV(p) (for H), TZV(2d) (for

C, N, and 0), and TZV(2pf) (for Zn and Ni) were employed. The resolution of

the identity (RI) approach was taken for geometry optimizations, though not for

TD-DFT calculations. The zeroth-order regular approximation (ZORA) method was

implemented for all calculations involving Ni. - All calculations were performed

with triplet spin multiplicities.

Figure 2-13 invokes the calculated transitions of a model compound where the

pendant DMF molecule is in an equatorial position, as shown on the right side of

Figure 2-16. However, both possible structural isomers gave rise to spectra that

agreed with the experimental red trace, as shown in Figure 2-14.

2.5.5 Preparation of NiZn 4 2O(BDC) 3

Method A. Zn(N0 3 )2-6H20 (446 mg, 1.50 mmol), Ni(N0 3)2.6H 20 (327 mg, 1.13

mmol), and terephthalic acid (H2BDC, 83 mg, 0.50 mmol) were combined in a 100 mL

jar with a Teflon-lined lid. The contents were dissolved in 49 mL of anhydrous DMF

and 1 mL of deionized H 20. The solution was heated for 7 h at 100 'C to afford yellow

cubic crystals. The reaction container was allowed to cool to room temperature, then

transferred to a nitrogen-filled glove bag, with oven-dried glassware and dry solvents.

The crystals were collected by gravity filtration and washed with anhydrous DMF

(6 x 20 mL), soaking for 8 h each time. The DMF was decanted and the resulting

solid was washed with CH2Cl 2(6 x 20 mL), again soaking for 8 h after each wash. A

UV-Vis spectrum was taken of the final DMF wash to verify the removal of free metal

ions. After the final CH2Cl 2 wash, the solvent was decanted and the crystals were

heated under vacuum for 12 h (4 mtorr, 200 'C) to yield indigo crystals. ICP-AES

and elemental microanalysis for C24 H1 2 0 13NiO.36 Zn 3.64 : Calculated: C% 37.60, H%

1.60, N% 0.00; Ni/Zn, 0.10. Found: C% 37.40, H% 1.80, N% 0.00; Ni/Zn, 0.10.
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Figure 2-14: The experimental red trace of the purported (DMF)xNiZn4 - XO(BDC) 3
is compared to two model compounds, where the nickel center is five-coordinate with
a DMF bound axially or equatorially with respect to the carboxylate oxygens around
nickel. See Figure 2-16 for depictions of the model structures.
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Figure 2-15: Two views of the geometry-optimized cluster NiZn30(O 2C-C6 H5 )6 . Or-
ange, green, red, grey, and white atoms represent Ni, Zn, 0, C, H respectively.

Method B. A sample of Ni1 Zn4 - XO(BDC) 3 (x = 1) was obtained by soaking

colorless MOF-5 crystals prepared in a manner described by Kaye et al.72 in a 20

mL solution of anhydrous DMF and 5.00 g Ni(NO 3)2 -6H20 for 1 year. Yellow cubic

crystals were collected by decanting the solution. These were washed with DMF and

CH2 Cl 2 in a manner identical to Method A. Ni-MOF-5 was obtained alternatively by

soaking MOF-5 crystals for 2 weeks, but the Ni:Zn content never reached 1:3.

2.5.6 Preparation of (MesCNO)NixZn 4 - xO(BDC) 3

A 15 mL toluene solution of MesCNO (11.4 mg, 70.5 pmol) was added dropwise to a

suspension of activated single crystals of Ni-MOF-5 (Nio.23Zn3.77 0 13C24H 12 ) (150 mg,

0.196 mmol) in 5 mL of toluene while stirring at 35 'C. After combining, the mixture

was allowed to warm to room temperature, whereupon the indigo crystals turned

orange. Toluene was removed under reduced pressure. Elemental microanalysis for

(CioH11NO)o.23Nio. 23Zn3.77013C24H 12(C 7Hs) 3.5 : Calculated: C% 54.10 H% 3.81 N%

0.29. Found: C% 54.72 H% 4.32 N% 0.10.
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Figure 2-16: Two stereoisomers of (DMF)NiZn30(O 2C-C6 H5 )6 after geometry opti-
mization. Orange, green, red, blue, grey, and white atoms represent Ni, Zn, 0, N, C,
and H respectively. The axial (left) and equatorial (right) geometries were juxtaposed
the red experimental trace in figure S8. Scheme 1 and figure S7 employ the equatorial
isomer as the better suited model for (DMF)Ni-MOF-5.

Figure 2-17: The geometry-optimized cluster (DMF) 2 NiZn3O(O 2 C-C6 H5 )6 that was
used as a model for (DMF) 2Ni-MOF-5. Orange, green, red, blue, grey, and white
atoms represent Ni, Zn, 0, N, C, and H respectively.
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Formula
FW
T, K
group
Z
a,A

dcaic, g/cm 3

p, mm-1

F(O00)
crystal size, mm
theta range
index ranges

refl. collected
data/restr./param.
GOF on F2

largest peak/hole, e/A3

R1 (wR2 ), % [I>2sigma(I)]

Ni-MOF-5
Nio.3 6 Zn3.64013C24H12

247.91
100(2)
Fm3m

32
25.8380(2)

17249.5
0.784
1.220
3930

0.2 x 0.2 x 0.2
1.37 to 26.82

-32 < h < 32
-32 < k < 32
-32 < 1 < 32

80165
991/0/34

1.571
2.05/-0.45
9.05(34.24)

Table 2.2: Crystallographic data for crystals of Nio.36 Zn3.6 4 01 3C2 4 H1 2 .
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atom x y z atom x y z atom x y z
C 19.378500 24.450500 19.378500 C 20.355572 25.133837 20.104233 C 18.396376 25.135525 18.661690
Zn 20.499661 31.187010 20.521545 Zn 20.480604 33.419535 18.279675 Zn 18.255551 31.186895 18.275639
Ni 18.231043 33.459319 20.595411 0 19.331370 32.334757 19.438162 0 19.915034 31.291732 22.388219
o 22.401958 31.650762 20.321387 0 20.306087 29.286561 20.036737 0 20.072151 33.197912 16.365251
0 22.387134 32.944292 18.448130 0 20.287239 35.320966 8.686533 0 18.678439 31.400038 16.366864
o 16.350529 31.464295 18.594371 0 18.466395 29.278161 18.69780 0 19.012783 33.376823 22.393063
o 16.376605 33.174726 20.091825 0 18.482995 35.308511 20.077689 C 19.378500 32.297500 22.969980
C 22.969980 32.297500 19.378500 C 19.378500 28.706020 19.378500 C 19.378500 32.297500 15.787020
C 19.378500 35.888980 19.378500 C 15.787020 32.297500 19.378500 C 19.202146 32.179251 24.437535
C 24.469045 32.294756 19.366318 C 19.373282 27.219527 19.390041 C 19.380662 32.294310 14.301252
C 19.366254 37.375412 19.376465 C 19.378500 32.297500 11.531500 C 19.378500 40.144500 19.378500
C 14.304963 32.265565 19.407824 C 11.531500 32.297500 19.378500 C 19.569342 30.995186 25.096888
C 25.182722 31.590865 20.348762 C 20.353697 26.524905 20.111655 C 20.132149 33.253167 13.607499
C 25.167862 32.996736 18.371881 C 20.129513 33.254013 12.216561 C 20.329751 39.457135 18.623927
C 18.629033 31.336223 13.606750 C 13.606883 31.389693 18.560574 C 18.393255 26.526300 18.665921
C 18.629549 31.338663 12.215704 C 12.216227 31.407886 18.543852 C 18.679941 33.256188 25.159045
C 13.612335 33.141540 20.246155 C 18.411948 38.072052 20.130514 C 18.419229 39.463083 20.129675
C 12.223960 33.141880 20.222890 C 18.893841 31.966049 27.198959 C 19.411991 30.887610 26.476941
C 18.534110 33.141880 26.533040 C 27.269107 32.291005 19.342564 C 26.577239 31.590529 20.335943
C 26.562380 32.993330 18.361003 C 20.324344 38.066369 18.621268 H 19.382075 23.358218 19.372636
H 21.114166 24.579725 20.658787 H 17.640418 24.583135 18.101856 H 19.377163 32.298967 10.439245
H 19.383399 41.236746 19.380909 H 10.439849 32.317760 19.365368 H 19.975415 30.172538 24.509949
H 24.629036 31.049760 21.115445 H 21.102049 27.091986 20.663820 H 20.705861 33.984324 14.175508
H 24.602480 33.539094 17.614646 H 20.708692 33.995086 11.663986 H 21.070991 40.007127 18.042507
H 18.055588 30.604107 14,173833 H 14.173323 30.716260 17.918982 H 17.645272 27.095117 18.115217
H 18.049514 30.598841 11.662354 H 11.665002 30.738200 17.882279 H 18.402897 34.168231 24.631737
H 14.170783 33.815394 20.894260 H 17.679351 37.508796 20.707101 H 17.683066 40.018873 20.712041
H 11.674367 33.825892 20.872889 H 18.769810 31.893670 28.280743 H 19.694637 29.966679 26.989152
H 18.131658 33.979841 27.105754 H 28.360510 32.289541 19.333330 H 27.127567 31.04239 21.102267
H 27.101130 33.539982 17.585445 H 21.052259 37.496134 18.045974

Table 2.3: Optimized atomic coordinates for NiZn30(C8 H 4 04 )6
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atom z y z atom x y z atom x y z
Zn 1.305441 0.416011 1.950299 Zn 1.894097 0.629380 -1.153936 Zn -0.568919 2.083254 0.059001
Ni -0.658761 -1.176642 -0.236998 0 0.486739 0.453778 0.185598 0 3.292425 0.513869 1.872816
o 3.655398 1.044799 -0.310963 0 0.876139 -1.160533 3.027187 0 -0.366946 -2.285511 1.481553
0 0.817110 1.992356 3.068420 0 -0.191294 3.355309 1.550237 C 8.220289 1.381758 1.719973
C 7.736963 1.558940 0.419671 C 6.379400 1.386983 0.149699 C 5.494334 1.037007 1.180382
C 5.984005 0.860804 2.483204 C 7.342087 1.032476 2.750734 C 4.031993 0.850636 0.890745
C -0.016595 -5.508573 5.315035 C -0.312135 -5.688283 3.959961 C -0.245648 -4.606257 3.081009
C 0.132738 -3.338366 3.545435 C 0.444524 -3.168470 4.902348 C 0.359855 -4.246516 5.784169
C 0.216691 -2.168899 2.597195 C 0.233060 6.272649 5.599008 C -0.316599 6.474200 4.328940
C -0.294755 5.445634 3.387124 C 0.278493 4.206484 3.709685 C 0.829124 4.009467 4.984931
C 0.805686 5.039242 5.925330 C 0.304112 3.097652 2.696663 N -3.373105 -4.493531 -0.328011
0 -1.970752 -2.776464 -0.910813 C -2.572990 -3.440872 -0.048721 C -4.057628 -5.218805 0.731822
C -3.580488 -4.937988 -1.699632 N -2.372060 0.250044 -3.887310 0 -1.023172 -0.268370 -2.114330
C -2.146948 -0.227043 -2.649773 C -1.278053 0.757659 -4.709686 C -3.719377 0.321880 -4.432427
0 -2.421834 -0.426718 0.608545 0 -2.518345 1.802700 0.158685 0 1.635173 2.176483 -2.389696
0 -0.226881 3.188763 -1.5550717 0 2.222198 -0.937091 -2.283984 0 0.829440 -2.303927 -1.108824
C -7.144889 0.832314 1.791344 C -6.520264 1.981696 1.297775 C -5.182428 1.936490 0.904026
C -4.458283 0.737826 0.993219 C -5.090515 -0.410638 1.491222 C -6.426358 -0.363516 1.890908
C -3.014837 0.690186 0.559393 C 0.923094 6.019526 -5.519198 C 1.872907 4.994418 -5.464415
C 1.813196 4.040101 -4.448591 C 0.800232 4.103650 -3.479806 C -0.148741 5.135725 -3.537873
C -0.086895 6.089269 -4.554287 C 0.733794 3.074021 -2.385131 C 3.266851 -5.463561 -4.147405
C 2.250338 -5.640810 -3.2029897 C 1.750006 -4.544235 -2.500478 C 2.262900 -3.260326 -2.735627
C 3.284359 -3.088624 -3.681640 C 3.782806 -4.185916 -4.385009 C 1.719457 -2.078369 -1.975839
H 9.282961 1.516169 1.930349 H 8.421570 1.831493 -0.385306 H 5.984306 1.519955 -0,857097
H 5.284652 0.588419 3.273196 H 7.718342 0.893945 3.765702 H -0.072388 -6.353812 6.003392
H -0.588237 -6.676972 3.588596 H -0.459062 -4.731848 2.019303 H 0.752261 -2.182158 5.248627
H 0.594964 -4.104311 6.840333 H 0.215912 7.078351 6.335290 H -0.762669 7.436797 4.073227
H -0.717180 5.584169 2.392238 H 1.272111 3.042124 5.220312 H 1.235905 4.881449 6.915729
H -2.471824 -3.212398 1.025405 H -3.784481 -4.789952 1.703608 H -3.769486 -6.281553 0.721458
H -5.150095 -5.152905 0.607426 H -4.637821 -4.825384 -1.986623 H -3.301398 -5.997825 -1.800630
H -2.952435 -4.329858 -2.358853 H -3.050053 -0.594470 -2.131853 H -1.271038 0.238383 -5.679552
H -0.332679 0.577817 -4.188311 H -1.399890 1.836933 -4.884543 H -4.431991 -0.087772 -3.706092
H -3.788461 -0.256273 -5.366892 H -3.994334 1.366341 -4.645596 H -8.189713 0.869558 2.104909
H -7.076972 2.917607 1.226009 H -4.676233 2.824984 0.527609 H -4.511758 -1.330671 1.568878
H -6.909785 -1.258605 2.286470 H 0.972488 6.767505 -6.312642 H 2.664252 4.942291 -6.214027
H 2.547499 3.237218 -4.386317 H -0.924323 5.177246 -2.773355 H -0.824659 6.892519 -4.592752
H 3.659433 -6.322140 -4.695490 H 1.850659 -6.638743 -3.013198 H 0.960345 -4.658344 -1.758079
H 3.677874 -2.086466 -3.849834 H 4.578979 -4.046185 -5.118365

Table 2.4: Optimized atomic coordinates for (DMF) 2 NiZn3O(C8 H4 04 ) 6
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atom x y z atom x y z atom x y z
Zn 11.603012 -5.910506 -8.207048 Zn 14.786785 -5.845586 -7.854292 Zn 13.419909 -4.288477 -10.281963
Ni 13.749095 -7.343178 -10.354886 0 13.314660 -5.831322 -9.120071 0 11.864727 -5.804877 -6.242525
o 14.123168 -5.581629 -6.010995 0 10.616928 -7.537336 -8.616683 0 12.036269 -8.391978 -10.204073
o 10.491478 -4.343456 -8.711800 0 11.870672 -3.091962 -10.028289 C 12.454686 -5.222196 -1.305597
C 13.731254 -5.176264 -1.874697 C 13.886731 -5.310785 -3.253955 C 12.764203 -5.491714 -4,075946
C 11.485468 -5.536800 -3.500269 C 11.332865 -5.402699 -2.120596 C 12.928423 -5.637509 -5.560765
C 8.270981 -11.688779 -10.120542 C 9.464555 -11.616354 -10.845388 C 10.340935 -10.550611 -10.643504
C 10.031758 -9.545609 -9.714081 C 8.833094 -9.623458 -8.990096 C 7.957836 -10.690412 -9.193043
C 10.987037 -8.396231 -9.501434 C 7.800409 -0.212913 -9.583055 C 9.017357 -0.052467 -10.253104
C 9.985265 -1.054640 -10.194250 C 9.742731 -2.226448 -9.461972 C 8.520284 -2.382700 -8.790931
C 7.553695 -1.379442 -8.852511 C 10.781209 -3.307102 -9.393043 N 17.685617 -6.440733 -11.716115
o 15.669123 -6.401983 -10.626756 C 16.371137 -6.699385 -11.614784 C 18.420067 -5.802418 -10.628127
C 18.425807 -6.784027 -12.922621 0 13.447263 -7.101199 -12.305153 0 13.352604 -4.814181 -12.201941
0 16.036071 -4.335349 -8.191421 0 15.038496 -3.207487 -9.910635 0 15.729898 -7.589912 -7.830842
o 14.790438 -8.821872 -9.517689 C 12.326165 -5.788434 -17.003810 C 12.467554 -4.603373 -16.275244
C 12.770537 -4.649169 -14.914515 C 12.938698 -5.884483 -14.271284 C 12.793953 -7.072007 -15.007151
C 12.487948 -7.022762 -16.366854 C 13.269076 -5.941658 -12.806153 C 19.058288 -0.405853 -8.896261
C 19.052101 -1.454664 -7.971263 C 18.044411 -2.418211 -8.014001 C 17.032372 -2.339307 -8.983045
C 17.041013 -1.282356 -9.906059 C 18.051164 -0.321620 -9.862924 C 15.946290 -3.376598 -9.029439
C 17.739303 -12.130205 -7.192211 C 16.903896 -12.211975 -8.310495 C 16.192367 -11.089684 -8.734287
C 16.311108 -9.874343 -8.041172 C 17.147974 -9.798883 -6.917915 C 17.858984 -10.922765 -6.497094
C 15.546840 -8.667219 -8.505632 H 12.333965 -5.117315 -0.225983 H 14.607639 -5.035524 -1.240083
H 14.873950 -5.277711 -3.713566 H 10.622187 -5.678560 -4.149636 H 10.336174 -5.439099 -1.678137
H 7.585161 -12.523079 -10.278155 H 9.711487 -12.394349 -11.569802 H 11.276382 -10.475496 -11.197348
H 8.603100 -8.838074 -8.270945 H 7.027121 -10.744639 -8.625867 H 7.043573 0.572014 -9.630193
H 9.211129 0.857478 -10.823204 H 10.938503 -0.945534 -10.710338 H 8.345112 -3.297832 -8.226221
H 6.604684 -1.506346 -8.329314 H 15.940150 -7.211625 -12.493076 H 19.271312 -6.435071 -10.336574
H 17.747805 -5.673189 -9.774230 H 18.800105 -4.820663 -10.947332 H 17.752176 -7.261712 -13.644174
H 19.245136 -7.479374 -12.684811 H 18.854348 -5.880088 -13.381471 H 12.085118 -5.749988 -18.067531
H 12.336592 -3.639735 -16.770131 H 12.876830 -3.734822 -14.331811 H 12.915351 -8.023753 -14.490626
H 12.370520 -7.948818 -16.931940 H 19.846124 0.348546 -8.861133 H 19.833405 -1.518275 -7.212264
H 18.021817 -3.238283 -7.296791 H 16.245292 -1.227467 -10.648351 H 18.051710 0.498673 -10.582415
H 18.294489 -13.008942 -6.859312 H 16.804866 -13.154800 -8.850884 H 15.530838 -11.134153 -9.598904
H 17.226356 -8.852520 -6.383881 H 18.506634 -10.859331 -5.621148

Table 2.5: Optimized coordinates of the equatorial isomer (DMF)NiZn3 0(C8H404)6
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atom x y z atom x y z atom x y z
Zn 1.036619 0.384695 1.459538 Zn 1.770304 0.639862 -1.601023 Zn -0.796517 2.042231 -0.464329
Ni -0.835855 -1.199401 -0.550651 0 0.291903 0.415996 -0.346623 0 3.015409 0.560898 1.454268
0 3.487991 1.054218 -0.717020 0 0.692019 -1.277799 2.440150 0 -0.339658 -2.534385 0.841730
0 0.450142 1.908105 2.577449 0 -0.350563 3.325905 0.988162 C 7.926133 1.538930 1.550160
C 7.510563 1.675961 0.221928 C 6.174261 1.466421 -0.117467 C 5.242244 1.118146 0.871832
C 5.663767 0.981863 2.203124 C 7.000807 1.191549 2.539484 C 3.804339 0.893681 0.508880
C 0.391541 -5.792269 4.577678 C -0.010169 -5.945034 3.246827 C -0.078097 -4.834563 2.405446
C 0.264828 -3.561713 2.885992 C 0.677479 -3.415553 4.218756 C 0.734137 -4.525917 5.061321
C 0.199217 -2.362415 1.982061 C -0.069595 6.225705 5.063039 C -0.508152 6.454796 3.755023
C -0.475886 5.423874 2.816545 C -0.002182 4.154263 3.180664 C 0.437513 3.929267 4.494024
C 0.402711 4.961772 5.430671 C 0.035159 3.045734 2.172238 N -4.122711 -3.808440 -0.884406
0 -2.365912 -2.401388 -1.292202 C -3.038122 -3.103565 -0.511261 C -4.866826 -4.610295 0.076055
C -4.606440 -3.772937 -2.259927 0 -2.312799 -0.445063 0.675686 0 -2.701207 1.625151 -0.178865
0 1.444255 2.164109 -2.834517 0 -0.553461 3.016861 -2.150472 0 2.068890 -0.941938 -2.703823
0 0.224776 -2.095700 -2.020232 C -6.864001 0.715006 2.456780 C -6.508583 1.713590 1.544862
C -5.261831 1.679488 0.919811 C -4.365308 0.634653 1.189828 C -4.727695 -0.365408 2.104672
C -5.968778 -0.321704 2.739770 C -3.023944 0.595052 0.514599 C 0.455290 5.659314 -6.281016
C 1.504214 4.749273 -6.115776 C 1.503037 3.870631 -5.032911 C 0.450096 3.896320 -4.105850
C -0.600168 4.811199 -4.275568 C -0.596212 5.688602 -5.359507 C 0.449401 2.951681 -2.941511
C 2.347245 -5.183416 -5.345392 C 1.198486 -5.275614 -4.552947 C 0.852450 -4.228561 -3.698988
C 1.653336 -3.079117 -3.630436 C 2.804299 -2.990930 -4.427614 C 3.148791 -4.039572 -5.280776
C 1.279685 -1.952859 -2.706342 H 8.972237 1.703252 1.814581 H 8.231513 1.947082 -0.550938
H 5.833162 1.569122 -1.147131 H 4.929317 0.710845 2.960906 H 7.323742 1.084481 3.576248
H 0.443213 -6.661142 5.236051 H -0.265984 -6.934452 2.863946 H -0.378011 -4.938877 1.362911
H 0.950452 -2.423539 4.577139 H 1.051616 -4.404712 6.098201 H -0.095194 7.033429 5.796635
H -0.875953 7.440813 3.466841 H -0.813007 5.584655 1.792995 H 0.803900 2.938877 4.762385
H 0.745934 4.782206 6.450740 H -2.768850 -3.198579 0.553598 H -4.386182 -4.543741 1.059405
H -4.888849 -5.665309 -0.237675 H -5.902626 -4.247719 0.161850 H -5.627635 -3.364185 -2.292198
H -4.618728 -4.788651 -2.682994 H -3.937284 -3.137300 -2.848207 H -7.835755 0.748335 2.952465
H -7.203592 2.525903 1.326356 H -4.963831 2.456800 0.216819 H -4.013611 -1.159762 2.321180
H -6.238486 -1.093739 3.462479 H 0.457455 6.346730 -7.128757 H 2.325292 4.725493 -6.833962
H 2.311998 3.155184 -4.888609 H -1.411210 4.820940 -3.548097 H -1.414909 6.398572 -5.487056
H 2.618155 -6.003363 -6.012929 H 0.572470 -6.168315 -4.601913 H -0.037763 -4.279637 -3.072622
H 3.418453 -2.093203 -4.364578 H 4.045913 -3.965747 -5.897638

Table 2.6: Optimized coordinates for axial isomer of (DMF)NiZn 3 0(C8H404)6
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Chapter 3

MOF-5 Contains Unsaturated Zn

Centers

3.1 Abstract

A growing number of reports are incompatible with the prevailing assumption that

MOFs are rigid materials. In this chapter, we report multinuclear solid-state NMR,

mass spectrometry, molecular dynamics simulations, and other complementary evi-

dence indicating that MOF-5 interacts dynamically with surrounding molecules. Con-

trary to how this material has been viewed for 15 years, these data reveal that the zinc

ions, like the inserted Ni2+ in Ni-MOF-5, are not rigid. They bind solvent molecules,

thereby increasing their coordination number, and dynamically dissociate from the

framework itself. We find that, on average, one zinc ion in each cluster has at least

one coordinated DMF molecule, such that the formula of as-synthesized MOF-5 is de-

fined as Zn 40(BDC) 3 (DMF), (x = 1-2). Given the relevance of MOF-5, this dynamic

behavior will help explain current phenomena and inspire new applications. 1

'At the time of writing this thesis, the work presented in this chapter was unpublished. NMR
experiments and analyses were conducted in collaboration with Vlad K. Michaelis, Ta-Chung Ong
and Professor Robert G. Griffin. Molecular dynamics simulations were performed in collaboration
with Luca Bellarosa and Professor Nniria L6pez.

73



3.2 Introduction

Designing applications for metal-organic frameworks (MOFs) rests on the premise

that the materials are accurately represented by their crystal structures. Unlike the

random sprawl of many polymers, the repeating units of MOFs are depicted with per-

fect long-range order. Viewing them as periodic lattices simplifies the investigation of

their properties and the design of their composition. For over 15 years, MOF chem-

istry has been viewed largely through this lens, their properties often interpreted on

the basis of rigid X-ray crystal structures. There are, nevertheless, important exam-

ples of MOFs behaving dynamically and exhibiting properties that are inconsistent

with a static view of their structure. For instance, the organic ligands and SBUs can

be exchanged in numerous MOFs by simply soaking them in solutions of the inserting

components.98 ,99 In another body of literature, catalysis occurs within MOFs where

the metal center has no available binding sites, yet the catalytic transformation in-

volves inner-sphere reactivity and must proceed through bond formation between the

substrate and the metal center. 100-104 Defects notwithstanding, for these and other

phenomena to occur, the metal-ligand bonds in MOFs must dissociate. Although

such dynamic behavior is sometimes implied in such studies, we hereby report evi-

dence that the Zn 40 SBUs of MOF-5, an iconic example in this class of materials,

interact dynamically with coordinating molecules, thereby distorting its lattice. In

the presence of coordinating solvents, MOF-5 contains not just tetrahedral Zn2 + ions,

as previously thought, but also octahedral metals.

Due to its ubiquity in the field, demonstrating that MOF-5 is a dynamic structure

capable of additional coordination at the Zn2+ ions suggests that the SBUs in other

MOFs may also be less rigid than previously believed. Several seminal findings for

MOFs were established by first demonstrating they were true for MOF-5. When

published 1999,55 the discovery of MOF-5 concluded that materials in this class could

be permanently porous and provided design principles for the emerging field. Early

studies on modifying the composition of MOF-5 inspired the now-common notion

that the pore size and physicochemical properties of a material might be tailored
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systematically while preserving the overall topology, through reticular synthesis. 105

Gas storage in these materials has become a large area of sustainable energy research

and is rooted in the early reports on hydrogen and methane sorption in MOF-5.106

When the binding sites of N2 and Ar within a MOF were first established by single-

crystal X-ray diffraction 107 and when Monte Carlo simulations were employed to

evaluate the accuracy of the Brunauer-Emmett-Teller (BET) theory in calculating

apparent internal surface areas,108 MOF-5 was again the material of choice. These

reports indicate that MOF-5 maintains its iconic status because it has historically

opened new avenues of research in this area and continues to offer critical insight into

porous frameworks in general.

3.3 Results

We first suspected that Zn ions of MOF-5 interact with solvent molecules during a

routine characterization of the sample. We followed a previously reported procedure

that was optimized to remove excess solvent molecules from the pores and to maxi-

mize surface area. 72 Zn(N0 3)2.6H20 and 1,4-benzenedicarboxylate were dissolved in

DMF containing 2% deionized water and heated for 7 h at 100 'C. The crystals were

collected and washed with fresh DMF every 8 h for two days, then soaked in CH2Cl 2

with similar repetitions. Surprisingly, although this treatment was reported to re-

move excess DMF, a FT-IR spectrum of a sample that had been fully washed with

CH2Cl2 , but not evacuated, showed a resonance at 1665 cm 1 corresponding to the

C=O stretch of DMF (inset of Figure 3-1). Furthermore, a thermogravimetric (TGA)

profile of the same sample exhibited a well-defined mass loss at approximately 50 'C

(shown in Figure 3-1).109,110 Because of its unambiguous and reproducible "step-like"

change, we were able to quantify this mass loss and discovered that it corresponds to

exactly two molecules of DMF per Zn 40 cluster. The mass loss was further identified

as DMF by measuring a TGA of DMF-soaked MOF-5 in-line with a mass spectrom-

eter. This confirmed that the weight loss step between 50 and 150 'C corresponds to

the release of DMF (Figure 3-1). Together, the FT-IR and TGA-MS data suggested
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Figure 3-1: A TGA analysis (bottom) shown alongside mass spectrometry (top) of

CH 2 C12 and DMF-soaked MOF-5. A selected portion of the FT-IR spectrum of this

sample is shown as an inset.

that solvent was binding to the SBUs of MOF-5. In other words, unactivated or

as-synthesized MOF-5 contained up to two bound DMF molecules per Zn40 cluster.

We sought to quantify the interaction between DMF and the Zn40 clusters using

calorimetric measurements of solvated MOF-5. In collaboration with the research

group of Prof. Alexandra Navrotsky we employed the thermodynamic cycle shown in

Table 3.1, based on solution enthalpies (AH,) of zinc oxide, 1,4-benzenedicarboxylic

acid, and DMF (Table 3.2). The enthalpy of formation (AH) was determined to be

4.0 0.28 kcal/mol per cluster. Using a previously reported formation enthalpy of

desolvated MOF-5,1 1 1 the interaction energy between DMF and each cluster is -19.19
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reaction scheme enthalpy measurement
4Zn2+(aq) + 3BDC 2-(aq) + DMF(aq) + 20H-(aq) - AH= AH8 (MOF-5)
Zn40(BDC) 3.DMF(cr) + H20(1)
4x[ZnO(cr) + H20(aq) -4 Zn2+(aq) + 20H-(aq)] AH2 =AH,(ZnO)
3x[H2BDC(cr) + 20H-(aq) -+ BDC2 -(aq) + 2H20(aq)] AH3  AH,(ZnO)
DMF() -- DMF(aq) AH4  AH,(DMF)
3x[H 2O(aq) -- H2 0(1)] AH5  AH,(H 20)
4ZnO(cr) + 3H2BDC(cr) + xDMF(I) e AHf AHi + AH2 + AH3 + AH4 + AlH5Zn4 0(BDC)3DMF + 3H20(1)

Table 3.1: Thermodynamic cycle used to measure the formation enthalpy of solvated
MOF-5 via solution calorimetry in 5 M NaOH at 298.15 K.

compound formula AH, (kcal/mol) AHx. (kcal/mol) AHf (kcal/mol of Zn40)
ZnO ZnO -0.81 0.67
H2BDC C8 H6 0 4  -16.75 0.029
DMF C3H7NO -0.11+0.1
H20 H20 0.12
solvated MOF-5 (C3H 7NO)Zn4 O(C8 H40 4)3 -54.312 + 0.251 3.989 0.289 4.00 0.288
MOF-5 Zn4 0(C8 H40 4)3  -73.984 1.22 23.77 + 0.865 23.78 t 0.88

Table 3.2: Thermodynamic data used in and derived from 5 M NaOH at 298.15 K.

1.16 kcal/mol. This value is quite similar to the measured bond dissociation en-

ergy of N-methylacetamide (NMA) from Zn2+(NMA) 6 at -22.9 kcal/mol and acetone

Zn2+(acetone) 6 at -17.4 kcal/mol.112

With these data in hand, we sought structural evidence for DMF interacting with

the Zn sites of MOF-5, and turned to solid-state 67Zn nuclear magnetic resonance

spectroscopy (67Zn NMR). 1 1 3 1 1 5 An earlier 67Zn NMR study of MOF-5 yielded high-

quality spectra, but focused only on the fully evacuated samples or samples that

were first fully evacuated then subsequently soaked in non-coordinating solvents such

as chloroform. 116 Our NMR examination of a sample of DMF-soaked MOF-5 with

natural abundance of 67Zn (4.1 %) for 20 hours at 21.1 T and under magic-angle spin-

ning (MAS) conditions revealed no discernable NMR signal (Figure 3-2A (bottom)).

However, a fully evacuated sample produced a well-resolved signal under otherwise

identical conditions (Figure 3-2A (top) and Figure 3-3). This comparison clearly in-

dicated that the presence of DMF affected the 67Zn NMR parameters in MOF-5, but

further experiments were needed to identify the exact nature of the MOF-5 interaction

with DMF in the solvated sample, requiring a significantly improved signal-to-noise
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ratio.

To increase the sensitivity of the 6 7Zn NMR signal, we synthesized MOF-5 from

97%-enriched 67 Zn metal. A new spectrum of DMF-solvated and 67 Zn-enriched MOF-

5, acquired at 21.1 T, revealed a strong resonance with some finer structural details at

the edges. Careful examination between the non-spinning and MAS spectra (Figure

3-4) suggests a secondary zinc. As a first approximation this spectrum (Figure 3-

4A and Figure 3-2A, middle) can be described using a two-site model: a resonance

centered at approximately 100 ppm with a full width at half maximum (FWHM)

of 14 kHz, and a second site with a larger quadrupolar interaction (CQ ~ 6 MHz,

,q < 0.15, to assist the reader a simulation (blue inset) of this larger site has been

inserted into Figure 3-2A). Since the first site has the smaller quadrupolar coupling

constant and is similar to what we observe with evacuated MOF-5, we refer to it as

the "unsolvated site", i.e., pseudo-tetrahedral. Consequently, the second site, quite

different from the evacuated MOF-5 signal, is named the "solvated site".

To confirm our two-site model and deconvolute the NMR parameters for each Zn

site, we repeated the 6 7 Zn NMR measurements at a lower magnetic field because the

linewidth due to second-order quadrupolar interactions scales inversely with magnetic

field (i.e., the solvated-site would become more apparent as the broadening would

become more obvious at 500 MHz vs. 900 MHz). Non-spinning experiments for the

6 7 Zn-enriched solvated sample, performed at 11.7 T, revealed two distinguishable Zn

sites with second-order quadrupolar dominated lineshapes as shown in Figure 3-2B.

Using collectively the 11.7 and 21.1 T data, the unsolvated site was simulated with

CQ ~ 4 MHz, q < 0.65 and 6is, = 100 (50) ppm and the solvated site with CQ =

5.90 (0.25) MHz, rj < 0.1 and 6j, = 165 (10) ppm. Due to the lack in resolution

between the sites and unsuccessful attempts with quantum chemical methods due

to non-favorable nuclear spin-spin relaxation further constraints regarding the NMR

parameters cannot be obtained. The parameters fitting these data suggest that the

unsolvated and solvated sites exist in a ratio of 70(8):30(8). In other words, DMF

molecules bind to one of the four Zn sites in each Zn 40 cluster of MOF-5, as suggested

by the TGA-MS and FT-IR data.
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Figure 3-2: A 67Zn NMR spectra MOF-5 taken under magic-angle spinning conditions
at 21.1 T: fully evacuated (top) and when solvated with DMF using enriched (middle)
and natural abundant (bottom) zinc. Asterisks denote spinning side bands. The
spectral inset (blue) illustrates the secondary site present within the solvated system.
B 67Zn non-spinning NMR spectra of experimental 97% enriched sample soaked in
DMF alongside spectra for two simulated sites collected at 11.7 T. C 13 C NMR spectra
taken of CH2C1 2 and DMF-soaked MOF-5 with only the methyl region displayed using
direct-polarization (DP) and 13 C{ 1H} cross-polarization (CP).
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Figure 3-3: 67Zn NMR spectra of natural abundance desolvated MOF-5 acquired at
21.1 T (900 MHz, 1H). (a) MAS spectrum (inset (blue) - expanded region of the
experimental (exp) MAS NMR spectrum and simulation (sim) using the following
parameters, 6i,, = 158 ppm, CQ = 1.65 MHz and y = 0, (b) non-spinning spectrum,
(c) non-spinning with 1H decoupling, and (d) complete spectral simulation using the
following parameters, CQ = 1.65 MHz, j = 0, 6 iso = 158 ppm, Q = 87 ppm and r=

1.
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Figure 3-4: 67Zn NMR spectra acquired at 21.1 T (900 MHz, 1H) using (a) 67Zn
isotopically labeled DMF-solvated MOF-5 under non-spinning (a) and MAS (b) con-
ditions (i*" denotes the location of the spinning sidebands). Natural-abundant DMF
solvated MOF-5 gave spectrum (c), under non-spinning conditions. The spectral inset
(blue) illustrates the secondary site present within the solvated system.



As a complement to our structural information obtained from the 67Zn NMR data,

we probed the Zn-DMF interaction from the perspective of DMF by performing MAS
13C NMR. Solvated MOF-5 was examined by a Bloch decay experiment to observe

all 3 C resonances within the sample. The resulting spectrum, shown in Figure 3-5,

displays resonances between 130 and 140 ppm and at 175 ppm, corresponding to aro-

matic and carboxylate carbons, respectively. Additional resonances between 30 and

40 ppm suggested that at least two DMF species exist in the sample. To test whether

these signals result from bound and unbound solvent, we performed a 13C{ 1H} cross-

polarization experiment, intended to reveal only rigid species, i.e., terephthalate and

bound DMF. Indeed, Figure 3-5 and 3-2C indicate that the signal at 31.4 ppm, likely

stemming from unbound DMF, drops out under cross-polarization conditions, leaving

the two inequivalent methyl groups at 32.5 ppm and 37.6 ppm locked in position, as

would be expected for bound DMF. We also attempted a solution-based refocused-

INEPT experiment (Figure 3-5) and temperature-dependent 2 H NMR (Figure 3-6)

using d7-DMF in the hope of probing the dynamics of the Zn-DMF interaction. Due

to the time scale of these measurements, however, they were sensitive only to the

internal dynamics of methyl rotation of the bound DMF. Nevertheless, the spectra

acquired from the 2H NMR confirm that the DMF molecules were bound since they

depict a Pake doublet below 255 K, which is only observed for rigid powder-type

species.

With experimental evidence that the Zn40 clusters interact with coordinating sol-

vent, we employed density functional theory to explore how this interaction might oc-

cur. Several previous reports used molecular dynamics simulations to understand the

water-induced degradation of MOF-5. 117-119 Inspired by these studies, we used Born-

Oppenheimer Molecular Dynamics (BOMD) to take into consideration bond forma-

tion and configurational contributions from the interaction between MOF-5 and DMF.

We employed a cell containing two rotated Zn4 (p4-O)(1,4-benzenedicarboxylate) 3

units in the presence of 15 DMF molecules, equivalent to the concentration in liq-

uid DMF (see Figure 3-7A). The trajectory of the 15 DMF molecules was calculated

over 25 ps using 1 fs steps and conducted at 300 K. Starting from an optimized
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Figure 3-5: 13C MAS NMR of DMF-solvated MOF-5 at 303 K using Bloch (DP),
cross-polarization (CP) and refocused-INEPT (R-INEPT). Lower case letters denote
the identity of the resonances according to the species illustrated at the top. V
corresponds to Vespel present within the rotor and stator housing and * denotes
spinning sidebands. Dimethylamine and dichloromethane impurities are assigned as
well
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Figure 3-6: Variable temperature non-spinning 2H NMR spectra of d 7-DMF bound
to MOF-5.
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structure, we explored two scenarios: one Zn40 node (Core 1 containing Zn atoms

Zn1 through Zn4) was constructed without bound DMF molecules, whereas a second

Zn40 node (Core 2, containing Zn atoms Zn5 through Zns) was specified with one

pseudo-octahedral site (Zns) with two bound DMF molecules at the onset.

In line with our experimental observations, our simulations predict that the MOF-

5 SBUs dynamically bind and release DMF molecules without compromising the

structural integrity of the framework within the 25 ps time frame of our simula-

tion. Although Core 1 is initially unsolvated, its Zn ions repeatedly exchange DMF

molecules after the first 5 ps (Zn1 through Zn4 in Figure 3-7). All Zn atoms partic-

ipate in DMF binding events over the simulated time frame, but just one site at a

time interacts with solvent. Overall, this node spends 28% of the simulation time with

coordinated DMF. Even more striking, our simulations illustrate that the Zn ions in

Core 2 (Zn5 through Zns) not only dynamically coordinate DMF, but also release the

organic linker (shown in red in Figure 3-8). The Zn ion that begins with two solvent

ligands, Zn8 , quickly releases one DMF to solution and after only 2.5 ps a framework

carboxylate detaches. Yet, by 5 ps the Zn8 site regains both DMF molecules and the

organic linker, thereby assuming its original pseudo-octahedral geometry, and then

finally releases the DMF back to solution (right panel of Figure 3-8). The carboxy-

late group initially bound to the pseudo-octahedral Zn8 ion starts coordinated in 72

fashion to Zn8 and Zn6 atoms, then detaches and coordinates r1 only to Zn6 , and

ends as r 2-bound to the same. Overall, Core 2 spends 53% of the simulation time

with a Zn site bound to DMF. Most significantly, these simulations show that DMF

binding to the Zn40 clusters is favorable and occurs dynamically in liquid DMF at a

rate faster than 109 Hz (1 ns).

3.4 Discussion

Although MOF-5 has previously been depicted as a coordinatively saturated and

rigid MOF even in its solvated form, our observation that DMF binds to MOF-5

is consistent with crystal structures of molecules and other MOFs with Zn40 clus-
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Figure 3-7: A Cluster 1 (left) and cluster 2 (right) of the two Zn 4([t4-O)(1,4-
benzenedicarboxylate) 3 units employed for the simulation as they appear at time
= 0 ps. Carbonyl oxygen atoms from DMF solvent are depicted in yellow. B Coor-
dination number for individual Zn sites (Zn1 through Zns) along the BOMD 25 ps
simulation. Light blue denotes a coordination number of 4, dark blue denotes 5, and
red denotes 6. The total number of DMF molecules bound to any of the eight Zn
sites, Zn1 through Zn8 , is shown at the top on a spectrum from zero to two, denoted
by white to black, respectively.
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ters where at least one Zn site features pendant solvent molecules. For instance,

Bury et al. reported crystal structures of molecular Zn40 clusters with benzoate or

9-anthracenecarboxylate ligands and a Zn site featuring additional bonds to tetrahy-

drofuran or water.12 O A number of MOFs with Zn 40 clusters also exhibit bound

solvent molecules, but no reports exist describing MOF-5 itself with bound solvent

molecules. The most relevant is a structure that is analogous to MOF-5 and includes

a zinc site with two bound water molecules, but is made from naphthalene linkers. 67

Consistent with our TGA-MS, NMR, and simulations of MOF-5, the Zn 40 clusters in

these crystal structures accommodate only one six-coordinate Zn site. 6,66,68-71,121-127

This evidence suggests that while the MOF-5 node undergoes dynamic interactions,

the number of Zn sites that can bind DMF in each Zn40 cluster is limited by how

much the framework lattice can distort. That the MOF-5 SBUs can dynamically

detach from the framework and support a limited amount of geometric distortion is

also in line with reports that Ni2+ and other cations can replace up to a single Zn2+

per node. 16,17

The ability of Zn sites in MOF-5 to alter their coordination environment and de-

tach from ligands may explain other interesting phenomena observed in MOFs. Of

the materials reported to undergo cation exchange, many contain metal ions that

are coordinatively saturated and are integral to the framework integrity. It is likely

that cation exchange preserves the crystallinity in these systems because their SBUs

reversibly bind solvent molecules, as in MOF-5. The dynamic behavior of the MOF-5

SBUs revealed in this study could also explain the growing body of literature de-

scribing redox catalysis at coordinatively saturated metal sites. Although defect sites

can never be discounted in heterogeneous catalysis, it is possible that MOs able to

catalyze reactions at metal sites that are seemingly coordinatively saturated do so by

distorting their SBUs when binding substrates. 100-102,104
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3.5 Conclusion and Outlook

This chapter establishes that the Zn40 clusters in MOF-5 interact with coordinating

ligands, but that no more than 2 will bind at a time. Coupled with the results of

the preceding chapter, this behavior appears to be general of any metal ion in the

MOF-5 SBU. Simulations also suggest that these interactions are dynamic and involve

detachment of MOF-based ligands themselves.

Viewing all MOF SBUs as dynamic entities will inform the design principles used

for future reactivity studies, thus possibly enabling new applications for these mate-

rials. Using this perspective to review even mature fields, such as gas storage and

separation in MOFs, may uncover new insights into how guest molecules adsorb onto

pore surfaces. How MOFs are formed, how they interact with their guest molecules,

and other fundamental questions might be answered from viewing even the more clas-

sically rigid SBUs as dynamic and potentially coordinatively unsaturated molecular

entities.

3.6 Methods

3.6.1 Materials

Dry, deaerated CH 2Cl 2 (HPLC grade, Honeywell) and NN-dimethylformamide (DMF,

99.8%, VWR) were obtained by degassing with a flow of argon gas for 30 min and

by passing the solvent through two silica columns in a Glass Contour Solvent Sys-

tem. 70% HNO 3 (ICP-AES grade, EMD), zinc nitrate hexahydrate (99%, Alfa Ae-

sar), 67Zn metal (97% enriched, Trace Sciences International), and terephthalic acid

(Sigma-Aldrich) were used without further modification. Natural abundance MOF-5

was prepared according to literature. 72
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3.6.2 Experimental Conditions for Solid-state Nuclear Mag-

netic Resonance

High-field 67Zn nuclear magnetic resonance (NMR) spectra were acquired using a

Bruker Avance III 500 (11.7 T) equipped with a 4 mm magic-angle spinning (MAS)

single resonance low-gamma Bruker probe using a quadrupolar echo experiment. 128

Pulses were calibrated using a 2 M aqueous solution of Zn(N0 3 )2 (2.3 As, 7r/2 pulses,

w, 1 27r = 36 kHz), an echo delay of 60 ps, an optimized recycle delay of 1 seconds,

and 512,000 co-added transients. The frequency axis is referenced to 0 ppm using 1

M solution of Zn(N0 3) 2. 129

Ultrahigh field 67Zn NMR spectra were acquired using a Bruker Avance II 900

(21.1 T) spectrometer. Spectra were acquired using various probes including a 4

mm MAS double resonance (H/X), a home-built single resonance solenoid 5-mm low-

gamma non-spinning, a 7-mm MAS double resonance (H/X), and a 7-mm solenoid-

coil single resonance non-spinning probes. Spectra were acquired using either the

Bloch decay, 130 the quadrupole echo, 128 or the CPMG16 (Quadrupolar CPMG) pulse

sequence. Pulses were calibrated using a 1-M aqueous solution of Zn(N0 3 )2 for the

4-mm (3 A s, 7r/2 pulses, w,1 27r = 28 kHz), the 5-mm (2 ps, r/2 pulses, w,1 27r =

42 kHz), and the 7-mm probes (5 ps, 7r/2 pulses, w 1 27r = 17 kHz (H/X) and 3 ps,

7r/2 pulses, w,1 27r = 28 kHz (X)). Experiments were acquired using either a 0.5- or

1-s recycle delay, between 8,192 and 128,000 co-added transients, and an echo delay

between 60 and 100 ps. MAS NMR spectra were acquired using a spinning frequency

between 5 and 10 kHz. The frequency axis is referenced to 0 ppm using 1-M solution

of Zn(N0 3)2 -129 Spectral parameters were simulated using the WSOLIDS software

package. 131

'3 C MAS NMR data were acquired using a home-built 500 MHz (11.7 T) spec-

trometer (courtesy of Dr. D. Ruben, FBML-MIT) equipped with a Magnex super-

conducting magnet. Spectra were acquired using a 4-mm MAS Chemagnetics triple

resonance (H/C/N) probe. Variable temperature 13C MAS NMR data were acquired

using Bloch, 13 cross polarization (Cp),132 and refocused-INEPT133 experiments. A
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1.5-ms contact time was used for the CP experiment, and all experiments were col-

lected with high-power (wi27r = 100 kHz) TPPM 34 1H decoupling during acquisi-

tion. Spectra were acquired using 3 to 20 s recycle delays, between 8,192 and 32,768

co-added transients, temperatures between 273 and 308 K, and a spinning frequency,

wr/27r = 8,000 (2) Hz. The 13C chemical shift axis was referenced to 40.135 ppm using

solid adamantane with respect to DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid, 0

ppm.

Non-spinning 2H NMR experiments were acquired on a custom-built 400 MHz

spectrometer (courtesy of Dr. D. Ruben, FBML-MIT) using a custom-built single

channel trans-mission line probe equipped with cryogenic temperature capabilities.

All 2H NMR spectra were obtained using the quadrupolar echo sequence136 with 8-

step phase cycling41 37 using a 7r/2 pulse of 2.0 ps and a delay of 30 ps between the

two pulses. The recycle delay was 30 s for all experiments and the number of co-added

transients was between 4,000 and 20,000 depending on the signal-to-noise.

3.6.3 Born-Oppenheimer Molecular Dynamics

A rhombohedral cell was used to model the MOF-5 lattice, consisting of two rotated

Zn4 (u 4-O)(p-BDC) 3 units. This corresponds to 25% of the cubic crystallographic cell,

[Zn 4 (P4-0)(p-BDC) 318 and has been successfully employed in previous studies. "3

Static calculations (optimization) were performed using density functional the-

ory (DFT) as implemented in the Vienna Ab Initio Simulation Package (VASP)

plane wave code, version 5.2.138,131 We employed the Perdew-Burke-Ernzerhof (PBE)

exchange-correlation functional 4 0 that was shown to reproduce binding energies

well, 14,142 with dispersion corrections added via the Grimme DFT-D2 semi-empirical

approach.14 3 Inner electrons were replaced by all-electron frozen cores (projector aug-

mented wave) PAW method,"4 4" 4 5 whereas monoelectronic valence electrons were ex-

panded in plane waves with a kinetic cut-off energy of 350 eV. The threshold for the

geometry optimizations was set to 0.015 eV/A. All the calculations were performed

at the F point.

This cell was then employed in a first-principles Molecular Dynamics calculation,
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since it is the only method capable of describing the electronic structure and the

dynamics simultaneously. In particular, we used Born-Oppenheimer Molecular Dy-

namics (BOMD) to investigate the dynamics of the cage in the presence of DMF, with

a liquid phase density. For the BOMD, the convergence criterion in the electronic

density of each minimization was set to 10-' eV. This setup minimizes the energy

drift of the extended system including ions, electrons, and the thermostat, for an

average value smaller than 0.003 eV/ps per unit cell. The runs were performed in the

NVT canonical ensemble; the temperature was controlled using a Nosd thermostat,

mass parameter 0.01 a.m.u, and set to 300 K. Each equilibration step was performed

over 1 ps, whereas each production run was 24 ps long with a time step of 1 fs.

To address the issue of DMF coordination to the metal centers in the MOF-5

structure we employed a continuous coordination number, c. We define two atoms

being bonded, c = 1, when their distance is smaller or equal to the sum of the ionic

radii of the cation and anion. The coordination is then calculated through a Gaussian

function that follows the harmonic potential between the two atoms and set to zero

for distances longer than the sum of the radii plus 0.9 A (i.e., longer than the van der

Waals corresponding distances). The values rounded to the closest integer were then

plotted in Figure 3-7.

3.6.4 Preparation of "Zn-enriched Zn(N0 3 ) 2 -xH20

67Zn metal flakes (0.100 g, 1.5 mmol) were suspended in 1 mL of deionized water in

a glass vial and placed in a -20 'C fridge for 15 min. This vial was then held in an

ice bath and 1.00 mL of 70% aqueous HNO 3 that was cooled to -20 0C was added

dropwise in two portions. After adding 600 pL the reaction suspension and remaining

HNO 3 was placed back into the freezer. After 20 min, the remaining acid was added

dropwise. The solution was then kept at 10-6 torr on a Schlenk line overnight and

370 mg of white powder was recovered and used without further purification for the

synthesis of enriched MOF-5.
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Figure 3-9: Powder X-ray diffraction pattern of the 67Zn-enriched DMF-solvated
MOF-5 sample that was used for 67Zn NMR experiments before (middle) and after
(top) measurements compared to the simulated pattern of evacuated MOF-5 (bot-
tom). Note that discrepancies in peak intensities are due to the sample being solvated.

3.6.5 Preparation of 6 7Zn-enriched MOF-5

This preparation followed the procedure reported for natural-abundance MOF-5.72

The white powder described above was dissolved in 41 mL of anhydrous DMF and

500 pL of deionized water in a 100 mL Teflon-capped glass jar. Terephthalic acid

(69 mg, 0.42 mmol) was added and sonicated until completely dissolved and two

glass slides were added to increase the surface area available for crystallization. After

heating at 100 'C for 7 h, cubic crystals were collected by gravity filtration in an

N2-filled bench-top glovebox. These were washed in fresh DMF for 8 h, repeated six

times, and soaked in CH 2 C12 following directions as indicated for natural abundance

MOF-5.1 The phase purity of this material, partially solvated by DMF and CH2 Cl 2 ,

was confirmed by PXRD (Figure 3-9).
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3.6.6 Sample Preparation for Nuclear Magnetic Resonance

Zn-MOF samples were prepared as described above using natural abundant 67 Zn (4.1

%) for MOF solvated with DMF or desolvated without DMF. Enriched solvated Zn-

MOF sample was prepared using 97 % enriched 67Zn. Samples were packed in a

glovebox under dry Ar or N 2 gas into zirconia (ZrO 2) magic angle spinning (MAS)

rotors with outer diameters of either 4 mm or 7 mm (100 or 400 pl, respectively). The

enriched sample was sealed using epoxy to inhibit any reaction with the atmosphere.

For the solvated sample, desolvated Zn-MOF was packed into ZrO 2 rotors and solvated

in situ using > 99 % dry DMF.

3.6.7 Solid-state Nuclear Magnetic Resonance Analysis of Ac-

tivated MOF-5

Natural abundant non-solvated MOF-5 was analyzed using solid-state NMR under

spinning and non-spinning conditions to characterize its structure and NMR proper-

ties at 21.1 T. Under MAS the chemical shift anisotropy (CSA) and dipolar coupling

interactions are attenuated leaving only the residual second-order quadrupolar broad-

ening of the central transition, which is the dominant interaction for 67Zn, being solely

responsible for the observed linewidth and shape. The spectrum represented within

3a was simulated (inset) with the following parameters: isotropic chemical shift (6ijo)

= 158 ppm, quadrupolar coupling constant (CQ) = 1.65 MHz, and asymmetry pa-

rameter (rq) = 0.

Under non-spinning condition all the anisotropic interactions are present. Figure

3-3b and 3c are the non-spinning spectra without and with 1H decoupling, respec-

tively. In Figure 3-3c, the "horns" of the spectrum are narrowed compared to Figure

3-3b, denoting the effect of the 1H radio frequency field that decouples the 1H dipolar

interaction. The observed CSA is significant, leading to the characteristic shape with

the span (Q) = 87 ppm and skew (r) = 1. The near tetrahedral symmetry of the Zn-

MOF, combined with the reduction of the second-order quadrupolar broadening at

ultrahigh magnetic fields, creates a unique circumstance whereby the breadth of the
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Figure 3-10: 67Zn NMR spectrum of natural abundance desolvated Zn-MOF acquired
at 21.1 T (900 MHz, 'H), (a) the experimental spectrum under non-spinning con-
ditions, (b) the corresponding quadrupolar simulation (CQ = 1.65 MHz and r=
0, determined from MAS NMR) under non-spinning conditions (with no considera-
tion of CSA), and (c) the complete simulation incorporating both the chemical shift
anisotropy and quadrupolar coupling.

lineshape begins to be dominated by the CSA rather than by the quadrupolar interac-

tion. This is more clearly shown in Figure 3-10 where the non-spinning experimental

spectrum (Fig. 3-10a) cannot be simulated solely using the quadrupolar coupling

parameters determined from the MAS experiment (Fig. 3-10b). A CSA interaction

of considerable magnitude is required to provide excellent agreement between the

simulation and experimental data (Fig. 3-10c).

3.6.8 Solid-state Nuclear Magnetic Resonance Analysis of DMF-

Solvated 61Zn Enriched MOF-5

The non-spinning spectrum of the evacuated MOF-5 spectra revealed that the pow-

dered lineshape was affected by dipolar, chemical shift anisotropy (CSA), and quadrupo-
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lar interactions. Magic-angle spinning (MAS) NMR was acquired to attenuate the

first two interactions and partially reduce the second-order quadrupolar broadening of

the central transition (Figure 3-4B). Surprisingly, the linewidth of the resulting spec-

trum was nearly identical to the spectrum under non-spinning conditions, while the

"horns" attributed to the solvated site disappeared (Figure 3-4B). This result indi-

cates that the linewidth of the unsolvated site is no longer dominated by quadrupolar

broadening at ultrahigh magnetic fields, while the FWHM of the linewidth of the

solvated site reduces from 21 kHz to an expected value of ~6 kHz, thereby obscuring

it by the main resonance of the unsolvated site (~14 kHz). This contraction indicates

the solvated site is still the dominated by quadrupolar broadening, although disorder

could also impact its signal.

3.6.9 Other Physical Measurements

TGA was performed on a TA Instruments Q500 Thermogravimetric Analyzer at a

heating rate of 0.5 C/min under a nitrogen gas flow of 90 mL /min. Fourier-transform

infrared spectroscopic measurements were performed in a N 2-filled glovebox using a

Bruker Alfa spectrometer. The data was averaged over 32 scans at 4 cm- 1 resolution

between 8000 - 500 cm- 1. Mass spectrometry was conducted in multi-ion detection

mode using a Hiden Analytical HPR20 QIC benchtop gas analysis system. The

exhaust gas from a TGA measurement of DMF-soaked natural abundance MOF-5

was sampled in situ using the N 2 flow as a carrier gas. The TGA was connected to

the QIC capillary inlet using standard Swagelok fittings, with the capillary held at

160 'C and 3 mbar.

3.6.10 Sample Preparation for Calorimetry Studies

25 mg of fully evacuated MOF-5 was suspended in 5 mL of DMF and left for at least

12 h. The DMF was replaced by 20 mL of CH2Cl 2 , left for 8 h, then replaced two

more times. These crystals were placed under reduced pressure at room temperature

for several hours with no additional heating.
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Chapter 4

Extending Co2+ Exchange in MOF-5

by Sidestepping Lattice Strain

4.1 Abstract

This chapter demonstrates that the extent of Co2+ exchange into MOF-5 is inherently

limited, but can be extended by employing Co2+ species that makes the thermody-

namics of the process more favorable. UV-Vis-NIR and ICP-AES analysis indicates

that C02+ inserts only once into each metal node of MOF-5, when starting from

Oh species, but inserts multiple times when the species is Td. Density functional

theory (DFT) suggests the latter enhances the thermodynamics of replacing the four-

coordinate Zn2+ sites of MOF-5, thus allowing Co2+ to substitute more than the

six-coordinate site. These results explain why the exchange of other cations into

MOF-5 does not go to completion. More generally, they demonstrate the importance

of the intrinsic properties of the MOF and the identity of the inserting metal species

in cation exchange, and that the process can be explained and manipulated.

4.2 Introduction

Little is understood about critical aspects of cation exchange, such as which metal

sites undergo exchange, why certain ions replace others, and what dictates the extent
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Figure 4-1: MOF-5 clusters relevant to Co 2+-exchange with the corresponding nomen-
clature.
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of exchange. We sought to answer this third question, since cation exchange does

not go to completion in many systems,3, 18,24,26,31,33,34,38,42 including what we describe

in Chapters 2, 7, and 8, where only one Zn2+ per Zn 40 cluster is replaced by V2+,

Cr2+, Mn2+, Fe2+, or Ni 2+.17,99 We propose that this limit is related to our finding in

the preceding chapter that MOF-5 accommodates up to one six-coordinate Zn2+ per

cluster, to furnish clusters labeled 6 Zn4Co in Figure 4-1. Perhaps metal species only

insert once if the thermodynamics favor six-coordinate but not four-coordinate geom-

etry. On the other hand, species that can adopt a pseudo-tetrahedral configuration

might replace the remaining three Zn 2+ sites. We report our ability to circumvent

this barrier by employing anhydrous CoCl 2 since it is known to exist as both four-

coordinate and six-coordinate in DMF. These results illustrate that MOFs can pose

energetic barriers to cation exchange, which can be sidestepped by appropriate syn-

thetic conditions.

4.3 Results and Discussion

We hypothesized that tetrahedral metal species would be more thermodynamically

favored to exchange into both the six- and four-coordinate metal sites of MOF-5

since octahedral metal species were used to synthesize the previous variants of MOF-

5 and never exchanged more than one cation per cluster. We suspended crystals of

MOF-5 in 0.1 M solutions of anhydrous CoCl 2 in dry DMF at room temperature,

knowing that anhydrous CoCl 2 exists in several equilibria, as shown in 4.1-4.3. 146,147

Although Co2+ was not known to exchange into MOF-5, previous reports of Co2+

analogues synthesized through solvothermal routes suggested it would be possible. 63

To monitor the Co2+ incorporation with time, we repeated this soak for 1 min, 30

min, 1 h, 1 day, 1 week, and 1 month under otherwise identical conditions. For

comparison, we suspended MOF-5 crystals in 0.1 M DMF solutions of Ni(N0 3)2 -xH20

or Co(N0 3)2.xH 20 for similar time periods.

2CoCl 2 + DMF 7 [CoCl 4 ] 2 - + [Co(DMF)6 ] 2+ (4.1)
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Figure 4-2: Optical photographs of Co-MOF-5 after different periods of cation ex-
change.

[CoCl 4 ] 2 - + DMF # [CoCl 3(DMF)]- + Cl- (4.2)

[Co(DMF)j]2+ + Cl- # [Co(DMF) 5(Cl)]- + DMF (4.3)

After isolating and washing the crystals, they displayed a striking color progression

that suggested C02+ inserted with octahedral geometry at first, but incorporated more

tetrahedral Co2+ with time. As shown in Figure 4-2, MOF-5 soaked for 1 min and 30

min appear pink, but materials soaked for at least 1 day appear more blue. Diffuse

reflectance UV-vis spectra of these materials support this observation, with the 1 min

spectrum depicting a profile indicative of Co2+ in Oh symmetry (Figure 4-3). With

increasing soaking times, the spectra are more characteristic of Td Co2+. These data

are consistent with Co2+ first inserting into the available six-coordinate metal site of

the MOF-5 SBU to furnish a cluster akin to 6 Co4 Zn, in Figure 4-1, then exchanging

further to give sites with pseudo- Td symmetry.

Quantifying the Co2+ incorporation with inductively coupled plasma atomic emis-

sion spectroscopy (ICP-AES) indicates that, indeed, using anhydrous CoCl 2 breaks

the previous barrier of one cation per cluster in MOF-5. As shown in Figure 4-4, one
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Figure 4-3: Diffuse reflectance visible spectra of MOF-5 after soaking in CoC12-DMF
solutions for specified lengths of time, with normalized intensities.

C02+ incorporates in each cluster after one day and nearly three after one month.

From this plot, substituting the first metal appears to occur faster than substitut-

ing the subsequent sites. As expected, ICP-AES analysis of the materials soaked in

Ni(N0 3) 2.xH 20 and Co(N0 3 )2.xH20 confirms that these Oh metal species permit

the substitution of up to just one Zn2+ per cluster, on average (Figures 4-5 and 4-6).

Inspecting these ICP-AES results reveals that anhydrous CoCl 2 not only facilitates

more Co2+ substitution, but inserting the first cation into each cluster occurs faster.

We investigated why anhydrous CoCl 2 improved the cation-exchange process by

comparing calculated Gibbs free enthalpies of formation (AGf) using density func-

tional theory. Rather than consider the entire lattice, we employed truncated model

compounds based on the clusters in Figure 4-1 with benzoates in place of 1,4-p-

terephthalates. Since the solvated Co(N0 3 )2 and CoCl 2 are known to exist as sev-

eral species in equilibrium, we simplified the calculations by modeling them as O

Co(DMF)6
2 + and Td Co(DMF) 4

2 . Using the reaction equations shown below, we

calculated AG,., of Co2+ exchanging into MOF-5 from either Oh or Td species, as-

suming the MOF-5 clusters to begin as 6 Z11 4 Co.

As summarized in Table 4.1, these calculations conclude that cation exchange

is thermodynamically favored for the Td over Oh species for each of the possible
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Figure 4-4: Amount of Co2+-exchanged
ICP-AES analysis when using CoCl 2.
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Figure 4-5: Amount of Co2 +-exchanged into each MOF-5 cluster as determined from
ICP-AES analysis when using Co(N0 3)2 -xH20.
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Figure 4-6: Amount of Ni2+' -exchanged into each MOF-5
ICP-AES analysis when using Ni(N0 3)2.xH 20.

cluster as determined from

6Co4Zn 4Co 4Zn 6Zn4Co
Co(DMF)6 2+ -1.369186445 56.46149631 -0.618554806
Co(DMF)42+ -10.8810589 46.94962386 -10.13042726

Table 4.1: Simulated AG,,,, in kcal/mol, of various Co-MOF-5 clusters (columns)
starting from Co(DMF)6 2+ (top row) or Co(DMF)42+ (bottom row) and 6Zn4 Zn.

products, 6 Co4Zn, 4Co4 Zn, or 4Co6 Zn. When starting from Oh Co(DMF)6 2+, AGrun

is nearly thermoneutral in producing ICo4 Zn and 4Co6Zn, yet Keq for these species is

~ 107 when starting from Td Co(DMF) 4
2 +. In either case, 6 Co4 Zn is most favorable,

which is consistent with our observation with Co2- inserting first in the six-coordinate

site. Synthesizing 4Co4 Zn, on the other hand, is highly disfavored, for both Oh or

Td species, with Kgq at 10-42 and ~ 10-". This result is also consistent with our

observation that the SBUs always contain at least one metal site with coordinated

DMF molecules.

More revealing is that the calculated formation enthalpy for 4Co6 Zn is nearly the

same as for 6 Co4 Zn, yet our experimental evidence also detects a pseudo-Oh CO2+ in

Co-MOF-5. To reconcile the evidence with these calculations, we propose that Co2+
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inserts first into the six-coordinate site of MOF-5, but the lattice imposes a kinetic

barrier to additional six-coordinate sites in each cluster. The DMF molecules on Co

might transfer to Zn, causing the Oh CO2+ to adopt Td geometry, but that Keq for this

process is small when starting from Oh Co(DMF)6
2 + and larger when starting from Td

Co(DMF) 4
2+. It is important to note that these calculations do not explore possible

mechanisms and intermediate species. For example, the compounds in a CoCl2 -DMF

solution might exchange directly into the four-coordinate sites of MOF-5, or might

only replace Zn sites with pendant DMF molecules.

4.4 Conclusion

In conclusion, the extent of C02+ exchange into MOF-5 is limited by lattice strain

and depends on the identity of the inserting metal species. This barrier can be

circumvented by choosing a species that enhances the thermodynamics of the process

and can be rationalized by theory. Although the Co2+ analogue of MOF-5 is already

known," this technique could be employed to stabilize unprecedented variants. These

results are specific to Co-MOF-5, but could be applied to cation exchange in other

MOFs and, perhaps, other classes of materials. The identity of the inserting cation is

typically overlooked as a critical aspect of the exchange process, yet thermodynamic

calculations could screen for appropriate metal species that enable precise control

over the composition of new materials.

4.5 Methods

All synthetic manipulations were performed under an inert atmosphere of a N 2 glove

box, unless stated otherwise.

Materials. Dichloromethane (HPLC grade, Honeywell), NN-dimethylformamide

(DMF) (99.8%, VWR), Co(N0 3)2 -6H20 (99.9%, Strem), Ni(N0 3)2-6H20 (99.9%,

Strem), CoCl 2 -6H2 0 (98%, Strem) and Zn(N0 3)2.6H20 (99%, Alfa Aesar) were used

as received. Dry, deaerated DMF was obtained by degassing with a flow of argon gas
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for 30 min and by passing the solvent through two silica columns in a Glass Contour

Solvent System. Anhydrous CoCl 2 was obtained by heating the hydrate salt at 100

'C under reduced pressure on a Schlenk line.

4.5.1 Physical Measurements

Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker Advance II

diffractometer equipped with 0/20 Bragg-Brentano geometry and Ni-filtered Cu-Ku

radiation (Kai = 1.5406 A). The tube voltage and current were 40 kV and 40 mA,

respectively. Samples for PXRD were prepared by placing a thin layer of samples on

a zero-background silicon crystal plate supported on a cup with dome that screwed-

on with a rubber O-ring fitting. Diffuse reflectance UV-Vis spectra were collected

between on a Varian Cary 5000 UV-Vis-NIR spectrometer equipped with a Praying

Mantis diffuse reflectance accessory and an environmental chamber (Harrick Scientific

Products) and referenced to BaSO 4 . Cobalt, nickel, and zinc analyses were conducted

at the MIT Center for Materials Science and Engineering Shared Experimental Facil-

ity (CSME-SEF) using a HORIBA Jobin ACTIVA inductively coupled plasma atomic

emission spectrometer (ICP-AES). Standards were prepared from solutions purchased

from ULTRA Scientific , designated suitable for ICP analysis.

4.5.2 Zn4 _ xM 4 _ xO(CH 404 )3 (M = Ni or Co).

M(N0 3)2.6H 20 where M = Co or Ni, (0.30 mmol) or CoCl 2 were dissolved in 10 mL

of dry, deaerated DMF and added at room temperature to Zn4013C24H12 (MOF-5)

(50 mg, 6.5 x 10-2 mmol) that was washed once with 20 mL of DMF for 24 h. These

suspensions were stirred gently for 1 week before replacing the solution with fresh

DMF."

4.5.3 Calculations

The ORCA 3.0.3 software package148 was used for all computations. The all-electron

Gaussian basis sets developed by the Ahlrichs group were employed in all calculations
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with the basis sets TZV(p) (for H), TZV(2d) (for C, N, and 0), and TZV(2pf) (for

Zn and Fe).9",4 Calculations were done using the resolution of the identity (RI) using

the Becke-Perdew (BP) functional.90'9 ' All structures containing Co were calculated

with quartet spin multiplicity at the spin unrestricted level. Geometry optimizations

of the truncated model compounds began from the crystallographically determined

structure of MOF-5, where all atomic positions were optimized, with the 1 and 4

carbons atoms on each benzoate fixed in place. The optimized geometries were then

used for calculating thermodynamic properties, which were performed using numerical

differentiation of analytic gradients with an increment of 0.005 bohr. Because no

negative frequencies were observed, the structures appeared to reside in potential

energy minima.

The energies reported in Table 4.1 were calculated from balanced reactions using

the Gibbs free enthalpies (AGf) calculated for each species. For an example, the

formation enthalpy of ICo4 Co from Co(DMF) 4
2 + was calculated as:

AGrn(6 Co4 Zn) [AGf( 6Co4 Zn) + AGf (Zn(DMF)6
2 +)]

[AGf( 6 Zn4Zn) + IAGf(Co(DMF) 42+) + 2 x AGf (DMF)]

= -10.8810589 kcal/mol

Similarly, the remaining equations are as follows:

AGrxn (6Co4 Zn) =[AGj( 6Co 4 Co) + AGf (Zn(DMF)6 )2+)]

[AGf (6Zn4Zn) + AGf (Co(DMF)6 2+)]

= -1.369186445 kcal/mol
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AGar( 4C04ZZn) = [AGf( 4Co4 Zn) + AGf(Zn(DMF)6
2 +)] -

[AGf (6 Zn4 Zn) + AGf(Co(DMF) 42+) + 2 x AGf (DMF)]

= 46.94962386 kcal/mol

AGxn( 4C04ZZn) =[AGf (4Co4 Zn) + AGf (Zn(DMF)62+)]

[AGf (6Zn4 Zn) + AGf (Co(DMF) 4
2 +)]

= 56.46149631 kcal/mol

AGrxn( 6 Zn4 CO) =[AGf (6 Z 4Co) + AGf(Zn(DMF) 62+)]

[AGf(6Zn 4Zn) + AGf(Co(DMF) 42+) + 2 x AGf (DMF)]

= -10.13042726 kcal/mol

AGrn(6 Z 4 CO) =[AGf (6Zn4Co) + AG! (Zn(DMF)6 )2+)]

[AG( 6 Zn4 Zn) + AGf (Co(DMF)6 2+)]

= -0.618554806 kcal/mol
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atom x y z atom x y z
Co -0.006197 0.004241 -0.002610 0 -1.161521 1.318540 0.891745
0 -0.840895 -0.515908 -1.704418 0 1.760955 0.815068 -0.297029
o 0.225760 -1.604772 1.103021 C -1.625909 0.158259 -2.446341
C -0.460502 -2.677341 1.102122 C 2.899935 0.246022 -0.316933
C -0.829641 2.284319 1.652039 H -2.023725 1.130500 -2.116426
H -1.241685 -2.850766 0.345804 H 3.008322 -0.815849 -0.046661
H 0.227917 2.553394 1.799069 N -2.029348 -0.239299 -3.642717
N -0.297373 -3.655732 1.978648 N 4.024278 0.861564 -0.647011
N -1.698778 3.035010 2.310268 C -2.956637 0.575245 -4.437568
C -1.585472 -1.506099 -4.233951 C 0.694351 -3.579638 3.056591
C -1.106019 -4.878894 1.905986 C 4.053050 2.273949 -1.041582
C 5.309278 0.151980 -0.625844 C -3.145054 2.803760 2.231605
C -1.249526 4.150348 3.152334 H -3.211824 1.490857 -3.892513
H -2.487205 0.841038 -5.394160 H -3.873620 0.004242 -4.636119
H -1.113016 -1.306004 -5.205029 H -2.453553 -2.160848 -4.391634
H -0.869629 -1.989870 -3.564429 H 1.194342 -2.608205 3.024023
H 0.188460 -3.707424 4.023031 H 1.431038 -4.385503 2.934193
H -1.669441 -5.004753 2.840229 H -0.449821 -5.748258 1.764737
H -1.806953 -4.814705 1.066259 H 3.033669 2.667963 -1.060366
H 4.662079 2.842222 -0.325147 H 4.506305 2.361625 -2.038118
H 5.758743 0.172823 -1.627678 H 5.991257 0.642415 0.081760
H 5.156945 -0.888775 -0:318930 H -3.340225 1.922031 1.615774
H -3.633666 3.684126 1.791893 H -3.541846 2.648298 3.243823
H -1.679515 5.090580 2.781679 H -1.581874 3.988966 4.186571
H -0.156211 4.219262 3.130009

Table 4.2: Optimized atomic coordinates for Co(DMF)4
2 +
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atom x y z atom x y z
Co 0.000021 0.000012 0.000078 0 -0.269182 1.800983 1.090095
0 1.709297 -0.522630 1.139954 0 -1.709281 0.522628 -1.139939
o 0.269171 -1.801002 -1.090089 0 1.290701 1.067966 -1.299366
o -1.290645 -1.067916 1.299468 C -2.479064 -0.352767 -1.614661
C -0.909859 -2.100423 1.910196 C 1.351165 -2.064554 -1.676333
C 2.479166 0.352753 1.614565 C 0.909818 2.100325 -1.910283
C -1.351191 2.064563 1.676303 H -2.268266 -1.426475 -1.480622
H 0.123771 -2.470358 1.809714 H 2.190764 -1.350191 -1.666341
H 2.268518 1.426463 1.480318 H -0.123921 2.470032 -1.810077
H -2.190806 1.350220 1.666286 N -3.589044 -0.087501 -2.309691
N -1.683904 -2.829547 2.719357 N 1.590239 -3.192133 -2.352461
N 3.589072 0.087461 2.309701 N 1.683870 2.829525 -2.719371
N -1.590253 3.192152 2.352415 C -4.421938 -1.163941 -2.847089
C -4.018699 1.283450 -2.583004 C -3.082316 -2.481543 2.968591
C -1.159728 -4.008329 3.409962 C 0.586424 -4.249392 -2.468248
C 2.871040 -3.416368 -3.023549 C 4.422108 1.163881 2.846919
C 4.018529 -1.283500 2.583278 C 3.082417 2.481822 -2.968256
C 1.159610 4.008179 -3.410130 C -0.586408 4.249380 2.468233
C -2.871075 3.416440 3.023445 H -3.995197 -2.135139 -2.571182
H -5.441173 -1.091488 -2.442052 H -4.472823 -1.092680 -3.942872
H -5.036889 1.436722 -2.198507 H -4.023168 1.466416 -3.667124
H -3.329632 1.977070 -2.093023 H -3.346562 -1.611533 2.360908
H -3.728599 -3.330296 2.704167 H -3.227541 -2.250007 4.033560
H -1.735694 -4.900368 3.125924 H -1.233465 -3.873675 4.498456
H -0.108526 -4.159454 3.138689 H -0.296654 -3.967155 -1.888140
H 0.309767 -4.390635 -3.522921 H 0.996934 -5.194175 -2.085003
H 3.354379 -4.319278 -2.624390 H 2.714684 -3.549175 -4.103499
H 3.529991 -2.555684 -2.860831 H 3.329270 -1.977116 2.093564
H 5.036636 -1.437050 2.198668 H 4.023124 -1.466198 3.667441
H 4.472952 1.092813 3.942717 H 5.441344 1.091202 2.441925
H 3.995515 2.135088 2.570820 H 0.108318 4.159103 -3.139092
H 1.735335 4.900345 -3.126000 H 1.233611 3.873500 -4.498603
H 3.346525 1.611503 -2.360958 H 3.228051 2.250902 -4.033300
H 3.728530 3.330487 -2.703119 H 0.296741 3.967043 1.888283
H -0.309902 4.390717 3.522933 H -0.996816 5.194143 2.084829
H -2.714753 3.549287 4.103394 H -3.354383 4.319344 2.624233
H -3.530037 2.555762 2.860739 1

Table 4.3: Optimized atomic coordinates for Co(DMF)6 2+
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atom x y z atom x y z
Zn 0.00000899382508 0.00001820994158 0.00004101923480 0 -0.27728646790571 1.81132166290315 1.10317401375079
o 1.72085245634923 -0.51612194899738 1.15808988704342 0 -1.72084420776910 0.51613845036422 -1.15808535611756
0 0.27727673737685 -1.81131151133895 -1.10315921110092 0 1.28968607648770 1.07682494820781 -1.32145542773737
o -1.28966137318385 -1.07679670653934 1.32149045140856 C -2.47340956849818 -0.35310484109406 -1.66844697482158
C -0.90493818806567 -2.09161875408000 1.95750077529435 C 1.33875241763723 -2.06132767379057 -1.73017029608051
C 2.47345285948147 0.35311429075089 1.66841517434547 C 0.90492005643076 2.09156786945057 -1.95756568386166
C -1.33875029839400 2.06134388198978 1.73020490867268 H -2.24789455173835 -1.42850756582715 -1.57550579248288
H 0.13718410212251 -2.44575029137328 1.89047372726509 H 2.16091118140787 -1.32787159800199 -1.77517410068422
H 2.24800608603257 1.42852346853187 1.57538882063325 H -0.13724293706266 2.44560195256023 -1.89065171111637
H -2.16090583250106 1.32788631966263 1.77523615625398 N -3.58540763411583 -0.08044920494666 -2.35734186962592
N -1.68548237660866 -2.82368016608904 2.75769307431740 N 1.57763557602979 -3.19867462412839 -2.38964772426735
N 3.58541074836527 0.08044087467411 2.35736578463804 N 1.68545802611082 2.82364481684530 -2.75775100143808
N -1.57761835493908 3.19869864972684 2.38967176621287 C -4.40112042207848 -1.14957721453175 -2.93396088091055
C -4.03767539873432 1.29256443927873 -2.57822373725826 C -3.09655807324749 -2.49993807768455 2.96407839989843
C -1.15840661500460 -3.98462287561896 3.47555652283795 C 0.59798385765357 -4.28353014503556 -2.43440527098688
C 2.83448559855536 -3.40830064719452 -3.10890502952109 C 4.40118161459050 1.14956194532954 2.93391608157918
C 4.03759267298386 -1.29258371444456 2.57835675153995 C 3.09658263939446 2.50002959441441 -2.96399675078348
C 1.15833995173805 3.98451306898285 -3.47570338773189 C -0.59796916435313 4.28355854455485 2.43438732345785
C -2.83445859141311 3.40833988037083 3.10894236604401 H -3.95726263629948 -2.12316174984382 -2.69591918450946
H -5.42058451106417 -1.11022677802885 -2.52493072434448 H -4.45537532285980 -1.03771941115710 -4.02614117453652
H -5.05861751183599 1.41393702347643 -2.18963215977464 H -4.04421425521730 1.51728711277131 -3.65443932715003
H -3.36090859911248 1.97797924315335 -2.06024585147637 H -3.36026597330827 -1.64250959981200 2.33846451756353
H -3.71908158057369 -3.36390283258052 2.69194159059466 H -3.27576840991646 -2.25908545500934 4.02174688817480
H -1.70986871489023 -4.89046159316567 3.18655396246801 H -1.26355910912682 -3.83937528021435 4.56005898089298
H -0.09769944380387 -4.11900708297066 3.23394018041482 H -0.26536833397210 -4.00893158840811 -1.82176803699605
H 0.27861534099942 -4.45876412001559 -3.47174635588852 H 1.04991803519052 -5.20745753728225 -2.04694341904167
H 3.35849523399067 -4.28702111774895 -2.70711952804607 H 2.63636508646851 -3.57441666138237 -4.17728105406863
H 3.47622862861809 -2.52669219490370 -2.99723318039366 H 3.36074427480832 -1.97800101714169 2.06048949627613
H 5.05850206984248 -1.41407291933934 2.18971418703573 H 4.04418083778761 -1.51719441330054 3.65459476735206
H 4.45540930272505 1.03778406646189 4.02610585255395 H 5.42065046237775 1.11011471646508 2.52490710489669
H 3.95739037545611 2.12315619767634 2.69579098572042 H 0.09760543047678 4.11882417044935 -3.23416623996004
H 1.70970893172372 4.89040971855595 -3.18670377222557 H 1.26358059367398 3.83922459240270 -4.56019172986097
H 3.36023669965447 1.64245651140945 -2.33855896983200 H 3.27595646026704 2.25945654810912 -4.02169967055066
H 3.71903199093840 3.36395145222091 -2.69154722468933 H 0.26539983576916 4.00892294040506 1.82179078995688
H -0.27863172211151 4.45885597834857 3.47172695702672 H -1.04989250891207 5.20746197286390 2.04685502592860
H -2.63632163746861 3.57448045192255 4.17731124254277 H -3.35847450558333 4.28705100401270 2.70714437193843
H -3.47620241167157 2.52672834377667 2.99729990410599

Table 4.4: Optimized atomic coordinates for Zn(DMF)6
2 +
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atom x y z atom x y z atom x y z
Zn 1.305061 0.423128 1.943378 Zn 1.908443 0.644289 -1.155818 Zn -0.567640 2.104212 0.059896
Zn -0.648359 -1.166145 -0.248919 0 0.490766 0.478142 0.172528 0 3.290558 0.504131 1.867504
o 3.659652 1.059197 -0.309450 0 0.878627 -1.157761 3.015236 0 -0.379244 -2.294461 1.491723
0 0.803264 1.986672 3.068921 0 -0.177633 3.366594 1.547408 C 8.220289 1.381758 1.719973
C 7.734351 1.570089 0.422359 C 6.376876 1.396962 0.153553 C 5.494264 1.034774 1.182387
C 5.986595 0.846975 2.482490 C 7.344890 1.019760 2.748912 C 4.031993 0.850636 0.890745
C -0.016595 -5.508573 5.315035 C -0.330815 -5.681089 3.963591 C -0.259164 -4.597182 3.088172
C 0.142743 -3.335726 3.551039 C 0.475571 -3.174079 4.903438 C 0.385798 -4.253930 5.783006
C 0.216691 -2.168899 2.597195 C 0.233060 6.272649 5.599008 C -0.301632 6.478778 4.323450
C -0.279850 5.449313 3.382861 C 0.278343 4.204755 3.711725 C 0.813701 4.003021 4.992622
C 0.790203 5.033828 5.932072 C 0.304112 3.097652 2.696663 N -3.427782 -4.519871 -0.384210
0 -2.042962 -2.787380 -0.968083 C -2.617010 -3.473921 -0.105753 C -4.074143 -5.274481 0.678844
C -3.680293 -4.928917 -1.759150 N -2.481151 0.312851 -3.947551 0 -1.083124 -0.256446 -2.226015
C -2.221559 -0.173500 -2.718259 C -1.404069 0.787069 -4.810205 C -3.844873 0.423054 -4.442140
0 -2.437957 -0.432266 0.592160 0 -2.512112 1.804633 0.174825 0 1.640657 2.183223 -2.386904
o -0.230265 3.189128 -1.560145 0 2.234462 -0.939439 -2.263179 0 0.816148 -2.312530 -1.127819
C -7.144889 0.832314 1.791344 C -6.517221 1.988109 1.316755 C -5.179083 1.945885 0.923486
C -4.458998 0.743995 0.994653 C -5.094492 -0.410589 1.474143 C -6.430344 -0.366924 1.873409
C -3.014837 0.690186 0.559393 C 0.923094 6.019526 -5.519198 C 1.873146 4.994726 -5.464635
C 1.812951 4.039870 -4.449401 C 0.799260 4.102602 -3.481425 C -0.150386 5.133993 -3.539976
C -0.088039 6.088295 -4.555553 C 0.733794 3.074021 -2.385131 C 3.266851 -5.463561 -4.147405
C 2.240796 -5.636715 -3.213123 C 1.742678 -4.538077 -2.512849 C 2.266992 -3.257067 -2.739578
C 3.297477 -3.089524 -3.675966 C 3.794146 -4.188958 -4.377480 C 1.719457 -2.078369 -1.975839
H 9.282894 1.517171 1.930058 H 8.416619 1.852406 -0.381228 H 5.979580 1.538940 -0.851086
H 5.289597 0.565209 3.271354 H 7.723523 0.872379 3.761746 H -0.077292 -6.354154 6.002654
H -0.626884 -6.664402 3.593353 H -0.489315 -4.714445 2.029103 H 0.800645 -2.192966 5.249042
H 0.635963 -4.119133 6.836698 H 0.216319 7.078849 6.334767 H -0.735742 7.445421 4.062500
H -0.690481 5.591279 2.383588 H 1.245076 3.031692 5.233356 H 1.208476 4.872674 6.927036
H -2.484916 -3.275515 0.972180 H -3.772397 -4.867166 1.651568 H -3.781553 -6.335201 0.633885
H -5.170341 -5.211723 0.591085 H -4.748404 -4.819743 -2.004317 H -3.394401 -5.982410 -1.900410
H -3.082408 -4.295262 -2.422490 H -3.120656 -0.507206 -2.168585 H -1.433389 0.253746 -5.772230
H -0.448031 0.597242 -4.312240 H -1.511639 1.865740 -4.998106 H -4.541130 0.036560 -3.687602
H -3.967285 -0.155359 -5.371112 H -4.097341 1.474567 -4.648890 H -8.190124 0.867759 2.103971
H -7.072110 2.926087 1.259174 H -4.670473 2.838768 0.560759 H -4.517710 -1.333006 1.536344
H -6.916774 -1.266745 2.254244 H 0.973084 6.768178 -6.312012 H 2.664992 4.943341 -6.213773
H 2.547538 3.237268 -4.387069 H -0.926774 5.174683 -2.776262 H -0.826054 6.891316 -4.594240
H 3.658608 -6.323130 -4.694612 H 1.832134 -6.632172 -3.029772 H 0.945274 -4.647930 -1.778247
H 3.699559 -2.089772 -3.838682 H 4.597544 -4.053614 -5.103732

Table 4.5: Optimized atomic coordinates for (DMF)2 Zn4O(C 7 HsO 2 )6
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atom x y z atom x y z atom x y z
Zn 1.300064 0.418425 1.948019 Zn 1.899740 0.635604 -1.156742 Zn -0.574205 2.093802 0.059947
Co -0.658968 -1.181301 -0.252604 0 0.481227 0.456757 0.175476 0 3.288703 0.511295 1.869030
0 3.656909 1.051872 -0.310289 0 0.884545 -1.161406 3.019639 0 -0.382993 -2.278276 1.491950
0 0.805076 1.987917 3.070423 0 -0.178640 3.361071 1.546025 C 8.220289 1.381758 1.719973
C 7.735699 1.562262 0.420641 C 6.378208 1.389166 0.151382 C 5.494121 1.034702 1.181594
C 5.985008 0.854534 2.483380 C 7.343232 1.027392 2.750179 C 4.031993 0.850636 0.890745
C -0.016595 -5.508573 5.315035 C -0.351760 -5.677732 3.967839 C -0.281059 -4.595336 3.090086
C 0.140168 -3.337818 3.546393 C 0.492401 -3.179562 4.894742 C 0.404515 -4.257766 5.776239
C 0.216691 -2.168899 2.597195 C 0.233060 6.272649 5.599008 C -0.304238 6.478446 4.324336
C -0.282599 5.449617 3.382825 C 0.278151 4.205872 3.710107 C 0.816215 4.004484 4.990057
C 0.792886 5.034578 5.930208 C 0.304112 3.097652 2.696663 N -3.472412 -4.453409 -0.340090
0 -2.066100 -2.748792 -0.951533 C -2.654379 -3.411070 -0.077468 C -4.132834 -5.180258 0.734153
C -3.721682 -4.887810 -1.708179 N -2.345838 0.309139 -3.968701 0 -1.012090 -0.284934 -2.205168
C -2.133926 -0.183090 -2.732815 C -1.234428 0.765662 -4.796828 C -3.691436 0.444816 -4.504870
0 -2.416090 -0.419826 0.621964 0 -2.518966 1.804181 0.156617 0 1.639709 2.181643 -2.387089
o -0.229804 3.185669 -1.558703 0 2.238790 -0.940691 -2.267562 0 0.818207 -2.294507 -1.120142
C -7.144889 0.832314 1.791344 C -6.529806 1.974637 1.270105 C -5.192758 1.930131 0.873475
C -4.459970 0.738669 0.986366 C -5.083441 -0.402974 1.510719 C -6.418168 -0.356434 1.913937
C -3.014837 0.690186 0.559393 C 0.923094 6.019526 -5.519198 C 1.876429 4.997937 -5.460879
C 1.816353 4.043596 -4.445120 C 0,799611 4.103619 -3.480012 C -0.152981 5.132136 -3.541751
C -0.090795 6.085737 -4.558129 C 0.733794 3.074021 -2.385131 C 3.266851 -5.463561 -4.147405
C 2.239654 -5.638308 -3.213877 C 1.738666 -4.541616 -2.511851 C 2.261131 -3.259465 -2.736365
C 3.292701 -3.090410 -3.672196 C 3.791898 -4.187722 -4.374889 C 1.719457 -2.078369 -1.975839
H 9.282841 1.517247 1.930218 H 8.419101 1.838532 -0.384090 H 5.982136 1.525168 -0.854592
H 5.286804 0.578654 3.273241 H 7.720470 0.885986 3.764385 H -0.076155 -6.353555 6.003438
H -0.663206 -6.658068 3.602262 H -0.527331 -4.711910 2.034445 H 0.831938 -2.201608 5.235022
H 0.670972 -4.124457 6.826134 H 0.216159 7.078481 6.335150 H -0.740522 7.444479 4.064757
H -0.695596 5.591580 2.384483 H 1.249443 3.033673 5.229412 H 1.213253 4.873345 6.924272
H -2.525105 -3.187906 0.995370 H -3.831094 -4.758217 1.700455 H -3.851798 -6.244652 0.710213
H -5.227593 -5.106506 0.638789 H -4.787418 -4.773016 -1.960549 H -3.445653 -5.946741 -1.825766
H -3.114219 -4.274103 -2.381368 H -3.053931 -0.505110 -2.212123 H -1.246312 0.236797 -5.761696
H -0.296907 0.555407 -4.272496 H -1.315224 1.846968 -4.983015 H -4.417561 0.068205 -3.773881
H -3.794795 -0.128389 -5.439383 H -3.918973 1.501249 -4.715478 H -8.188731 0.869724 2.108195
H -7.093184 2.904974 1.179863 H -4.693626 2.814179 0.477596 H -4.497707 -1.316761 1.608073
H -6.893919 -1.245721 2.331316 H 0.972698 6.767628 -6.312527 H 2.670730 4.948549 -6.207541
H 2.553387 3.243461 -4.380048 H -0.931671 5.171014 -2.780258 H -0.831342 6.886282 -4.599462
H 3.660074 -6.322287 -4.694742 H 1.832165 -6.634500 -3.031825 H 0.941086 -4.655769 -1.777850
H 3.693837 -2.090034 -3.832725 H 4.595992 -4.049394 -5.099828

Table 4.6: Optimized atomic coordinates for (DMF)2 CoZn3O(C 7H502 ) 6
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atom x y z atom x y z atom x y z
C 19.378500 24.450500 19.378500 C 20.239677 25.134317 20.237847 C 18.516552 25.134298 18.519894

Zn 20.504391 31.173572 20.507683 Zn 20.504155 33.429494 18.254723 Zn 18.250115 31.174489 18.255181
Co 18.250839 33.423708 20.507228 0 19.371058 32.308360 19.388378 0 20.186604 31.491665 22.399530
0 22.404954 31.490012 20.183211 0 20.185793 29.275464 20.182487 0 20.184672 33.102709 16.356659
o 22.404616 33.104097 18.572789 0 20.187716 35.324407 18.570676 0 18.573763 31.491286 16.356601
0 16.356936 31.490907 18.570847 0 18.573192 29.275808 18.572891 0 18.572745 33.101023 22.396070
0 16.363069 33.100676 20.183675 0 18.575417 35.308890 20.181390 C 19.378500 32.297500 22.969980
C 22.969980 32.297500 19.378500 C 19.378500 28.706020 19.378500 C 19.378500 32.297500 15.787020
C 19.378500 35.888980 19.378500 C 15.787020 32.297500 19.378500 C 19.386657 32.289721 24.454965
C 24.471958 32.298667 19.379258 C 19.377575 27.218762 19.379370 C 19.378012 32.298138 14.299768
C 19.374246 37.374972 19.382137 C 19.378500 32.297500 11.531500 C 19.378500 40.144500 19.378500
C 14.304238 32.292409 19.372912 C 11.531500 32.297500 19.378500 C 20.247009 31.431380 25.156519
C 25.178874 31.440822 20.236092 C 20.240144 26.524976 20.239263 C 20.239652 33.158915 13.605935
C 25.178530 33.157617 18.523254 C 20.238966 33.157605 12.215270 C 20.238188 39.458325 18.519920
C 18.516396 31.437265 13.606006 C 13.605330 31.431614 18.511829 C 18.515133 26.524964 18.519370
C 18.517592 31.437902 12.215348 C 12.214403 31.434499 18.515019 C 18.527212 33.147909 25.147354
C 13.612359 33.150553 20.231408 C 18.513211 38.070962 20.241913 C 18.516638 39.461844 20.238777
C 12.223960 33.141880 20.222890 C 19.388011 32.289950 27.241600 C 20.247351 31.431782 26.550202
C 18.534110 33.141880 26.533040 C 27.272743 32.300728 19.380769 C 26.573492 31.442839 20.235814
C 26.573149 33.157613 18.524997 C 20.237003 38.067815 18.520787 H 19.378992 23.358506 19.378015
H 20.905357 24.580906 20.901153 H 17.851236 24.580853 17.856249 H 19.378784 32.297171 10.439507
H 19.379579 41.236452 19.377777 H 10.439818 32.301330 19.382607 H 20.906233 30.773221 24.592434
H 24.619507 30.778766 20.895965 H 20.897966 27.093106 20.895229 H 20.896861 33.815541 14.174013
H 24.618901 33.818901 17.862832 H 20.903889 33.821632 11.661814 H 20.904227 40.009522 17.855103
H 17.859173 30.780719 14.174165 H 14.170723 30.773719 17.853641 H 17.857192 27.093087 17.863510
H 17.852865 30.773624 11.661955 H 11.660912 30.770056 17.850494 H 17.867025 33.806575 24.585461
H 14.173994 33.809909 20.891003 H 17.854588 37.505407 20.899505 H 17.852305 40.016751 20.902219
H 11.675683 33.809182 20.890483 H 19.381428 32.297197 28.332584 H 20.915693 30.765019 27.096614
H 17.866296 33.808821 27.081314 H 28.363898 32.301533 19.381356 H 27.118020 30.774066 20.903803
H 27.117413 33.827253 17.857661 H 20.893698 37.498255 17.865126

Table 4.7: Optimized atomic coordinates for CoZn 30(C7H502)6

113



atom x y z atom x y z atom x y z
Zn 1.305040 0.416370 1.946470 Co 1.959174 0.726945 -1.152976 Zn -0.563750 2.112054 0.029315
Zn -0.578556 -1.172652 -0.288548 0 0.536813 0.494792 0.144903 0 3.295695 0.487258 1.898698
0 3.689553 1.064559 -0.266090 0 0.811978 -1.129546 3.046166 0 -0.289663 -2.316613 1.448796
0 0.806006 1.987389 3.068556 0 -0.176715 3.360509 1.544704 C 8.242747 1.286086 1.813921
C 7.774301 1.500725 0.513536 C 6.417290 1.355075 0.226183 C 5.516390 0.993391 1.239639

C 5.991041 0.779411 2.542794 C 7.348870 0.925104 2.827148 C 4.056354 0,836419 0.934763
C -0.018009 -5.508420 5.315182 C -0.329693 -5.683291 3.963071 C -0.260490 -4.600900 3.084870
C 0.133670 -3.336680 3.546290 C 0.460910 -3.171580 4.900000 C 0.376200 -4.250290 5.781010
C 0.216690 -2.168900 2.597200 C 0.233060 6.272650 5.599010 C -0.301927 6.479028 4.323424
C -0.281086 5.449772 3.382329 C 0.276508 4.204937 3.710823 C 0.811832 4.002758 4.991805
C 0.789278 5.033281 5.931579 C 0.304110 3.097650 2.696660 N -3.361260 -4.483540 -0.323940
0 -1.964264 -2.772291 -0.909298 C -2.570230 -3.425290 -0.041220 C -4.055337 -5.207032 0.730993
C -3.546093 -4.939240 -1.695084 N -2.516389 0.390951 -3.898221 0 -1.082343 -0.219431 -2.221347
C -2.230884 -0.127383 -2.688478 C -1.458281 0.895731 -4.767151 C -3.890319 0.513902 -4.360629
o -2.417262 -0.421568 0.601308 0 -2.513627 1.806885 0.169571 0 1.683188 2.289264 -2.337529
o -0.248493 3.227622 -1.585067 0 2.266484 -0.810446 -2.319434 0 0.860156 -2.282008 -1.307890
C -7.145139 0.823459 1.794165 C -6.519645 1.979179 1.315864 C -5.182466 1.938521 0.918628
C -4.458600 0.738420 0.989600 C -5.092175 -0.416246 1.471609 C -6.427465 -0.374392 1.874026
C -3.014840 0.690190 0.559390 C 0.958752 6.099219 -5.511711 C 1.930546 5.096523 -5.427700
C 1.865152 4.141872 -4.412629 C 0.823454 4.181032 -3.472744 C -0.148241 5.190233 -3.560240
C -0.079606 6.144606 -4.575740 C 0.749376 3.154096 -2.380263 C 3.304716 -5.125790 -4.645121
C 2.295594 -5.396489 -3.715152 C 1.796446 -4.374261 -2.907300 C 2.303399 -3.071285 -3.020984
C 3.317302 -2.805583 -3.953681 C 3.814150 -3.828475 -4.762351 C 1.758547 -1.976695 -2.144362
H 9.304998 1.400235 2.037681 H 8.470335 1.782389 -0.278394 H 6.035438 1.518155 -0.781298
H 5.280301 0.498816 3.319634 H 7.712478 0.757126 3.842291 H -0.075066 -6.353558 6.003530
H -0.620580 -6.668284 3.593251 H -0.483942 -4.722805 2.024819 H 0.778385 -2.187891 5.244989
H 0.624792 -4.111851 6.834605 H 0.217120 7.078877 6.334745 H -0.735439 7.446001 4.062657
H -0.691594 5.592192 2.383011 H 1.242747 3.031122 5.232066 H 1.207770 4.871450 6.926354
H -2.487298 -3.184647 1.031656 H -3.800618 -4.768664 1.703629 H -3.758082 -6.267311 0.733192
H -5.146296 -5.151587 0.589722 H -4.601892 -4.844195 -1.993471 H -3.250020 -5.995373 -1.786299
H -2.920078 -4.324896 -2.350327 H -3.117589 -0.479136 -2.129879 H -1.512349 0.399770 -5.747812
H -0.491443 0.684612 -4.299613 H -1.566421 1.981139 -4.910525 H -4.570389 0.103807 -3.603812
H -4.031427 -0.036188 -5.303987 H -4.147787 1.570869 -4.529830 H -8.189258 0.857446 2.110373
H -7.075279 2.916784 1.259019 H -4.676415 2.832211 0.554298 H -4.513770 -1.337660 1.534660
H -6.910837 -1.275113 2.256711 H 1.012941 6.847564 -6.304426 H 2.743883 5.061924 -6.154462
H 2.616695 3.357039 -4.329483 H -0.946540 5.213824 -2.818675 H -0.835128 6.929895 -4.635712
H 3.696283 -5.926009 -5.275928 H 1.900037 -6.409378 -3.619066 H 1.012318 -4.562279 -2.174042
H 3.706813 -1.790562 -4.028930 H 4.604174 -3.615401 -5.484643

Table 4.8: Optimized atomic coordinates for (DMF) 2 ZnCoZn3O(C 7H502)6
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Chapter 5

Quantifying and Locating Cation

Exchange within MOFs through

Multi-wavelength Anomalous

Dispersion

5.1 Abstract

In this chapter, we employed multi-wavelength anomalous X-ray dispersion to deter-

mine the relative cation occupation at two crystallographically distinct metal sites

in Fe2+-, Cu2+-, and Zn2+-exchanged versions of the microporous MOF known as

MnMnBTT (BTT = 1,3,5-benzenetristetrazolate). By exploiting the dispersive dif-

ferences between Mn, Fe, Cu, and Zn, the extent and location of cation exchange

was determined from single crystal X-ray diffraction datasets collected near the K

edges of Mn2+ and of the substituting metal, and at a wavelength remote from either

edge as a reference. Comparing the anomalous dispersion between these measure-

ments indicated that the extent of Mn2+ replacement depends on the identity of the

substituting metal. We contrasted two unique methods to analyze this data with a

conventional approach and evaluated their limitations with emphasis on the general

115



Figure 5-1: Exchangeable metal sites in M 1M 2BTT. Orange, red, green, blue and
grey spheres represent the C 4, metal site, the partially occupied C, metal site, Cl, N,
and C atoms respectively. Pink sphere represents the substituting cation. H atoms
have been removed for clarity.

application of this method to other heterometallic MOFs, where site-specific metal

identification is fundamental to tuning catalytic and physical properties.1

5.2 Introduction

By inserting cations into well-defined environments, cation exchange enables the ratio-

nal design of physical properties and chemical reactivity of materials that may other-

wise be physically and chemically inactive. A clear structure-function understanding

is needed to design these materials, though their enhanced structural complexity un-

dermines atomic-level structural characterization. Therefore, developing analytical

tools to determine the location and site-occupancy of both the substituting and par-

ent cations in MOFs formed by cation exchange is paramount for establishing this

technique as a reliable and rational synthetic method for MOFs.

This chapter demonstrates that multi-wavelength anomalous dispersion (MAD). 149-155

is a powerful method to quantify the extent and location of cation exchange in MOFs

'A portion of this work appeared previously in Brozek, C. K.; Cozzolino, A. F.; Teat, S. J.;
Cheng, Y.-S.; Dinca, M. Chem. Mater. 2013, 25, 2998 and is reproduced here with permission from
the American Chemical Society.
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with multiple crystallographically independent metal sites, where the cation location

is ambiguous. The material investigated here, Mn3 [(Mn4Cl) 3 (BTT)81 2 (MnMnBTT;

BTT = 1,3,5-benzenetristetrazolate) 2 was chosen as a model system because its two

crystallographically distinct Mn2+ ions can be exchanged for a variety of mono- and

divalent metal ions, 3 and because the relatively low energy Mn K-edge provides a

maximum resolution of 0.94 A at 0 = 85', the limit of our setup. By addressing these

challenges, our analysis of MnMnBTT outlines key limitations of MAD, providing a

guide for its use with other heterometallic MOFs. In its desolvated state, one metal

site is coordinated equatorially to four nitrogen atoms from four tetrazole rings and

an axially bound chloride anion, which together define an intraframework C4v site,

while the second is bound to two nitrogen atoms defining an extraframework C, site

(Figure 5-1).2 Both Mn2 t cations exchange with other divalent or monovalent cations,

but the location (i.e. C 4, versus C.) and site occupation of the metal substitution

could not be demonstrated experimentally. 3 Using variable wavelength synchrotron

radiation, we took advantage of element-specific anomalous X-ray dispersion to lo-

cate the extent of Fe2+, Cu2+, and Zn2+ incorporation in the intraframework C4,

site of MnMnBTT, our benchmark system. We present three methods of analyzing

these data to quantify the occupancy of either metal at each site and evaluate their

limitations for use with future heterometallic materials.

5.3 Methods

5.3.1 Materials

N,N-dimethylformamide (DMF) (99.8%, Alfa Aesar), MnCl 2 (97% Strem), FeCl 2

(98% Strem), CuCl2 (>98% Strem), and ZnCl 2 (>98% Sigma-Aldrich) were used as

received. Dry, deaerated methanol (MeOH) and DMF were obtained by degassing

with a flow of argon gas for 30 min and by passing the solvent through two silica

columns in a Glass Contour Solvent System.
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5.3.2 Preparation of MnMnBTT

Colorless MnMnBTT crystals were prepared by sonicating MnCl2 -4H20 (2.8 g, 14

mmol) and H 3BTT.2HCl-H 20-MeOH (0.62 g, 1.5 mmol) in 140 mL of a 50/50 mix-

ture of MeOH and DMF with 14 drops of concentrated HCl until all solids were

completely dissolved. The solution was split equally between 12 scintillation vials

and placed in a 70 'C oven until small cubic crystals began to appear. The vials were

transferred to the glove box, and the solutions were decanted. The colorless cubic

crystals were rinsed three times with DMF and three times with MeOH in 6 hour

intervals to prepare them for exchange soaks. Three samples were treated, at 20 'C,

with MeOH that was replaced 3 times over 3 days in order to obtain a sample of

pristine MnMnBTT that could be activated as a control. The sample was activated

by heating under dynamic vacuum for 12 h (4 mtorr, 150 'C) in a pre-scored ampoule

which was flame sealed to preserve the integrity of the activated sample.

5.3.3 Metal exchange in MnMnBTT

Colorless MnMnBTT crystals were treated with concentrated solutions of either

FeCl2 , ZnCl 2 or CuCl 2 in MeOH. The samples were soaked for 7 days total, replacing

the solution every 2 days. Over the course of 7 days, the FeCl2-soaked MnMnBTT

(denoted FeMnBTT) became light yellow in color; the ZnCl 2 soaked MnMnBTT (de-

noted ZnMnBTT) remained colorless; and the CuCl 2 soaked MnMnBTT (denoted

CuMnBTT) became dark green in color. The exchanged samples were treated, at RT

(20 0C), with MeOH that was replaced 3 times over 3 days in order to remove any

excess metal salts prior to activation. The samples were activated by heating under

dynamic vacuum for 12 h (4 mtorr, 150 'C) in a pre-scored ampoule which was flame

sealed to preserve the integrity of the activated sample.

5.3.4 Elemental analysis

Manganese, iron, nickel, copper, and zinc analyses were conducted at the MIT Cen-

ter for Materials Science and Engineering Shared Experimental Facility (CMSE-SEF)
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using a HORIBA Jobin ACTIVA inductively coupled plasma atomic emission spec-

trometer (ICP-AES). Standards were prepared from solutions purchased from ULTRA

Scientific@, designated suitable for ICP analysis.

5.3.5 X-ray Absorption Spectroscopy

To determine the true K-edge values for the metals in each sample, X-ray absorption

spectra were collected over a window spanning 100 eV above and below the reported

values for the zero-valent metals. All spectra were collected at beamline 11.3.1 at the

Advanced Light Source of Lawrence Berkeley National Laboratory using a Si(111)

monochrometer and an International Radiation Detectors, Inc. AXUV100 photodiode

detector. All data were taken in transmission mode at 1-eV intervals with powder

samples that were appended to the detector with Kapton tape. The minimum in

the real component of the scattering factor, f', was taken as the midpoint of the

absorption edge. Data were collected 10 eV below this edge to minimize the changes

in f', and the effects of beam instability at the edge where the slope of f' is steepest.

5.3.6 Multi-wavelength Anomalous Dispersion

A single crystal suitable for X-ray diffraction was chosen for each sample and mounted

on a kapton loop. Data sets were collected at 100 (2) K at ChemMatCARS and at

beamline 11.3.1 of the Advanced Light Source of Lawrence Berkeley National Labo-

ratory using a double Si(111) monochromator with a Bruker AXS APEXII CCD and

Bruker D8 diffractometer. The X-ray intensity was attenuated by physically blocking

the beam path with filters of varying absorption strength until the CCD detector

remained unsaturated. Optimal attenuation filters were chosen to maximize the in-

tensity for each shell that was collected. Data sets were collected at wavelengths

corresponding to 10 eV lower than the maximum f' values of the transition metals

present in each sample as determined by the XAS experiments described above (see

Figure 5-2). An additional data set was collected for each sample at 0.775 A for

overall structure determination.
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5.3.7 Data Reduction

A preliminary unit cell was determined for each dataset by harvesting spots with I

> 10a for a subset of the collected frames. The data were integrated by averaging

the peak shape from each detector region and using a mask software 2 to remove

the shadow of the beamstop. The unit cell was periodically updated using triclinic

parameters. Integration was repeated after reading in the updated unit cell from

the unmerged p4p file. The data were scaled using SADABS 87 following the default

settings with the exception of choosing the m3m Laue group, increasing the restraint

estimated standard deviations for equal consecutive scale factors to 0.02, and applying

an angle of incidence correction. The crystals were not indexed, so a numerical

absorption correction could not be applied. In the final reflection file the Bijvoet

pairs were kept separate. The structure solution was deter-mined by either direct

methods or by performing a Patterson heavy atom search. The structure of the

framework was fully refined against the 0.775 A dataset using SHELXL. 88 Residual

density within the pores, aside from a partially occupied 0 atom of a bound methanol

molecule, was not sufficiently localized to allow modeling. This residual density was

not refined and does not represent a sizable contribution as the material was activated

prior to collection.

5.3.8 Data Analysis

Three independent methods were used to quantify the composition at the C4 metal

site. The real and imaginary components (f' and f") of the anomalous dispersion

modify the atomic scattering factor f(hkl, Am) according to equation 5.1. These fac-

tors cause an apparent decrease or increase in the electron density of an element if

the incident wavelength corresponds to its absorption edge. We present two unique

data analysis methods, which correlate site occupancy to differences in electron den-

sity. The third approach refines against the datasets taken at the three wavelengths

2 Contact Yu-Sheng Chen, ChemMatCARS, The University of Chicago, yschendcars.uchicago.edu
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simultaneously while refining the occupancy of multiple metals at the same sites. 151

f(000, Am) = f(OOO)M + f(AM)m + if"(Am)m (5.1)

Refined Occupancy Difference (ROD) Method

The structure was solved and refined at a wavelength distant from a relevant absorp-

tion edge, while correcting for the anomalous dispersion of C, N, 0, and Cl. Once this

model was refined with the C4 , metal site fully occupied with Mn, this same model

was refined against all the wavelengths with the appropriate dispersion corrections

for C, N, 0, and Cl while allowing the occupancy of the C4 site to refine freely. The

final occupancy was multiplied by the expected number of electrons for the element

used during the refinement, giving the apparent electron density papp(M) at incident

wavelengths near the K edges of M = Mn, Fe, Cu, or Zn.

Integrated Density Difference (IDD) Method

The structure was solved and fully refined against the remote wavelength data col-

lected with radiation of 0.775 A wavelength with the appropriate anomalous disper-

sion corrections for C, N, 0, and Cl. This model was refined against the datasets

collected at the K edges of Mn and the other metal to produce a structure factor

file (SHELX type 6). A Fast Fourier Transform was applied to this file using the

WinGX program suite with a grid spacing of 0.05 A156 to give the experimental

relative electron densities. These values of arbitrary magnitude were scaled to the

electron density of the nitrogen atoms because its anomalous dispersion coefficients

are relatively invariant to the wavelengths used in this series of experiments. This

scaling procedure provided apparent electron densities Papp(Am).

For both ROD and IDD methods, the ratio of the two metals at the C4, site in

each material could be determined from equations 5.1-5.4, where a is the fraction

of Mn or M at the site of interest, If(000, AMn)MI is the magnitude of the atomic

scattering factor at IhklI = 10001 for metal M near the K edge of Mn, f'(AMf)M is

the real component of the anomalous dispersion coefficient for metal M near the
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wavelength corresponding to the Mn absorption edge (and vice versa), f"(AMf)M is

the imaginary component of the anomalous dispersion coefficient for metal M at a

wavelength near the Mn absorption edge (and vice versa), and k is a scaling factor

to recover the electron density at each edge due to the combination of metals in the

site of interest.

OMn - aMn = 1 (5.2)

(fractional occupancies of site)

CMn~f(000, AMn)Mfl + aMflIf (000 AMn)MI kPapp(AMn) (5.3)

(anomalous dispersion at Mn edge)

aMnf (000, AM)MnI + amIf (000, AM)MI = kPapp(AM) (5.4)

(anomalous dispersion at M edge)

Simultaneous Multi-wavelength Occupancy Refinement (SMOR) Method

We refined the model against all the datasets simultaneously with both possible metals

at the C4, site and allowed their occupancies to refine under the constraint that

the total site occupation does not exceed unity. Anomalous dispersion coefficients

were estimated from the theoretical dispersion curves given by the Kramers-Kronig

relation 15 ' by selecting values that were 10 eV lower in energy from the f' minimum.

This directly gave a metal ratio for the occupation of the C4, site. The freely available

software JANA was used for this refinement. 158

5.4 Results and Discussion

Crystals of MnMnBTT were prepared according to a literature procedure 2 and soaked

in methanol solutions of anhydrous FeCl 2, CuCl 2, or ZnCl 2 for seven days to afford
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Figure 5-2: The f' and f" curves derived from the Kramers-Kronig relation 15 7 shown

in color with the incident wavelengths delineated by vertical lines.

FeMnBTT, CuMnBTT, or ZnMnBTT. To eliminate the possibility of extraneous

metals residing within the pores as was previously observed,5 we performed three

successive three-day soaks in clean methanol, then desolvated the samples at 150 'C

until a pressure of less than 4 mtorr could be maintained for 10 minutes under static

vacuum. Each sample was protected with degassed Paratone-N oil and mounted

under a 100 K N 2 stream. For each sample a full dataset was collected at 0.775

from which the structure was solved and refined.

Single-crystal X-ray diffraction datasets were collected for a MnMnBTT single

crystal at wavelengths 10 eV lower than the K edges of Fe, Mn, Cu, and Zn, as

determined by X-ray absorption spectroscopy of the substituted samples (1.898 A,

1.744 A, 1.381 A, 1.284 A for Mn, Fe, Cu, and Zn, respectively). These incident

wavelengths are depicted in Figure 5-2 alongside the theoretical f' and f" curves.

A reference dataset was also collected at 0.775 A, remote from the edges of these

elements, where the anomalous scattering factors are indistinguishable. 159 For the

exchanged materials, FeMnBTT, CuMnBTT, and ZnMnBTT, datasets were collected
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MnMnBTT A = Fe A = Cu A = Zn
Unit cells (A) 18.9153(5) 18.9153(5) 18.9153(5)

ICP-AES 0 0 0
IDD 10.1 2.3 0.3
ROD 13.2 2.1 0.3

SMOR -14.9 -11.7 -9.6(3)

Table 5.1: Unit cell parameters and C4, metal site occupancy data for MnMnBTT-7d
collected at Fe, Cu and Zn edges shown as M%.

at the Mn K-edge, the substituting metal K edge, and at 0.775 A.

To analyze the substituted materials, we established the behavior of the unsubsti-

tuted MnMnBTT with MAD since its metal occupancies were known. This control

experiment allowed us to observe how f(000, Am) deviates from the theoretical values

at each wavelength in the absence of substituted cations, which is necessary for later

contextualizing the apparent changes in f(000, Am) of the substituted materials. To

evaluate the IDD and ROD methods, we used the final apparent electron density,

Papp(AM), at each K edge wavelength to calculate the ratio of Mn to the correspond-

ing transition metal in the C4, site (see equations 5.1-5.4). Using the SMOR method,

the ratio of metals was available directly.

The relative metal occupancies from all three methods are provided in Table 5.1 for

MnMnBTT and reveal that the methods each have intrinsic error as they all deviate

from a substituting metal occupancy of 0%. In the IDD and ROD methods, the Fe,

Cu or Zn occupancies, which are necessarily zero under the synthetic conditions, give

positive non-zero values. The largest error occurs for the data evaluated at the Fe

edge, which is likely due to the proximity of the Fe and Mn edges (see Figure 5-2).

Both Cu and Zn have values that are closer to the expected 0%. The SMOR method

tends to underestimate the occupancies such that Mn occupancies are greater than

unity, which cannot be accounted for by the standard uncertainty in the refined value.

Taken together, this control experiment provides a baseline uncertainty in ascribing

deviations in f(000, Am) to the occupancy of substituting cations with FeMnBTT,

CuMnBTT, and ZnMnBTT.
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MnMnBTT M = Fe M = Cu M = Zn
Unit cells (A) 19.0218(5) 18.4852(5) 18.8285(4)

ICP-AES 3.2 88.8 74.8
IDD 19.5 19.4] 102.4 [100.1] 100.7 [100.4]
ROD 7.2 [-6.0] 106.9 [104.8] 100.8 [100.5]

SMOR -7.8(5)[7.2] 88.3(3) [100.0] 66.2(4) [75.8]

Table 5.2: Unit cell parameters and C4v metal site occupancy data for MMnBTT-7d
(M = Fe, Cu and Zn) shown as M% [M% corrected for baseline from MnMnBTT].

As shown in Table 5.2, cation exchange for 7 days with MnMnBTT produced mate-

rials with significantly changed unit cell parameters, with the exception of FeMnBTT,

whose unit cell edge was 19.0218(5) A. This value is more consistent with that of

the parent MnMnBTT structure, 19.009(1) A, 2 than with the all iron analogue, Fe-

FeBTT, which has a cell parameter of 18.824(1) A52. The small difference between

the unit cell dimensions of FeMnBTT and MnMnBTT suggests that Fe2+ exchanged

minimally into the intraframework C4v site after soaking for 7 days since the unit cell

dimensions of MMnBTT are sensitive to changes in the metal-nitrogen bonds of the

C4, site, not changes in the C, site. In contrast, CuMnBTT and ZnMnBTT prepared

by week-long soaks showed unit cell parameters of 18.4852(5) A and 18.8285(4) A, re-

spectively. The former value is closer to that of all-copper CuCuBTT, 18.595(7) A,53

which indicates the significant incorporation of Cu2+ at the C4v sites, as had been

previously proposed on the basis of elemental analysis.3 See tables 3-5 for further

crystallographic data.

MAD analysis of FeMnBTT, as shown in Table 5.2, corroborates the ICP-AES and

unit cell analysis above that Fe2+ exchanges marginally in to the C4, site. The metal

content evaluated from each method reveals an Fe content at the C4, site ranging

from -7.8% to 19.5%. The results of each method report ICP-AES data, which

give an Fe content of 3.2%, assuming that Fe2+ exchanges the charge-balancing C.,

completely. These values can be improved by normalizing them to the occupancies

derived from the control experiment (as shown in Table 5.1). This recalculation gives

3An independently synthesized all zinc analogue, ZnZnBTT, has not yet been reported and the
unit cell of such a compound is therefore unknown.
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values of 9.4%, -6.0%, and 7.2% for the IDD, ROD and SMOR methods, respectively.

Despite the large variation between methods, they provide a consistent depiction of

limited Fe 2+ exchange at the C4, metal site.

MAD analyses of the Cu2+ and Zn 2+ exchanges indicate that they incorporate to

a much greater extent into the C4, site than Fe2+, which agrees with the previously

proposed formulas. Assuming that both metals exchange the C, site completely, the

ICP-AES values for the C4, sites, as shown in Table 5.2, suggest Cu2+ occupies

88.8% of those sites, while Zn2+ occupies 74.8%. On the other hand, MAD analysis

suggests that the occupancy of Cu2 + ranges from 88.3-106.9%. After normalizing

to the occupancies derived from the MnMnBTT control, the values adjust to 100.1,

104.8 and 100.0% for the IDD, ROD and SMOR methods, respectively. The Zn2+

occupancy ranges from 66.2-100.8% between the three methods. The corrected values

become 100.4%, 100.5% and 75.8% for the IDD, ROD and SMOR methods, which

are more consistent with the ICP-AES data assuming a fully Zn2+-occupied C, site.

5.5 Conclusion

In conclusion, MAD is the only site-specific method for discerning site occupancy of

metals with similar atomic numbers and electron density in MOFs. We presented two

novel methods for analyzing the data, in addition to a previously reported method,

and demonstrated their reliability so that meaningful conclusions could be drawn

for more general examples. All three methods suffered from an inherent error as

established by a control experiment, which could be minimized by performing the

measurements on-edge to maximize f', as well as 10 eV above and below this value

to maximize and minimize the f" value. Because X-ray diffraction data collected

near the Mn K-edge inherently limits the resolution, we expect that the errors ob-

tained for materials with heavier atoms would be minimized. Therefore, the series of

materials derived from MnMnBTT define a lower limit of precision for quantitative

MAD analysis, though it still provided a practical account of the location and extent

of cation exchange, especially when coupled with elemental analysis.
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Formula
FW
T, K
group
Z
a,A

dcaic, g/cm 3

pu, mm-1

F(000)
crystal size, mm
theta range
index ranges

refl. collected
data/restr./param.
GOF on F2

largest peak/hole, e/ A 3

R1 (wR 2 ), % [I>2sigma(I)]

FeMnBTT-7d
C41 H1 2 Cl1. 5OFe 1.11Mn5 .64 N48 05

1682.04
100(2)
Pm3m

4
19.0218(5)
6882.6(3)

1.672
1.563
3408

0.2 x 0.2 x 0.2
1.65 to 33.60

-27 < h < 27
-23 < k < 27
-25 K I < 27

58863
2123/0/48

3.309
3.835/-0.429
13.84 (36.35)

Table 5.3: Crystallographic data for crystals of C 41 H1 2 Cl1. 5 OFe1I.Mn 5 .64 N 4 8 0 5 .
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Formula
FW
T, K
group
Z
a,A
V, A 3

dcalc, g/cm 3

/, mm-1

F(000)
crystal size, mm
theta range
index ranges

refl. collected
data/restr./param.
GOF on F2

largest peak/hole, e/A3

R1 (wR2), % fI>2sigma(I)]

CuMnBTT-7d
C41H12Cl1. 38Cu6.02Mno.67 N 48 O5

1727.22
100(2)
Pm3m

2
18.4852(5)
6316.4(3)

0.915
0.905
1710

0.2 x 0.2 x 0.2
1.56 to 27.48

-23 < h < 19
-23 < k < 24
-25 K 1 K 23

45077
1489/0/54

1.883
2.163/-0.452
12.91 (35.87)

Table 5.4: Crystallographic data for crystals of C4 1H 1 2 ClI.3 sCu6.o2Mno.6 7 N48 O5 .
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Formula
FW
T, K
group
Z
a,A
V, A3
dcaic, g/cm 3

,, mm 1

F(000)
crystal size, mm
theta range
index ranges

refl. collected
data/restr./param.
GOF on F2

largest peak/hole, e/ A3

R1 (wR2 ), % [I>2sigma(I)]

FeMnBTT-7d
C41 H 12 ClI.5 OZn4 .8 5 Mn1 .0oN48 O5

1731.66
100(2)
Pm3m

2
18.8285(4)
6674.9(2)

1.734
1.753
3424

0.2 x 0.2 x 0.2
2.16 to 29.55
-25 < h < 21
-26 < k < 26
-26 < I < 25

53913
1897/0/54

4.488
6.296/-1.026
19.91 (49.40)

Table 5.5: Crystallographic data for crystals of C4 1H12 CI1. 5OZn4 .8 5 Mn1 . 0oN 48 O5 .

129



130



Chapter 6

The Solvent Dependence of Cation

Exchange in MOFs

6.1 Abstract

In this chapter, we investigated which factors govern the critical steps of cation ex-

change in MOFs by studying the effect of various solvents on the insertion of Ni2+ and

C02+ into MOF-5 and C02+ into MFU-41. After plotting the extent of cation insertion

versus different solvent parameters, trends emerge that offer insight into the exchange

processes for both systems. This approach establishes a method for understanding

critical aspects of cation exchange in different MOFs and other materials. 1

6.2 Introduction

Identifying the features underlying the cation-exchange mechanism in a given set

of materials could enable the design of new compounds with precisely engineered

functionality. These studies are rare, however, because the exchange processes are

undoubtedly governed by numerous parameters corresponding to both the crystalline

solids and their surrounding solutions. For instance, thermodynamic values, such

'A portion of this work appeared previously in Brozek, C. K.; Bellarosa, L.; Soejima, T.; Clark, T.
V.; L6pez, N.; and Dinc, M. Chem.-Eur. J. 2014, 20, 6871 and is reproduced here with permission
from John Wiley and Sons.
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Figure 6-1: The SBUs of MOF-5 (left) and MFU-4l (right).

as cation solubility and lattice strain, are known to influence cation exchange in

nanocrystals, 9 while ionic radius is significant for zeolites.1 60,161 Despite the deep

insight that could be gained by identifying the influence of solvent parameters on

cation exchange, few if any studies have tackled this task. To endow cation exchange

in MOFs with predictive power, we studied the solvent dependence for rates of ex-

change of native Zn2+ ions with C02+ and Ni 2+ in the materials known as MFU-

41 (Zn5Cl4 (bis(1H-1,2,3-triazolo-[4,5-b,[4', 5'-iI)dibenzo-[1,4-dioxin) 6 ) and MOF-5.

The secondary building units (SBUs) of these materials, the sites of cation exchange,

are shown in Figure 6-1. Our findings demonstrate that by identifying the solvent pa-

rameters that best correlate with the cation exchange rate, we can determine critical

aspects of the exchange process.

6.3 Results and Discussion

To examine the solvent dependence of Ni2+ exchanging into MOF-5, we repeated an

exchange procedure previously reported for NN-dimethylformamide (DMF) with a

variety of other solvents under otherwise identical conditions. In addition to DMF, we

used dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP), N-methylformamide

(NMF), tetrahydrofuran (THF), and acetonitrile (MeCN). MOF-5 was prepared and

activated according to a literature procedure. 7 2 Soaking these crystals with gentle
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Figure 6-2: Ni:Zn molar ratio plotted against Dq. Inset: Dq determined from UV-Vis

spectra of [Ni(solvent)6 1 2 + complexes versus calculated Ni-solvent bond strengths.

shaking for 1 week in 0.03 M solutions of Ni(N0 3 )2.xH 20 produced materials with

a wide range of Ni:Zn molar ratios, as determined by inductively coupled atomic

emission spectroscopy (ICP-AES).

The Ni:Zn ratios were plotted against several solvent parameters that we expected

to impact the exchange process, including the ligand field parameter of the corre-

sponding [Ni(solvent)]2+ species (Dq), the solvent dielectric constant, the Snyder

polarity index, the Hansen solubility parameter 6H, and the Gutmann donor num-

ber. Among these, the closest trend was observed for the Dq parameters, which were

derived by assigning d-d transitions to UV-Vis-NIR spectra of Ni(N0 3)2 -xH20 solu-

tions in the various solvents using theory derived elsewhere. 4 As shown in Figure 6-2,

the Ni:Zn ratio increases monotonically with increasing values of Dq. To interpret

this trend, we employed density functional theory to compute the metal-solvent bond

strengths of [Ni(solvent) 6 ]2+ and [Zn(solvent)6 ]2+ following equations 6.3-6.5. The re-

sults, plotted in the inset of Figure 6-2, indicate that high Dq values correlate with

weak metal-solvent bonds. This inverse relationship reflects the solvents ranging on

a spectrum from having 7r-donor character to being 7r acceptor ligands: the empty

T* orbitals of MeCN lead to large Dq, while the filled ir-donating orbitals from O-

on DMSO lead to small Dq. Thus, the Ni:Zn ratio increases for solvents that form
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z 0.05 - 0
DMSO - NMP

0.03- DMF .-
0.02-

-3.60 -3.56 -3.41 -3.24 -3.16 -3.12

Ni-solvent interaction (eV)

Figure 6-3: Ni:Zn ratio plotted against calculated Ni-Solvent interactions with a best
fit line depicted by the dashed gray line, with R2 = 0.966.

weaker metal-solvent bonds (as shown in Figures 6-3 and 6-4).

We also plotted the Ni:Zn ratio against the Gutmann donor numbers of the sol-

vents. This number is the formation energy of complexes between solvents and SbCl5

and has been used as a metric for the Lewis basicity of the respective solvents. We

reasoned that an experimental measure of Lewis basicity should follow the same trend

with bond strength. 162 Indeed, less basic solvents correlate with higher Ni2+ incor-

poration (Figure 6-5). Together, the correlations with Dq and the related Gutmann

donor numbers suggest two possible scenarios: weak Ni2 -solvent interactions (or

large Dq values) lead to fast release of Ni2+, or strong solvent association with the

Zn2+ ions in MOF-5 lead to stable adducts in the framework, retarding the rate of

exchange.

With evidence that the ligand strength of the solvents affects the exchange process,

we turned our attention to parameters that measured electrostatic interactions. If the

mechanism involved charge localization or neutralization, the rate of Ni 2+ exchange

should correlate to the polarity indices developed by Snyder.163 Yet, a trend did

not emerge from the resulting plot, displayed in Figure 6-5. We also investigated

whether the rate of exchange correlated to the respective dielectric constants of the

solvents, just as SN1 reactions are known to proceed faster in solvents with high
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Zn-solvent interaction (eV)

Figure 6-4: Ni:Zn ratio plotted against calculated Zn-Solvent interactions with a best
fit line depicted by the dashed gray line, with R2 0.966.

27.3 27.8 29.8
donor number (kcal molM)

Figure 6-5: Ni:Zn molar ratio in Ni-MOF-5 plotted against Gutmann donor numbers
of the various solvents.
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Figure 6-6: Ni:Zn molar ratio in Ni-MOF-5 plotted against the polarity index of each
solvent.

dielectric constants by stabilizing charged intermediates. Again, plotting the Ni:Zn

ratio versus the respective dielectric constants showed no correlation (Figure 6-7).

Although electrostatics may still impact the cation-exchange mechanism, our analysis

indicates that the cation-solvent interaction is dominant in the rate-determining step.

To investigate whether similar effects could be observed in other systems, we

turned our attention to the study of Co2+ exchange into MFU-41. This system

had been explored extensively by Volkmer et al. to impart redox activity to the

MOF. 19,16 4,165 We repeated the exchange procedure in a variety of solvents under

otherwise identical conditions. In addition to DMF, we used DMSO, NMP, MeCN,

dimethylacetamide (DMA), and methanol (MeOH). MFU-41 was prepared and acti-

vated according to a literature procedure and soaked in 0.1-M solutions of anhydrous

CoC12.
19' 164 '1 65 To observe significant differences in the extent of cation exchange be-

tween the solvents, we prevented the process from going to completion by performing

the exchange at a lower temperature than used previously. Whereas the original re-

port of Co2+ exchange into MFU-41 required stirring for 20 h at a temperature of 140

C, we soaked the all-Zn2+ parent material for exactly 1 week at room temperature

with only gentle shaking to avoid breaking the crystals, which would otherwise affect

the C02+ diffusion. Studying the rate of exchange at first seems complicated because

the SBU of MFU-41 contains two crystallographically distinct Zn2+ sites, as shown in
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Figure 6-7: Ni:Zn molar ratio in Ni-MOF-5 plotted against the static dielectric con-
stants of the various solvents.

Figure 6-1. The previous study showed, however, that only the peripheral tetracoor-

dinated sites are replaceable by Co2+, whereas the central octahedral atom remains

unchanged even at 140 'C.

To investigate the dependence on ligand field strength, we calculated Dq for each

solvent, knowing that in the UV-Vis spectra of the corresponding homoleptic metal

complexes the transition 4A 2 - 4T1 (F) should occur at 18Dq.4 4 To our surprise,

plotting the extent of Co2+ exchange into MFU-41 versus Dq revealed a trend that

is opposite to that found for Ni-MOF-5. Unlike in the latter, the extent of Co2+

incorporation into MFU-41 increases with lower values of Dq and displays a linear

correlation with a R2 of 0.922, shown in Figure 6-8. The reversal of Dq dependence

trends between Co-MFU-41 and Ni-MOF-5 suggests that solvents participate in a

different rate-limiting step in the two materials. To test whether this reversal was

due to using Co2+ rather than Ni 2+, we soaked MOF-5 in cobalt nitrate solutions

under otherwise identical conditions to what we used for Ni-MOF-5. Plotting the

incorporation of Co 2+ versus Dq that we measured for Oh CO2+ shows that the trend

is maintained within MOF-5 and is independent of cation identity (Figure 6-9).

We anticipated that if Co-MFU-41 shows the opposite trend from Ni-MOF-5, then
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Figure 6-9: Co:Zn ratio of Co-MOF-5 plotted against ligand field parameter Dq.
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Figure 6-10: Co:Zn molar ratio of Co-MFU-41 plotted against Gutmann donor num-
bers of the various solvents.

the rate of exchange should increase for more Lewis basic solvents. Indeed, plotting

the Co:Zn ratio against the Gutmann donor numbers revealed a convincing correla-

tion, as shown in Figure 6-10. Unfortunately, because solvated CoCl 2 is known to

exist in equilibrium between various four-coordinate and six-coordinate species,146

extending our DFT analysis to this system is problematic and led to inferior corre-

lations, as shown in Figures 6-11 and 6-12. Nevertheless, our experimental evidence

indicates that solvents that solvate Zn2+ better enable faster exchange of C02+ into

the MFU-41 lattice.

Among the other solvent parameters we tested for the formation of Co-MFU-41,

the polarity indices reveal a strong correlation for the aprotic solvents. Figure 6-13

illustrates that C02+ incorporates to a greater extent in solvents with higher indices,

giving a linear fit with R2 = 0.905 when MeOH, the only protic solvent, is excluded.

Although this parameter provides a convincing trend, the presence of MeOH as an

extreme outlier suggests that the metal-solvent interaction (i.e. Dq) exerts a more

reliable influence on the cation-exchange mechanism because it demonstrates a strong

correlation whether the solvent is protic or not. Nevertheless, the strong correlation

between the Co:Zn ratio and the Snyder polarity indices suggests that the exchange
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Figure 6-11: Co:Zn molar ratio of Co-MFU-41 plotted against the computed Co
solvent interaction of each solvent.
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Figure 6-13: Co:Zn molar ratio of Co-MFU-41 plotted against Snyder polarity indices.
The gray dashed line depicts a best fit with R2 of 0.905.

process involves a highly polarized intermediate, and thus offers additional insight

into the overall mechanism. Solvents with higher indices might better stabilize this

polarized intermediate and enhance the rate of the exchange. This is not surprising

since for MFU-41 the exchange process involves Cl- transfer between Co2 - and Zn2+.

Indeed, we surmise that MeOH performs better than expected from the polarity trend

because its protic groups enhance Cl- solvation. Furthermore, it is possible that the

Ni 2+ exchange into MOF-5 does not correlate well to polarity indices because it lacks

participating anions.

Whereas Dq and polarity values correlate well to the rate of Co 2+ exchange into

MFU-41, other potentially relevant solvent parameters do not. Prompted by our

hypothesis for why MeOH is the outlier in Figure 6-13, we plotted the Co:Zn ratio

against the Hansen solubility parameter 6H to determine the influence of hydrogen

bonding. 166 As shown in Figure 6-14, no clear trend emerges. While hydrogen bonding

may still influence the exchange process, our analysis suggests that it does not govern

the rate through a clear relationship, and is likely not a significant factor prior to or

during the rate-determining step.

Encouraged by the relevance of polarity indices on the Co2+ exchange in MFU-41,

we also investigated whether the rate of exchange correlates to the solvent dielectric
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Figure 6-14: Co:Zn molar ratio of Co-MFU-41 plotted against the Hansen 6 H solubility
parameter.

constants. We expected this parameter to correlate with the exchange rate at least as

well as the polarity index, yet the resulting plot also did not display a convincing trend

(Figure 6-15). This result reinforces that the solvent participates in the exchange

process and cannot be treated as a homogeneous dielectric continuum.

In these preceding experiments, we terminated the the cation exchanges after

1 week, before the systems could reach dynamic equilibrium. Hence, our analysis

examined how solvent parameters influenced the kinetics of cation exchange. To

investigate whether they had a noticeable effect on the thermodynamics, we followed

the thermochemical analysis applied to cation exchange in zeolites. 167 - 17 1 In a manner

analogous to the work of Sherry et al., 17 1 the free energy of the exchange, AGP,T, of

Znj0 F + Ni2j 1 e0 . Zn.j1e0 + Ni2F is given by the following relation:

AGPT -RT In Keq + RT In f (6.1)
Zn Zn

Here, fz, and fNi and Zzn and ZNi represent the activity coefficients and molar

fractions of Zn and Ni ions in MOF-5. Similarly, 'Ni and yzn and mzn and mNi

represent the mean activity coefficients and molalities of the electrolytes in solution.

All terms are squared as a consequence of both ions being divalent.
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Figure 6-15: Co:Zn molar ratio of Co-MFU-41 plotted against the static dielectric

constants of the various solvents.

To reach equilibrium conditions, we left MOF-5 suspended in nickel nitrate DMF

solutions for 4 months at 238, 265, 296, and 313 K. Determining accurate values for

Keq requires knowing all of the terms mentioned above, so we instead employed an

approximation. The moles of Ni2 + inserted into MOF-5 was calculated from relative

Zn/Ni ratios determined by inductively coupled plasma atomic emission spectroscopy.

Then, assuming each inserted Ni2+ displaces a Zn2 + from MOF-5 into solution, we

employed the following relation in 6.2 to approximate Keq. Here, ZNi and Zz" repre-

sent the molar fraction of Ni and Zn ions among all metal ions in MOF-5. Similarly,

SN and Szn represent the molar fraction of Ni and Zn ions among all metal ions in

solution.

Z2 g2
Ke = ZNiSZ (6.2)

Zn Ni

Assuming the system reached equilibrium, and using AG'T = -RT lnKeq

A H - TAS, a plot of ln Keq vs. 1/T yields approximate thermodynamics parameters.

The data in Figure 6-16 yield AG atm, 238 K= 12.9 kcal/mol, G atm, 281 K 13.9

kcal/mol, G1 atm, 296 K= 11.3 kcal/mol, and AGO atm, 313 K 10.7 kcal/mol. The

slope and y intercept of the resulting line implies AH = 19.2 kcal/mol and AS
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Figure 6-16: Approximate In Keq versus 1/T.

24.7 cal/mol-T. Hence, entropy increases in the replacement of Zn2+ by Ni2+, but

is endothermic to yield an overall endergonic process. Yet, the free energy values

suggest it is essentially thermally neutral such that large excess of inserting Ni2 + can

drive cation exchange in accordance with Le Chatelier's Principle.

We explored the possibility of solvent dependence by repeating this procedure

using MeCN instead under otherwise identical conditions. The same analysis suggests

the process is less endothermic with AH = 13.8 kcal/mol, but less disordered with

AS = 23.0 cal/mol-T. Driven by these interesting results, we extended our method

to other metals and MOF systems. Repeating these measurements in DMF, but with

Co2+ yielded a AH similar to Ni2 + in DMF, at 23.8 kcal/mol, but with a significantly

more positive AS, at 54.2 cal/mol-T. We repeated the Co2+ exchange into MFU-41

with DMF at these same temperatures for 4 months. Applying the same analysis

suggested that the process, although quite different from MOF-5, is less endothermic,

with AH = 6.28 kcal/mol, but with a less positive AS, at 14.6 cal/mol-T.
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6.4 Conclusion

In conclusion, this chapter illustrates that solvents influence the cation-exchange

mechanism, as might be expected, but only a select group of relevant parameters

correlate with the exchange rates. These studies also reveal that cation exchange in

Co- and Ni-MOF-5 and Co-MFU-41 relies on different rate determining steps. The

trends displayed by solvent polarity and ligand field strength suggest that the replace-

ment of Zn2+ by Co2+ in MFU-41 involves a polarized intermediate and is limited by

the ability of the solvent to solvate the dissociating Zn 2+ ions. Similar analyses of

MOF-5 suggest instead that the dissociation of solvent from Ni2+ or the stability of

solvent-MOF (i.e. Zn 2+) adducts dictates the rate of exchange in MOF-5. An ap-

proximation for measuring Keq suggests solvent impacts the thermodynamics as well.

Mechanisms of cation exchange may differ from material to material, but systematic

studies of solvent dependence are a first step towards understanding these mecha-

nisms. In identifying the few parameters with the greatest influence on the exchange

rate, future studies will glean not only mechanistic insight, but acquire a handle for

manipulating the exchange process to control physical properties a priori.

6.5 Methods

Unless stated otherwise, all operations were performed under rigorously air-free con-

ditions using standard Schlenk technique or performed in a N 2-filled glovebox.

6.5.1 Materials

Fuming HNO 3 (EMD), trifluoroacetic acid anhydride (99%, Alfa Aesar), dibenzo[1,4]dioxin

(99.0%, TCI), acetic acid (Mallinckrodt), NaNO 2 (97%, Alfa), anhydrous ZnCl 2 (98%,

Sigma), terephthalic acid (Sigma), Ni(N0 3)2 -xH20 (99.9%, Strem), and Zn(N0 3)2-xH20

(99%, Alfa) were used as received. Anhydrous CoCl 2 was prepared by placing CoCl 2 .xH2 0

(99.9% Alfa) under high vacuum for 24 h. Dry, deaerated acetonitrile (MeCN, HPLC

grade, Sigma), dichloromethane (DCM, HPLC grade, Honeywell), NN-dimethylformamide
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(DMF, 99.8%, VWR), dimethyl sulfoxide (DMSO, ACS grade, EMD), methanol

(MeOH, 99.9%, VWR), and tetrahydrofuran (THF, ACS grade, BDH), were obtained

by degassing with a flow of argon gas for 30 min and by passing the solvent through

two silica columns in a Glass Contour Solvent System. Dimethylacetamide (DMA,

99.9%, Sigma) and N-methylformamide (NMF, 99%, Alfa) were dried over molecular

sieves for two days, distilled, and degassed under vacuum while frozen. N-methyl-2-

pyrrolidone (NMP, 99%, Acros) was dried by removing water as the benzene azeotrope

and then fractionally distilled. MFU-4 164 and MOF-5 2 were prepared according to

literature procedure.

6.5.2 Synthetic Aspects of Co2 + Exchange in MFU-4l

Anhydrous CoCl 2 (0.080 g, 0.62 mmol) was dissolved in 5 mL of solvent and added

to freshly activated MFU-41 (15 mg, 0.012 mmol) at room temperature and left for

one week. The resulting powders were collected by gravity filtration and washed with

fresh solvent repeatedly until UV-Vis spectra of the mother liquor no longer showed

absorption bands characteristic of Co2+.

6.5.3 Synthetic Aspects of Ni 2+ Exchange in MOF-5

Ni(N0 3)2 -xH20 (0.250 g) was dissolved in 20 mL of the solvent and added to Zn 4 0 13C24 H12

(MOF-5) (30 mg, 4.0 x 10-5 mmol) at room temperature and left for 1 week. After-

wards, the crystals were collected by gravity filtration and soaked in fresh solvent. The

solvent was replaced until UV-Vis spectra of the mother liquor no longer displayed

absorptions characteristic of Ni2+.

6.5.4 Physical Measurements

Diffuse reflectance UV-Vis spectra were collected between 200 - 2000 nm on a Varian

Cary 5000 UV-Vis-NIR spectrometer equipped with a Praying Mantis diffuse re-

flectance accessory and an environmental chamber (Harrick Scientific Products) and

referenced to BaSO 4 .
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Cobalt, nickel and zinc analyses were conducted at the MIT Center for Materials

Science and Engineering Shared Experimental Facility (CSME-SEF) using a HORIBA

Jobin ACTIVA inductively coupled plasma atomic emission spectrometer (ICP-AES).

Standards were prepared from solutions purchased from ULTRA Scientific@, desig-

nated suitable for ICP analysis.

6.5.5 Computational Details

Density functional theory (DFT) calculations were carried out to identify the minima

of the MS. 2 + complexes (x = 4 for C02+, and 6 for all the other metals) as well

as the M2+ and S (solvent) basic geometry and electronic density. The geometry

optimizations have been carried out with the program package Gaussian 09 using the

B3LYP functional. 172-174 The basis set employed is the 6-311G(d) for the H, C, N,

0, and S atoms, 175' 176 and the SDD pseudopotential with associated basis set for the

Co, Ni, and Zn center. 177,178 Different spin multiplicities were tested for each metal

complex; in all cases, the most stable one is characterized by the highest multiplicity:

4 for CoS4
2+ complexes, 3 for NiS6

2+, and 1 for ZnS6
2+.

M 2+(gas) + xS(gas) -+ MSx2+ (gas) (6.3)

A E = E[MSx2+] - E[M2 +] - xE[S] (6.4)

E1(interaction energy) = (6.5)

In the case of M = Ni and Zn, x = 6 (octahedral complexes).

In the case of M = Co, x = 4 (tetrahedral complexes).
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Part II

Reactivity of MOF-5
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Chapter 7

Dynamic Structural Flexibility of

Fe 2+ Centers in MOF-5

7.1 Abstract

Using the design principles of cation exchange discussed in the preceding chapters,

we synthesized an Fe2+-exchanged variant of MOF-5. As with Ni-MOF-5 and Co-

MOF-5, elemental analysis suggests that at most one Zn in every Zn40 cluster is

replaceable by Fe. Magnetic susceptibility measurements confirm that the inserted

Fe atoms are indeed magnetically isolated and that they exhibit a S = 2 ground spin

state. This assignment is further corroborated by the values of the 4.2 K, zero-field

M6ssbauer parameters that are typical of high-spin ferrous ions. The temperature

dependence of the zero-field M6ssbauer spectra recorded for evacuated samples can

be well understood by considering the presence of a thermally accessible, low-lying

orbital state for these iron sites. In contrast, the spectra of N 2-containing, non-

evacuated Fe-MOF-5 samples exhibit an unusual temperature-dependent behavior

that is consistent with the thermal population of distinct sites which are characterized

by dissimilar quadrupole splitting values. This difference suggests that the Fe2+ sites

of Fe-MOF-5 not only exhibit increased conformational flexibility but also that they
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interact readily with redox-inert moieties such as N2.1

7.2 Introduction

In the prevailing view of MOFs, the metal-containing clusters are rigid and static.

Because so many structures rely on cations with inaccessible redox couples, such as

Zn2+, Cd2+, and Mg 2+, the clusters are also thought to be chemically inert. Many

structures do contain redox active cations, such as C02+ and Fe2+, but few are re-

ported to promote redox reactivity. 19,179-181 Only recently, studies have begun to

understand the role of the metal clusters during these reactions and have concluded

that they can withstand electron transfer without compromising the integrity of the

framework. 180-182 In this and following chapters we describe our contributions to the

groundwork for performing redox reactivity at the metal-containing clusters of MOFs.

In Chapter 1, we demonstrated that MOF clusters can support unusual metal

species that could undergo geometrical transformations and that these species were

identifiable by spectroscopy and other physical methods. Chapter 3 built on this

evidence to suggest that MOF clusters are in general less rigid than thought previ-

ously, which might explain various phenomena in the MOF field that were previously

misunderstood. Here, we synthesize an Fe2+-containing variant of MOF-5, termed

Fe-MOF-5. By investigating this iron-based MOF, we seek to answer the next logical

question: can MOF clusters promote redox transformations of guest molecules? A

prerequisite of performing such reactivity is having enough structural flexibility to

bind substrates. Based on analysis of the M6ssbauer spectra, we propose that the

inserted Fe2+ centers, shown in Figure 7-1, interact dynamically with N 2, leading to

rapid fluctuations in the coordination environment of the iron sites. Consequently,

this behavior makes Fe-MOF-5 a promising candidate for redox reactivity with other

substrates and heterogeneous catalysis.

'At the time of writing this thesis, the work presented in this chapter was unpublished. M6ssbauer
experiments and analyses were conducted in collaboration with Sebastian A. Stoian.
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Figure 7-1: An illustration of the metal cluster of Fe2+-MOF-5.

7.3 Results

Soaking crystals of MOF-5 in a DMF solution of Fe(BF4)2 .6H20 for one week at room

temperature furnished cubic yellow crystals of Fe-MOF-5. Soaking with anhydrous

halide salts, such as FeCl 2 and FeBr2 , proceeded rapidly and produced material that

was inhomogeneous in appearance. We reasoned that bound aqua ligands slowed the

cation-exchange process and the non-coordinating BF 4- did not interfere, whereas

halide anions might. Unlike with Ni-MOF-5 and Co-MOF-5, Fe-MOF-5 could not be

synthesized through solvothermal methods. Powder X-ray diffraction of these crys-

tals gave patterns expected of MOF-5 (Figure 7-2). Brunauer-Emmett-Teller (BET)

analysis of a N 2 isotherm collected at 77 K and shown in Figure 7-3, produced an ap-

parent surface area of 2472 m2 /g. Although this value is lower than the approximate

3300 m2 /g expected of MOF-5,72 it is still high and its isotherm shape is consistent

with microporosity. We noticed that for Fe-MOF-5, the exchange occurs faster than

in Ni-MOF-5 and Co-MOF-5, which might compromise the pore structure and result

in lower BET values.

Insertion of Fe2+ into the MOF-5 cluster leads to a species that has little prece-

dent among materials and molecules. When viewed as chelating ligand, the MOF-5

cluster is both dianionic and tripodal with C3 symmetry, as shown in Figure 7-1.

Few ligands are known with this combination. 183-85 Also, Fe2+-based MOFs are gen-

erally uncommon. 52,180,186,187 Furthermore, the weak-field carboxylates are expected

to induce a high-spin ferrous center, poised well for reducing substrates. To establish
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Figure 7-2: Powder X-ray diffraction pattern of Fe2 +-MOF-5.

700

600 -

500-

400-

300-

200-

100-

0-
I I I

0.0 0.2 0.4

P/PO

0.6 0.8 1.0

Figure 7-3: N2 isotherm at 77 K of Fe2+-MOF-5.
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Figure 7-4: Temperature dependent magnetic susceptibility of Fe-MOF-5 under an

applied field of 1000 G. Data are shown in open black circles, and the fit is overlaid

in red.

the spin ground state of the iron sites, we measured the magnetic susceptibility of

Fe-MOF-5 from 5-300 K, cooled under zero applied field. As shown in Figure 7-4,

the material displays a XT of 3.04 cm 3 mol- 1 K, which is close to the 3.00 cm 3 mol- 1

K spin-only value expected for a S = 2 system. Our best fit to the data is shown as

a red trace and was obtained using a standard spin-Hamilton model as implemented

in julX. 2 This curve was obtained using gi,, = 2, an axial zero field splitting tensor

(E/D = 0) and IDI = 11 cm-'.

To probe the electronic structure of the MOF-incorporated iron sites, we used

57 Fe M6ssbauer spectroscopy. Thus, we recorded a zero-field, 80-K spectrum using

a standard 8 mCi 57 Co source. To our surprise, even after several weeks of data

collection, the signal we observed was barely larger than twice the noise level of the

baseline. Consequently, to improve the statistics of our spectra we switched to a 100

mCi source. Furthermore, we optimized the effective thickness of the absorber, that

is, the amount of 57 Fe in the path of the -y rays, to maximize the signal strength while

at the same time minimizing the non-resonant absorption of the 14.4-keV radiation.

2 E. Bill, Max Planck Institute for Chemical Energy Conversion in Muelheim, Germany, 2013.
Available from the author by e-mail to ebill1gwdg.de.
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The relative strength of a M6ssbauer spectrum is determined not only by the intensity

of the 57Co source and the amount of 57Fe contained by the sample but also by the

fraction of the incoming radiation that is non-resonantly absorbed. Thus, the signal-

to-noise (STN) ratio is dependent on the sample thickness t', such that SNT(t') c

t'e- /2, where 11e represents the total mass absorption coefficient of the sample.

This coefficient is an additive quantity and can be easily calculated from the sum

of the individual mass absorptions coefficients of the elements present in the sample

weighted by their concentration. At 14.41 keV, the absorption coefficient for Zn is 92
2 - 1 2 -118cm g , whereas for Fe it is only 75 cm2 g- . With at least 3 Zn for every Fe in

the material, most irradiated 14.41-keV light was not available for Fe to absorb.

After carefully optimizing the amount of sample needed to counterbalance the Zn

and Fe content, we acquired zero-field M6ssbauer spectra for a non-evacuated sample

at temperatures between 4.2 K and 100 K, in Figure 7-5. Prior to recording these

spectra, the neat Fe-MOF-5 sample was stored and mounted in the spectrometer at

77 K under liquid N2 , which we assumed penetrated the pores of Fe-MOF-5. Under

these conditions, consequently, the MOF was able to soak in as much nitrogen it

could absorb. At 4.2 K we observe a well-defined quadrupole doublet with an isomer

shift, 6, of 1.156(3) mm/s, a quadrupole splitting, AEQ, of 3.02(2) mm/s, and a full

width at half maximum, F, of 0.26(1) mm/s. These values are typical of high-spin

Fe2+ sites that have a tetrahedral coordination environment. Moreover, the rather

narrow linewidths demonstrate that at 4.2 K the coordination environment of all iron

sites is fairly homogeneuous. Interestingly, increasing the temperature leads to both

an overall drop in the intensity of these spectra and also to a dramatic line broad-

ening that is concomitant with a decrease in the apparent value of the quadrupole

splitting. For example, inspection of the 70-K spectrum reveals that while its iso-

mer shift value of 1.1(1) mm/s is essentially unchanged from that observed at 4.2

K, AEQ contracts to 1.0(1) mm/s and F broadens to 0.80(6) mm/s. Close exam-

ination of these spectra reveals that above 4.2 K some of these resonances exhibit

fine structure. This observation suggests that the increase in temperature induces a

differentiation in the coordination environment of the iron ions. The solid gray lines
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Figure 7-5: Temperature-dependence of the zero-field M6ssbauer spectra recorded for
a non-evacuated, N 2-soaked Fe-MOF-5 sample. The solid gray lines are simulations
obtained considering a distribution in AEQ values. The blue, pink and red traces
illustrate the three Gaussian components of the AEQ distribution.
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Figure 7-6: The temperature-dependence of the quadrupole splitting distribution
observed for the zero-field Mossbauer spectra of a non-evacuated Fe-MOF-5 sample.
The colors for each temperature match those shown in Figure 7-5.

overlaid over the experimental data are simulations which were obtained by using the

model of multidimensional hyperfine parameter distributions developed by Rancourt

et al.189 For this model, the distribution of a hyperfine splitting parameter, in this

instance AEQ, is described using a sum of individual Gaussian components. Thus,

the temperature-dependent spectra could be rationalized only by considering three

distinct components centered at AEQ = 2.8(2) mm/s, 1.9(1) mm/s, and 1.2(2) mm/s.

The subspectra generated by each individual component are shown as blue, pink, and

red traces overlaid over the experimental data of Figure 7-5, and the temperature

dependence of the overall distribution in the AEQ value is shown in Figure 7-6. Fi-

nally, analysis of the field-dependent spectra recorded at 4.2 K indicated the presence

even at this temperature of two distinct spectral components (Figure 7-7), due to

dissimilar 57Fe hyperfine coupling constants.

To eliminate the possibility of 02 contamination in the N2 causing the observed

M6ssbauer behavior, we collected a M6ssbauer spectrum of Fe-MOF-5 deliberately

exposed to 02. Freshly cleaned Fe-MOF-5 was heated to 180 'C at 10-5 torr for 24 h,

then backfilled with 1 atm of 02 and sealed for 6 h. After being placed under vacuum,

it was prepared for M6ssbauer spectroscopy in a manner identical to the previous Fe-

MOF-5 sample. As shown in Figure 7-8, the resulting spectrum cannot account
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Figure 7-7: 4.2-K, field-dependent M6ssbauer spectra recorded for a non-evacuated

Fe-MOF-5 sample. The blue and red traces overlaid over the 4-T spectrum are spec-

tral simulations obtained using a S = 2 spin-Hamiltonian. These two components are

distinguished from one another by an hyperfine coupling tensor for which one of the

principal components is larger (red) by AAy/gn/r ~ 4.5 T than for the other (blue).
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Figure 7-8: The 4.2-K, O-T M6ssbauer spectrum of Fe-MOF-5 after exposure to 02.

The simulated spectrum which is shown in red arises from the sum of two components.

Thus, the component shown in blue accounts for the Fe sites and the one shown in

gray for the Fe" sites present in the sample.

for the anomalous temperature dependence. While the 4.2-K, O-T spectrum of the

previous sample exhibits a single, well-defined quadrupole doublet, we observe two

nested quadrupole doublets for the 02 -exposed sample. Whereas the outer doublet

is essentially identical to the starting material, the inner doublet is characterized by

6 -0.55 mm/s and AEQ -0.81 mm/s, consistent with high spin ferric.

To assess the effect of adsorbed guest molecules on the iron sites in Fe-MOF-5,

we placed the sample that produced the anomalous temperature dependence under

high vacuum for approximately 24 h, brought it into an Ar-filled glovebox, and then

placed it under Paratone@ N oil. The resulting spectra, shown in Figure 7-9, display

a temperature dependence that is quite different from the sample under N 2 . Although

the AEQ also decreases at higher temperature and the line width expands, the effect

is much less severe and the spectra appear as a single species converting into another.

The stark difference before and after evacuation of the MOF is best illustrated by

Figure 7-10, which shows a side-by-side comparison of the spectra recorded at 4.2 K

and 70 K. Table 7.1 shows that even at 4.2 K, the M6ssbauer parameters are not the

same.
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Figure 7-9: Temperature dependence of the zero-field M6ssbauer spectra recorded for

the evacuated Fe-MOF-5 sample. The solid red lines are simulations obtained using a

single quadrupole doublet. The temperature dependence of the quadrupole splitting

is shown in Figure 7-11
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6 AEQ F
non-evacuated 1.156(3) 3.02(2) 0.26(1)

evacuated 1.15(1) 2.83(2) 0.33(1)

Table 7.1: Comparison of M6ssbauer parameters determined at 4.3 K for the evacu-
ated and non-evacuated Fe-MOF-5. Values are presented in mm/s.

7.4 Discussion

As a starting point for our analysis, we employed density functional theory (DFT) to

explore the electronic and M6ssbauer parameters predicted for the ground state of the

iron sites of Fe-MOF-5. Rather than consider the entire lattice, we employed a trun-

cated model compound with the molecular formula FeZn 30(O 2 C-C6 H5 )6 . Following

the computational methodology developed by Neese, 90 to enhance the accuracy of

the predicted quadrupole splitting and electron density p, we used an expanded triple

( valence basis set and BP86 functional. Using the same initial structure and setting

a +2 formal charge on the molecule, we obtained optimized geometries of the S = 0,

1, or 2 states. We found that not only is the S = 2 state the lowest in energy, but also

that the 6 and AEQ values predicted for this state are the closest to the experimental

values observed at 4.2 K, namely 0.88 and 3.143 mm/s, respectively. Although the

isomer shift deviates by 24% from the experimental value, this error is sensitive to

the quality of the calibration curve used in correlating calculated p to isomer shift.

Furthermore, the quadrupole splitting, which is calculated directly, is within only 5%

of the experimental value.

With further support that the Fe centers in Fe-MOF-5 are isolated and high-

spin ferrous, we sought to explain the anomalous temperature-dependent M6ssbauer

spectra. Initially we considered the possibility that the data could be attributed to

thermal population of different spin states, but this explanation was not reflected in

the magnetic susceptibility, which showed temperature dependence as a consequence

of negative zero-field splitting instead. Also, altering the spin state would lead to

greater changes in the isomer shift.
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For the sample under N 2 and the other under Paratone® N oil, the M6ssbauer

spectra are better explained as the consequence of a fluctuating electric field gradient

at the Fe nucleus. Based on reports of Fe subject to various dynamic processes, Tjon

and Blume put forth a theoretical model using a time-dependent Hamiltonian that

reproduced the line shapes of experimental spectra. 191,192 It specifically accounted for

Jahn-Teller distortions and vacancy hopping where the electric field gradient jumps

at random in the x, y, and z directions. These spectra often displayed intense trans-

mission at low temperature with well-defined doublets, then diminished and collapsed

at higher temperature, akin to what we were observing.

This phenomenon seemed appropriate to understanding the observed M6ssbauer

spectra Fe-MOF-5, so we considered the possible dynamical processes and why the

spectra were affected by the presence of N 2. In a report by Lindley et al., the M6ss-

bauer spectra of Fe-doped AgCl displayed a doublet at 80 K that converged toward a

single band at 458 K without much change in the peak width or absorption. 193 The

authors attributed this behavior to the charge-balancing vacancy hopping at random

across the crystal, therefore disrupting the ligand field around Fe and causing its

electric field gradient to approach zero. Because this explanation invokes a level of

geometric shuffling beyond what should be possible in Fe-MOF-5, we do not think it

is relevant.

The spectra of Fe-MOF-5 collected under Ar are best fit to a model used to

understand the temperature-dependent spectra of FeX42--, where X = halides. Work

by Edwards et al. has shown that in the solid state, these ferrous salts undergo

a Jahn-Teller distortion so that the e orbital set expected of a Td point group is

split by some amount, A, that is near kBT. 194 Lowering the symmetry of the ferrous

sites forces the -spin electron to localize in either d2 -Y or dz2, which contribute

expectation values of either +4/7 or -4/7 e(r- 3) to the zz component of the electric

field gradient tensor, V, where e is the proton charge and (r- 3) = 5aO 3 . Because

the splitting A is on the order of kBT, however, the -spin electron populates the

next low-lying d orbital, which has an expectation value of Vzz that is equal and

opposite in magnitude. As a result, the electric field gradient approaches zero at

162



3.5

3.0

2.5

E 2.0'
E

u01.5'

1.0

0.5

0.0 I

0 50 100 150
Temperature (K)

Figure 7-11: The temperature-dependence of the AEQ determined for the evacuated
Fe-MOF-5 sample. Data is shown in blue circles with error bars, and the fit is shown
as a dashed gray line.

higher temperature. This model also provides a relation to extract A. As shown in

Figure 7-11, plotting AEQ for Fe-MOF-5 prepared under Ar versus temperature, t,

fits well to the relation AEQ(t) = AEQ(4.2 K) tanh(A/2kBT). Solving for A gives an

energy splitting of 160 cm 1 , which is lower than the 200 cm-1 of room temperature.

Because Fe in the Ar-prepared sample is therefore well-described as an isolated

ion, the magnetic M6ssbauer spectra can be fit to a single species and interpreted

further. We could assess the fine structure of the quintet ground state by recording

a series of field-dependent spectra and analyze them using a standard S = 2 spin-

Hamiltonian. Thus our analysis revealed that AEQ < 0, r/ 0.4(2) and that D =

9(1) cm-1 , E/D = 0.15(5), g,, = 2.1(1), gz ="2.0, A/g,/, = -14 T, Ay/gn/n =

-10 T, A2/gn/n = -24 T. Furthermore, the 2.0 T spectrum in Figure 7-12 shows the

appearance of the doublet from the I 1/2) - It 1/2) transitions sits on the negative

side, so that we can infer that V2 < 0 and -spin resides in dZ2 in the ground state.

Clearly, a different dynamic process is needed to describe Fe-MOF-5 under N 2.

A Jahn-Teller distortion alone cannot account for the extreme temperature depen-

dence of the quadrupole splitting. A more appropriate model may be similar to that

invoked to described the spectra of _Fe(rj6-C 6H 6 )(r, 5-C5 H5 )I[AsF6I and related com-

163



2

0

0

0T

0

1

0

1

0

-0 1

-4 -2 0 2 4

velocity (minis)

Figure 7-12: The field-dependent M~ssbauer spectra recorded at 4.2 K for the evac-
uated Fe-MOF-5 under Ar and Paratone® N oil. The red traces overlaid over the

experimental data are simulations obtained using S =2 spin-Hamniltonian and the

parameters listed in the text.
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pounds. 195,196 In the solid state, the AsF6 ions encapsulate the ferrous ion in anionic

cubic cage. At low temperature the cation orients along a specific axis within the cage,

thereby preserving a non-zero electric field gradient. As the sample warms, however,

the sandwich molecules fluctuate randomly along different axes, causing the electric

field gradient to average to zero. In this example, the dynamic process involves the

Fe nucleus moving at random along x, y, and z at smaller distances than in Fe-doped

AgCl.

If nuclear displacement explains the M6ssbauer spectra of Fe-MOF-5 under N2 ,

then we might infer that the Fe2+ sites interact with N 2 . Because the isomer shift

remains nearly constant, this interaction cannot involve electron transfer or significant

changes to the spin state and coordination number around Fe. Nevertheless, the effect

is reproducible. The presence of multiple species fit to the spectra in Figure 7-5 also

suggests the interaction is uneven across all Fe sites in the MOF.

7.5 Conclusion

Through characterization of Fe2+-exchanged MOF-5, we provide evidence that the

inserted ferrous sites posses both the flexibility and reactivity to interact with N 2

and that such subtle phenomena can be documented with precision. These results

lay the groundwork of the following chapters, where MOF-5 is shown to host other

redox-active cations in unusual environments and support electron transfer reactions

at the metal nodes and at small molecule substrates.

7.6 Methods

Unless otherwise stated, all materials were treated as air sensitive and were manipu-

lated using common Schlenk and inert atmosphere glovebox technique.
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7.6.1 Materials

Dry, deaerated dichloromethane (DCM, HPLC grade, Honeywell) and DMF (99.8%,

VWR) were obtained by degassing with a flow of argon gas for 30 min and by passing

the solvent through two silica columns in a Glass Contour Solvent System. 70% HNO 3

(ICP-AES grade, EMD), Fe(BF 4)2.6H 20 (97% Sigma-Aldrich), and Zn(N0 3 )2.6H 20

(99%, Alfa Aesar), and terephthalic acid (Sigma-Aldrich) were used without further

modification. MOF-5 was prepared according to literature.7 2

7.6.2 Physical Measurements

Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker Advance II

diffractometer equipped with 0/20 Bragg-Brentano geometry and Ni-filtered Cu-K,

radiation (KQi = 1.5406 A). The tube voltage and current were 40 kV and 40 mA,

respectively. Samples for PXRD were prepared by placing a thin layer of samples on a

zero-background silicon crystal plate supported on a cup with dome that screwed-on

with a rubber O-ring fitting.

A Micromeritics ASAP 2020 Surface Area and Porosity Analyzer was used to

measure nitrogen adsorption isotherms. Oven-dried sample tubes equipped with

TranSealsTM(Micrometrics) were evacuated and tared. Samples were transferred to

the sample tubes, heated to 200 'C for 12 h, and held at that temperature until the

outgas rate was less than 2 mtorr/minute. The evacuated sample tubes were weighed

again and the sample mass was determined by subtracting the mass of the previously

tared tube. N 2 isotherms were measured using liquid nitrogen baths (77 K). UHP

grade (99.999% purity) N 2 and He, oil-free valves and gas regulators were used for all

free space corrections and measurements.

Iron and zinc analyses were conducted at the MIT Center for Materials Science

and Engineering Shared Experimental Facility (CSME-SEF) using a HORIBA Jobin

ACTIVA inductively coupled plasma atomic emission spectrometer (ICP-AES). Stan-

dards were prepared from solutions purchased from ULTRA Scientific@, designated

suitable for ICP analysis. Elemental analysis was performed by Complete Analysis
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Laboratories, Parsippany, NJ.

Magnetic Susceptibility

Magnetic data were collected using a Quantum Design MPMS-XL SQUID magne-

tometer. A gelatin capsule was filled with evacuated crystals of Feo.67 Zn3.330(1,4-

benzene dicarboxylate) 3 to obtain susceptibility data. DC susceptibility measure-

ments were obtained under a DC field of 1000 Oe between 5 K and 300 K. All data

were corrected for diamagnetic contributions from the capsule, and the sample using

Pascal's constants. 89

M~ssbauer Susceptibility

The samples investigated here consisted of unenriched, natural abundance iron con-

taining 30-40 mg Fe-MOF-5 powder contained in a custom-made Delrin@ cups. The

samples were prepared in Cambridge, MA and shipped to Tallahassee, FL under N2

in a standard, air-free, round bottom flask that was sealed using a ground glass joint

and stopper. The shipping glass vial was cooled at 77 K by using liquid nitrogen and

was opened while cold. Subsequently, the samples were stored and handled under

liquid nitrogen. The variable-field, variable-temperature spectra were recorded using

a constant acceleration spectrometer. The spectrometer was fitted with a flow-type

Janis 8DT cryostat that was cooled with liquid helium and was equipped with an 8

T superconducting magnet. Thus the temperature could be varied from 4.2 to 250

K. The magnetic field was applied parallel to the 14.4-keV radiation. The source con-

sisted of 100 mCi 57Co dispersed in a rhodium foil. The 4.2-K spectra were recorded

by flooding the sample space with liquid helium. At higher temperatures the spectra

were recorded in a flow of helium gas that was controlled using a needle-type valve.

The sample temperature was measured using a Cernox® sensor and was maintained

using a 50-Q heater powered by a Cryocon 32B temperature controller. The isomer

shifts are reported against the centroid of a a-iron metal foil spectrum recorded at

room temperature. The spectra were analyzed in the framework of a standard S =

2 spin-Hamiltonian and using the Voigt-based model of assessing a distribution in
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hyperfine splitting parameters developed by Rancourt et al. as implemented in by

the WMOSS spectral analysis software (See Co., formerly Web Research Co., Edina,

MN).

7.6.3 Zn4 - xFexOi 3 C2 4 H1 2 (Fe-MOF-5)

Evacuated MOF-5 crystals (490 mg, 0.636 mmol) were suspended in 40 mL of DMF

and allowed to sit for one minute. A solution of 990 mg (2.93 mmol) of Fe(BF4)2 .6H20

in 20 mL of DMF was added to this suspension in a 100 mL jar. This material were

stirred gently for a week and subsequently washed and activated in a manner typical

for MOF-5 to give cubic yellow crystals.

7.6.4 Partial Oxidation of Fe-MOF-5 by 02

A dry 10 mL Schlenk flask was charged with 100 mg of yellow Fe-MOF-5 and heated

to 120 'C at 10-5 torr for 18 h. While maintaining heat, the flask was then backfilled

with 1 atm of dry 02 and sealed for 6 h, at which point the material appeared bright

orange. The flask was returned to vacuum, then brought into an Ar-filled glovebox

to prepare as a sample for M6ssbauer spectroscopy.

7.6.5 Calculations

The ORCA 2.9.1 software package was used for all computations.19 7 Calculations

were done using the resolution of the identity (RI) at the spin-unrestricted level us-

ing the pure DFT Becke-Perdew functional (BP86) and all-electron Gaussian basis

sets developed by the Ahlrichs group, with TZV(p) (for H), TZV(2d) (for C, N, and

0), and TZV(2pf) (for Zn).93 94 During geometry optimizations, TZV(2pf) was used

for Fe, as well, but in simulating M6ssbauer parameters, the Fe basis set was ex-

panded as described previously.190 To model Fe-MOF-5, we considered a compound

with the formula FeZn 30(O 2C-C6 H5 )6 , whose starting geometry was taken from the

crystallographically-determined structure of MOF-5. All atomic positions were opti-

mized, with the 1 and 4 carbons atoms on each benzoate fixed in place. While the
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quadrupole splitting could be computed directly, calculating the isomer shift required

a calibration curve. The geometries of FeCl4 -, FeC14
2 , Fe(H 20)6 2+, Fe(H 20)6 3+,

and FeO 4
2- were optimized, using their reported crystal structures as starting points.

The electron densities at the Fe nuclei were then plotted against their reported isomer

shifts. The linear fit of this plot provided a relation to compute the isomer shift of

Fe-MOF-5 from its calculated electron density.
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Chapter 8

Redox-active Cations within MOF-5

8.1 Abstract

Few reports have explored the ability of metal nodes in MOFs to mediate electron

transfer. With weak and unusual ligand fields, these clusters are well poised for

redox reactivity, but typical synthetic conditions are often incapable of preserving low

oxidation states at the metal. In this chapter, we demonstrate that MZn30(o 2C-)6

clusters in Zn40(1,4-benzenedicarboxylate) 3 (MOF-5) can support the first examples

of V 2+ and Tia+ in a MOF, by employing cation exchange in a manner similar to what

was shown with Co2+, Fe2+, and Ni2+ in previous chapters. We also report other

variants of MOF-5 with Cr2+, Cr3+, and Mn2+ at the metal nodes. The inserted

metal ions are coordinated within an unusual all-oxygen trigonal ligand field and

are accessible to both inner- and outer-sphere oxidants: Cr2+_ converts into Cr3+_

substituted MOF-5, while Fe2+-MOF-5 activates nitric oxide (NO) to produce an

unusual Fe-nitrosyl complex. 1

1A portion of this work appeared previously in Brozek, C. K. and Dinca, M. J. Am. Chem. Soc.
2013, 135, 12886 and is reproduced here with permission from the American Chemical Society.
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Figure 8-1: The MOF-5 cluster acts as a unique tripodal chelating ligand for pseudo-
tetrahedral V2+, Cr2+, Mn2+, Fe2+, C02+, and Ni2+ and pseudo-trigonal bipyramidal

Ti3 +, V3+, and Cr3 + with terminal chloride moieties.

8.2 Introduction

Reactivity and catalysis studies of SBUs in MOFs have centered on their Lewis-

acid properties, 198 while studies of their redox reactivity remain an area for explo-

ration. 17,180-182,199 The dearth of SBU redox reactivity studies is partly due to the

general incompatibility of reduced metal cations such as Ti3 +, V2+, and Cr2+ with

the typical conditions required for MOF synthesis. Among the thousands of reported

MOFs, none are known to contain Ti3 +2 or V2+, 200,201 while those made from Cr2 +

or Fe2+ are rare.5 2,180,86 ,18 7,202,203 Employing reactive cations to access SBUs without

molecular precedent would enable novel coordination chemistry and redox catalysis. 16

Herein, we report that Ti3 +, V2 +, V3 +, Cr2+, Cr3+, and Mn2+, in addition to Fe2+

as discussed in the preceding chapter, incorporate into the SBUs of MOF-5 using

mild synthetic methods. The MZn 30(O2 C-)6 clusters in MOF-5 act as structurally

flexible dianionic pseudo-tetrahedral or trigonal bipyramidal all-oxygen coordination

spheres. We demonstrate that MOF-5,55 when viewed as a ligand, enables reactions

at the inserted metal ions with both inner- and outer-sphere oxidants-requisites

of small-molecule activation. Thus, we provide the first evidence of redox activity

in MOF-5 analogues with the stoichiometric single-electron oxidation of Cr2+-MOF-

2 The existence of Ti3 + has been observed during photoreduction studies with Ti4+-containing
MOFs.
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Figure 8-2: Powder X-ray diffraction patterns of MOF-5 exchanged with Ti"+, V3 ,
V2 +, Cr3 +, Cr2 +, Mn 2 +, and Fe2 + juxtaposed the calculated pattern of MOF-5.

5, and demonstrate that Fe-MOF-5 activates NO via electron transfer from the Fe

center.

8.3 Results and Discussion

The redox-active MOF-5 analogues, denoted M-MOF-5 and ClM-MOF-5 for divalent

and trivalent inserted metal ions, respectively, were accessed using cation exchange, 99

at room temperature under conditions mirroring those we reported for the isola-

ClM-MOF-5 Molecular Formula
ClTi-MOF-5

V-MOF-5
ClV-MOF-5

Cr-MOF-5
ClCr-MOF-5

Mn-MOF-5
Fe-MOF-5

Table 8.1: Molecular formulas
N, Cl elemental analysis

Zn3 .91 Tio.o 9Clo.o9 13C24H 12 -(CH 2 Cl 2 )
Zn3 .83 VO.170 13 C24 H1 2

Zn3 .8 0 VO.20 C1O.20 O 13 C24 H1 2

Zn3.o6 Cro.94 013C 24 H1 2

Zn2.59 Cr1 .41 ClI. 4 1 013 C 24 H1 2 (DMF)0 .4
Zn 3.5 8Mno.420 13 C24 H1 2

Zn 3.04 Fe0 .96O13C24H12

of (Cl)M-MOF-5 based on ICP-AES results and C, H,
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tion of Ni-MOF-5. 16 Although Ni-MOF-5 could be obtained by direct solvothermal

synthesis from Ni(N0 3 )2.xH 20 and Zn(N0 3)2.xH 20, attempts to synthesize (Cl)M-

MOF-5 analogues directly by the reaction of terephthalic acid with Zn(N0 3)2 -xH20

and Ti3 +, V2 +/ 3 +, Cr2+, Mn2+, or Fe2+ salts were unsuccessful. Instead, soaking

crystals of MOF-5 in concentrated DMF solutions of VCl2 (pyridine)4 , CrCl 2, MnCl 2 ,

and Fe(BF4 )2.6H 20 for one week furnished M-MOF-5 (M = V2+, Cr2 , Mn2+, or

Fe2+), while identical procedures involving TiCl 3-3THF, VCl 3-3THF, or CrCl3 -3THF

produced ClM-MOF-5 (M = Ti3 +, V3+, or Cr3+) (Figure 8-1). Powder X-ray diffrac-

tion patterns of the (Cl)M-MOF-5 materials, shown in Figure 8-2, confirmed that the

materials retained the MOF-5 morphology.

We determined the degree of cation substitution and the formula of each new

MOF-5 analogue by inductively coupled atomic emission spectroscopy (ICP-AES)

and elemental microanalysis (EA). As shown in Table 8.1, the degree of exchange

after one week under otherwise identical conditions varied drastically. Because the

rate of solvent and ligand exchange depends on the nature of each cation, these data

suggest that the ion metathesis reactions do not reach equilibrium after one week.

Instead, the degree of exchange is kinetically controlled by the stability constants of

each substituting cation. 49 The agreement between ICP-AES analysis of the metals

and the C, H and N analysis by EA confirms that the cations exchanged into the

Zn 40 clusters and did not simply reside in the pores. Furthermore, we confirmed the

absence of halides or other anions that would be necessary for charge balance if metal

addition, rather than substitution occurred. These results are consistent with the

structural assignment in Ni-MOF-5 and Co-MOF-5 where definitive substitution into

the SBUs had been demonstrated previously. 16,63,204 Energy-dispersive X-ray (EDX)

spectra and optical microscope images of these samples depict the inserted metal

ions distributed throughout the crystals, not solely at the surface (see Figures 8-3

through 8-9), confirming that homogeneous substitution occurs throughout the en-

tire crystal.3 Because the shape of the crystals and the total crystalline mass did not

3 Definitive EDX spectra could not be obtained for Cr-MOF-5, ClV-MOF-5 and V-MOF-5 since
the L edge of V and Cr nearly overlaps with the K edge of 0. Detecting for Cr and V at the K edge
by radiating at high energy destroyed the samples, making data collection impossible, yet sufficient
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Figure 8-3: Optical microscope photographs of a single crystal of ClTi-MOF-5 before
(a) and after (b) crushing to expose the interior portion. A two-dimensional EDX
map (c) where white points denote the location of Ti on the exposed interior of a
ClTi-MOF-5 crystal shown in SEM image (d). The corresponding EDX spectrum is
shown in (e) with the elemental absorption edges denoted.
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Figure 8-4: Optical microscope photographs of a single crystal of ClCr-MOF-5 before

(a) and after (b) crushing to expose the interior portion. A two-dimensional EDX

map (c) where white points denote the location of Cr on the exposed interior of a

ClCr-MOF-5 crystal shown in SEM image (d). The corresponding EDX spectrum is

shown in (e) with the elemental absorption edges denoted.
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Figure 8-5: Optical microscope photographs of a single crystal of Mn-MOF-5 before

(a) and after (b) crushing to expose the interior portion. A two-dimensional EDX

map (c) where white points denote the location of Mn on the exposed interior of a

Mn-MOF-5 crystal shown in SEM image (d). The corresponding EDX spectrum is

shown in (e) with the elemental absorption edges denoted.
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Figure 8-6: Optical microscope photographs of a single crystal of Fe-MOF-5 before
(a) and after (b) crushing to expose the interior portion. A two-dimensional EDX
map (c) where white points denote the location of Mn on the exposed interior of a
Mn-MOF-5 crystal shown in SEM image (d). The corresponding EDX spectrum is
shown in (e) with the elemental absorption edges denoted.
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Figure 8-7: Optical microscope photographs of a single crystal of V-MOF-5 before
(left) and after (right) being crushed to expose the interior portion.

Figure 8-8: Optical microscope photographs of a single crystal of ClV-MOF-5 before
(left) and after (right) being crushed to expose the interior portion.

Figure 8-9: Optical microscope photographs of a single crystal of Cr-MOF-5 before
(left) and after (right) being crushed to expose the interior portion.
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Figure 8-10: Diffuse reflectance UV-Vis-NIR spectrum of CITi-MOF-5.

change throughout the cation exchange procedure, these data suggest that the substi-

tution occurs in a crystal-to-crystal fashion rather than a dissolution-recrystallization

mechanism.

Electronic spectroscopy provided additional evidence for the formation of site-

isolated (Cl),MZn4 - 0(0 2 C-)6 clusters. A diffuse reflectance UV-Vis-NIR spec-

trum of activated CITi-MOF-5 showed absorption bands in the visible region at 450

nm and 625 nm, which our time-dependent DFT (TD-DFT) analysis suggests are pre-

dominately d -- 7r* (aryl) transitions (Figure 8-10). Although these charge transfer

bands also overlap with lower intensity spin-forbidden d -+ d transitions, predicted

by TD-DFT in the same region, transitions involving d electrons are consistent with

a Ti3 + oxidation state. The high Cr loading in Cr-MOF-5 and ClCr-MOF-5 enabled

sufficient absorbance in the UV-Vis-NIR region to permit well-resolved diffuse re-

flectance spectra, shown in Figure 8-11. These differ from the absorption profiles

of the starting materials, CrCl 2 and CrCl3 -3THF in DMF, with absorption maxima

that are shifted to higher energy, as expected for the stronger ligand field provided

by MOF-5.16 The spectra of these materials would show additional overlapping ab-

data could be collected at the Cr K edge for ClCr-MOF-5 before compromising the crystal integrity.
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Figure 8-11: Diffuse reflectance UV-Vis-NIR spectra of ClCr-MOF-5, Cr-MOF-5, and
Cr-MOF-5 after treatment with NOBF 4 to afford BF4 Cr-MOF-5.

sorption bands if other metal complexes resided in the pores, but they do not.

Electron paramagnetic resonance (EPR) spectroscopy provided further confirma-

tion of the oxidation state, coordination environment, and the associated electronic

structures of the inserted metal ions. Materials with half-integer spin cations, ex-

pected to display degenerate ground n, states, produced spectra that differed from

the parent solutions. ClTi-MOF-5 displayed a well-resolved, sharp axial signal con-

sistent with an S = 1 system with gx,y = 1.93 and gz = 2.09 (Figure 8-12), while

Mn-MOF-5 and ClCr-MOF-5 produced broad axial signals (see Figures 8-13 and 8-

14). As expected for an S = ' (L = 0) ion, the broad signal of Mn-MOF-5 fits to

gi_ = 2.00, while the spectrum of ClCr-MOF-5 illustrates the strong axial symmetry

imparted by the terminal chloride on the S = 2 ion, giving gz = 4.27 and gx,y = 1.93.

We assign the difference in resolution between the Ti3 +- and Cr3 + /Mn 2+-MOF-5 to

the higher Cr and Mn content relative to Ti. Because the inserted metal ions in-

corporate homogeneously throughout the lattice, as discussed above, higher loadings

bring the paramagnetic ions in close proximity, leading to short spin-spin relaxation

times and loss of signal and hyperfine resolution in the Cr and Mn materials. 205 The
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Figure 8-12: Continuous wave X-band EPR spectrum of CITi-MOF-5 collected at 77
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Figure 8-13: Continuous-wave X-band EPR spectrum of Mn-MOF-5 collected at 77
K.
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Figure 8-14: Continuous-wave X-band EPR spectrum of C1Cr-MOF-5 collected at 77
K.
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Figure 8-15: Continuous-wave X-band EPR spectrum of V-MOF-5 at 77 K (blue)
and a simulated trace (red).
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Figure 8-16: The N 2 uptake at 77 K of TiO', V3 +, V2 +, Cr3+, Cr2+, Mn 2+, and

Fe2+-exchanged MOF-5.

signals for these two MOFs are nevertheless consistent with Mn2 + and Cr3+ trapped

in solid lattices. 201',2 Our explanation for the resolution differences in the EPR spec-

tra is corroborated by the spectrum collected for V-MOF-5, shown in Figure 8-15,

where the low loading of the I = 5"V nucleus (see Table 8.1) enabled the resolution2

of fine structure and permitted a quantitative analysis of the axial symmetry and

metal-ligand interaction. Here, the curvature of the baseline is likely a broad signal

resulting from V2 + (S = 3) ions that are in near proximity, making the overall signal

a superposition of short and fast T2 values. A good fit to the spectrum of V-MOF-5

was obtained using go,, = 1.97, g, = 1.93, A =- -200.66 MHz, A= -539.72 MHz,

and S = . The strong axial signal is consistent with the expected C 3 , symmetry

about V2 +, while the large difference in the hyperfine coupling constants reveals the

dissimilarity between the metal-P4 -oxo bond and that with the carboxylate oxygen

atoms. Fe-MOF-5, Cr-MOF-5, and ClV-MOF-5, all expected to be of integer spin,

were indeed EPR silent under these experimental conditions.

To examine the porosity of the MOF-5 analogues, the materials were activated

under conditions reported for synthesizing conventional MOF-5.7 2 N 2 adsorption

isotherms collected at 77 K (see Figure 8-16) confirmed that all the materials were
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highly porous, with apparent BET surface areas ranging from 2393 m2/g for V-MOF-5

to 2700 m 2/g for ClCr-MOF-5. These values are lower than the highest value reported

for MOF-5, 3300 m 2 g, 72 and that reported for Ni-MOF-5. 16 We note, however, that

the exchange of Ni2+ is much slower than those observed with the cations we report

here. The rapid exchange of these metals might partially disrupt the MOF lattice

and introduce defects that lead to reduced surface areas. Our motivation for incor-

porating metal ions with reduced oxidation states in MOF-5 was to enable redox

reactivity at the SBUs. To demonstrate the viability of this strategy, we monitored

the response of representative examples of these to both inner- and outer-sphere oxi-

dants. Combining green crystals of Cr2+-MOF-5 with NOBF4 in acetonitrile caused

the rapid formation of blue (BF4 )Cr3+-MOF-5. The transformation from Cr2+ to

Cr3 + within MOF-5 was examined by electronic spectroscopy of activated samples,

shown in Figure 8-11. Similar to CITi-MOF-5, the Amax at 700 nm of the Cr2+ ma-

terial arises from a d -+ 7r* (aryl) transition, while both Cr3+ materials exhibit Amax

at 620 nm, assignable to d -+ d transitions. The small blue-shift of the higher energy

peak in (BF4)Cr-MOF-5 versus ClCr-MOF-5 can be attributed to the different ge-

ometries of the pseudo-tetrahedral Cr3+ center in the former versus that of the Cr3 +

ion in the latter. TD-DFT calculations of geometry-optimized truncated models of

the Cr3+Zn3O(O 2C-)6 SBUs with and without coordinated chloride anions agree well

with the experimental traces for the Cr3+-substituted MOF-5 analogues and therefore

substantiate a single-electron oxidation of Cr2+ to Cr3 + (see Figures 8-17-8-20).

PXRD and N2 isotherms of (BF4)Cr-MOF-5 confirm that the lattice remains crys-

talline and porous after the oxidation reaction (see Figures 8-21 and 8-22). Though

the overall N 2 uptake decreases to give a surface area of 1010 m2 g- 1, the initial uptake

of (BF4 )Cr-MOF-5 at low pressures mirrors what is normally observed for MOF-5,

while the second expected uptake does not occur at higher pressures (as shown in

the inset of Figure 8-22). Following a report by Snurr et al., 108 this initial uptake

corresponds to N 2 covering the pore exterior, while the absence of the second suggests

the pore interiors may be blocked by solvated BF4- ions.

We demonstrated the ability of the inserted metal ions to undergo inner-sphere
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Figure 8-17: Diffuse reflectance UV-Vis-NIR spectrum of Cr-MOF-5 shown in orange
with TD-DFT-predicted transitions shown in red, based on a model compound de-
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Figure 8-18: Diffuse reflectance UV-Vis-NIR spectrum of ClCr-MOF-5 shown in pur-
ple with TD-DFT transitions, shown in red, predicted from a ClCrZn 30(O 2C 7 H5 )6

model compound depicted below. Blue, green, dark green, red, grey, and white atoms

represent Cr, Zn, Cl, 0, C, and H respectively.
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Figure 8-19: Diffuse reflectance UV-Vis-NIR spectrum of ClCr-MOF-5 shown in pur-
ple with TD-DFT transitions, shown in red, predicted from a [CrZn30(O 2C7 H5 )6I+

model compound depicted below. Blue, green, red, grey, and white atoms represent
Cr, Zn, 0, C, and H respectively.
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Figure 8-20: Diffuse reflectance UV-Vis-NIR spectrum of BF4 Cr-MOF-5 shown in
green with TD-DFT transitions predicted from a [CrZn 30(O2C 7H5 )61I model com-
pound shown in red. Blue, green, red, grey, and white atoms represent Cr, Zn, 0, C,
and H respectively.
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Figure 8-21: PXRD patterns of (BF4 )Cr-MOF-5 and (NO)Fe-MOF-5 compared to
that simulated for MOF-5.
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oxidation with the reaction between NO and Fe-MOF-5. Iron-nitrosyl complexes are

widely studied due to their relevance to biology. From a more fundamental viewpoint,

reactions involving nitric oxide are useful because the vibrational frequency of the N-

O stretch offers insight into the electronic properties of the iron center. The reaction of

NO gas with Fe-MOF-5 was monitored in situ by diffuse reflectance infrared Fourier

transform spectroscopy (DRIFTS), as depicted in Figure 8-23. Upon exposure of

activated Fe-MOF-5 to NO, a new resonance appears, centered at 1788 cm-. This

value is lower than the stretch (VN-0) of free NO (1876 cm- 1) and the VN-O we observed

for pristine (all-zinc) MOF-5 after exposure to NO (1815 cm- 1) (see Figure 8-24),

indicating that NO is bound and activated at the iron center. PXRD of the resulting

crystals confirms that they retain the MOF-5 crystalline lattice (see Figure 8-24). The

value of VN-O in Fe-MOF-5 is in fact lower than those observed in all other MOFs thus

203,208-213 isbt
far (see Table 8.2), and is better compared to molecular species supported

by similar ligand environments. Using the Enemark and Feltham notation, 214 the

MOF-5 ligand, abbreviated O(0)s3- where 0 is the pu4-oxo and 0 are the trigonally-

symmetric carboxylate arms of the Zn3 0(0 2C-)6 2- SBU, produces an {Fe-NO} 7

complex that fits into a series of {Fe-NO}7 compounds based on trigonal tetradentate

ligands denoted similarly as N(0) 3 -,2  N(N) 3 ,216 and N(S)3 . 217 The greater

electron density of N(S)3
3- in IMe 4N][Fe(NS 3)(NO)I and N(N)3

3 - in [Fe(liPr)(NO)]

enhances the iron-to-NO backbonding, leading to lower values of VN-O (see Table

8.2). The N(O) 3
3 - scaffold in [Fe(nta)(NO)] would be expected to impart greater

density on iron than MOF-5, though its VN-O is higher than that in (NO)FeMOF-5.

This observation is in line with the assignment of 0 in MOF-5 as a strong Lewis

base on the basis of EPR experiments discussed above. Comparisons with other

structurally unrelated ligand fields of biological {Fe-NO} 7 species offer another basis

for evaluating (NO)Fe-MOF-5. For instance, although both support penta-coordinate

nitrosyl species, the biomolecule HemeA activates NO to a far greater degree than

MOF-5 due to the strong ligand field of the porphyrin ring. 218 Conversely, the amino-

acid ligand field of superoxide reductase generates only a slightly more activated

nitrosyl species than MOF-5. 219 The zeolite Fe-ZSM-5, which is known to catalyze
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Figure 8-23: DRIFTS spectra of Fe-MOF-5 before (blue) and after (yellow) exposure

to NO at room temperature arid ambient pressure.

the reduction of NO by ammonia by first binding NO, provides a relevant comparison

with our material, but shows only weak NO activation with VN-O at 1880 cm 1 . 220

(NO)Fe-MOF-5 also displays two new bands in the visible region of its electronic

absorption spectrum, shown in Figure 8-25. The bands at 395 nm and 476 nm

are characteristic of ligand-to-metal NO(7r*) -+ d charge transfer and are similar

to transitions observed for the complexes in Table 8.2. EPR spectroscopic analysis

of (NO)Fe-MOF-5, shown in Figure 8-26, displays two signals at gy 4.5 and

_, = 2.00. Based on assignments of similar {Fe-NO} 7 complexes,2" these reflect

3the axial symmetry of the ligand field and an overall S = arising from strong

antiferromagnetic coupling between the S = iron and S = NO fragment. The2 2

corresponding transitions most likely result from + i) states, whereas the splitting

of 3) is too large to observe under the experimental conditions. Hence, due to its

heterogeneous nature, a {Fe-NO} 7 fragment in the solid-state lattice of MOF-5 offers

a distinct reactivity landscape from the solution-phase chemistry of metal nitrosyls

and is the first such species in an all-oxygen ligand field. Unlike previous examples

of NO activation by MOFs, the value of VN-O in (NO)Fe-MOF-5 is consistent with

electron transfer by the metal center.
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Figure 8-24: DRIFTS
being exposed to NO

spectra of fully activated MOF-5 before
gas. Inset: a new resonance emerges at

(blue) and after (green)
1815 cm-.

VN-O Amax (nm) System

HKUST-1 1887 MOF
Fe-ZSM-5 1880 zeolite

CPO-27-Ni 1843 MOF
MIL-100(V) 1841 - MOF

MIL-100(Fe) 1825 MOF
MOF-5 1815 MOF

[Fe(nta)(NO)] 1793 342, 439 molecule
(NO)FeMOF-5 1788 395, 476 MOF

[Fe(1iPr)(NO)] 1739 350, 500 molecule
superoxide reductase 1721 475 enzyme

HemeA(NO) 1668 - molecule

[Me4N][Fe(NS 3)(NO)] 1630 molecule

Table 8.2: Comparison of VN-O and Anmax values for the nitrosyl-to-iron charge transfer
band in (NO)Fe-MOF-5 with relevant {Fe-NO} 7 complexes and other MOFs.
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Figure 8-25: Diffuse reflectance UV-Vis-NIR of FeMOF-5 before (black) and after

(red) treatment with NO gas at room temperature.

Reduction of the inserted cations is also possible. To demonstrate this capability,

we chose Cl-V-MOF-5 because 1 e- transfer to generate V2+ ions would be easily

identified by X-band EPR spectroscopy. Adding a THF solution containing a stoi-

chiometric quantity of [(THF) 3Na+(TEMPO-)14 (TEMPO = 2,2,6,6-tetramethyl-1-

piperidinyloxy) to a THF suspension of ClV-MOF-5 resulted in the crystalline MOF

turning from forest green to light green/gray in several minutes. After repeated wash-

ing in fresh THF, the otherwise untreated crystals were examined by X-band EPR at

77 K. As shown in Figure 8-27, the formerly EPR-silent material gave rise to a pattern

indicative of V2 + with near isotropic symmetry. Unlike the axial signal displayed in

Figure 8-15, the V centers most likely feature two pendant THF molecules to furnish

pseudo-octahedral geometry.

8.4 Conclusion

We have shown that redox-active di- and trivalent first-row transition metals can be

substituted into MOF-5 to give materials that are inaccessible by typical synthetic

pathways. In particular, we have reported the first examples of Ti3 +- and V2 +_

containing MOFs, along with five other previously unknown analogues of MOF-5
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Figure 8-26: Continuous-wave X-band EPR spectrum of (NO)Fe-MOF-5 collected at
77 K.

itself. The inserted metal ions resemble the molecular species of coordination chem-

istry and catalysis, yet the solid-state lattice provides a unique platform for future

reactivity studies. As a proof of this concept, we demonstrated that outer-sphere elec-

tron transfer can be achieved in Cr-MOF-5 and that Fe-MOF-5 activates NO more

than any other MOF. These experiments illustrate rare examples of stoichiometric

redox reactivity at MOF SBUs and emphasize the unique coordination environment

and ligand field character of the metal nodes when regarded as ligands. The following

chapter will build on these results to demonstrate that these SBU are also capable of

small-molecule activation.

8.5 Methods

All synthetic manipulations were performed under an inert atmosphere of a N 2 glove

box, unless stated otherwise.
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Figure 8-27: Continuous-wave X-band EPR spectrum of ClV-MOF-5 after treatment
with [(THF) 3Na+(TEMPO~) 4 collected at 77 K.

8.5.1 Materials

Dichloromethane (HPLC grade, Honeywell), NN-dimethylformamide (DMF) (99.8%,

VWR), NO/N 2 (5% Airgas), TiCl3 -3THF (97% Strem), CrCl 2 (99.9%, Strem), MnCl 2

(97% Strem), Fe(BF4 )2.6H 20 (97% Sigma-Aldrich), and Zn(N0 3)2-6H20 (99%, Alfa

Aesar) were used as received. Dry, deaerated tetrahydrofuran (THF) and DMF were

obtained by degassing with a flow of argon gas for 30 min and by passing the solvent

through two silica columns in a Glass Contour Solvent System. VCl 2 (pyridine)4, 2 2 2 ,2 2 3

VCl-3THF, 224 CrCl3-3THF,2 21 f(THF) 3Na+(TEMPO-)J4,226 and MOF-572 were pre-

pared according to literature procedure.

8.5.2 Physical Measurements

Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker Advance II

diffractometer equipped with 6/20 Bragg-Brentano geometry and Ni-filtered Cu-KQ

radiation (Kai = 1.5406 A). The tube voltage and current were 40 kV and 40 mA,

respectively. Samples for PXRD were prepared by placing a thin layer of samples on a

zero-background silicon crystal plate supported on a cup with dome that screwed-on

with a rubber O-ring fitting. Diffuse reflectance UV-Vis spectra of ClCr-MOF-5 were
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collected between 1.0 and 3.5 eV on a Varian Cary 5000 UV-Vis-NIR spectrometer

equipped with a Praying Mantis diffuse reflectance accessory and an environmental

chamber (Harrick Scientific Products) and referenced to BaSO 4 . An adequate spec-

trum of Cr-MOF-5 was not achieved using this setup. Instead, an Ocean Optics Jaz

spectrometer was used, but interpretable only between 1.5 and 3.0 eV.

A Micromeritics ASAP 2020 Surface Area and Porosity Analyzer was used to

measure nitrogen adsorption isotherms. Oven-dried sample tubes equipped with

TranSealsTM(Micrometrics) were evacuated and tared. Samples were transferred to

the sample tubes, heated to 200 'C for 12 h, and held at that temperature until the

outgas rate was less than 2 mtorr/minute. The evacuated sample tubes were weighed

again and the sample mass was determined by subtracting the mass of the previously

tared tube. N 2 isotherms were measured using liquid nitrogen baths (77 K). UHP

grade (99.999% purity) N 2 and He, oil-free valves and gas regulators were used for all

free space corrections and measurements.

Titanium, vanadium, chromium, manganese, iron, and zinc analyses were con-

ducted at the MIT Center for Materials Science and Engineering Shared Experimental

Facility (CSME-SEF) using a HORIBA Jobin ACTIVA inductively coupled plasma

atomic emission spectrometer (ICP-AES). Standards were prepared from solutions

purchased from ULTRA Scientific@, designated suitable for ICP analysis. Elemental

analysis was performed by Complete Analysis Laboratories, Parsippany, NJ.

Continuous wave X-band EPR spectra were recorded using a Bruker EMX spec-

trometer with a Gunn diode and an ER 4199HS cavity. The microwave frequency

of 9.351 GHz was set to 2.021 mW and a modulation frequency of 100.00 kHz was

used with an amplitude of 10.00 G. The signals resulted from averaging 10 scans. All

spectra were recorded near 77 K by setting the sample tube in a cold-finger dewar

containing liquid N2 .

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was per-

formed on a Bruker Tensor 37 with a mercury cadmium telluride detector. Data were

collected in the "MIRDRIFTS" mode with a 6-mm aperture setting and a KBr

beam splitter. The data was averaged over 32 scans between 7000 and 600 cm-1 .
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Field emission scanning electron microscopy (FESEM) was performed with a Zeiss

Supra55VP on crushed crystalline sample dispersed on double-sided copper tape and

mounted on an aluminum stub. The FESEM was operated at a beam voltage from

8-11 kV at a working distance of 10-15 mm with a 30-ym aperture and used with

a Everhart-Thornley (SE2) detector. Elemental composition was determined by an

energy dispersive X-ray spectrometer (EDX) connected to the FESEM. A dwell time

of 200 ps and 8 frames were used to collect 512 x 400 px EDX maps from 0-10 keV for

a total of about 650 s run time. Optical microscope photographs were captured with

a Zeiss Discovery V8 Stereomicroscope configured with transmitted light polarization

optics using a Plan-Achromat S1.0x Objective, Zoom setting of 8x, and axiocamERc

5s Color CCd with Axiovision software (Carl Zeiss Miroscopy, Thornwood, NY).

8.5.3 Zn4 _ xMxC1xO 13C 24 H12 (C1M-MOF-5, M = Ti, V, Cr)

MCl 3 3THF, where M = Ti, V, or Cr, (0.30 mmol) was dissolved in 10 mL of

dry, deaerated DMF and added at room temperature to Zn40 13C 2 4H1 2 (MOF-5)

(50 mg, 6.5 x 10-2 mmol) that was washed once with 20 mL of DMF for 24 h.

These suspensions were stirred gently for 1 week before replacing the solution with

fresh DMF. The crystals were washed with DMF and CH 2 Cl 2 and activated ac-

cording to standard procedure for MOF-5.7 2 Our failed efforts to synthesize these

materials directly followed the typical preparation of MOF-5, but with using deaer-

ated DMF and heating at 100 'C under air-free conditions. Elemental analysis for

Zn3 .9 1 Tio.0 9 CIO. 0 9 O13 C24 H 12 .(CH 2 Cl 2 ) : Calculated: C% 35.06, H% 1.66, N% 0.0, Cl%

0.37, Found: C% 35.29, H% 1.38, N% 0.00, Cl% 0.27; Zn3.80 V0 .20Cl0 .20O13C24 H1 2 :

Calculated: C% 37.77, H% 1.59, N% 0.00, Cl% 0.10, Found: C% 37.12, H% 1.46, N%

0.00, Cl% 0.34; Zn2 .59 Cr1.4 1Cl1. 41 013C 24 H 12 -(DMF)0.4: Calculated: C% 36.45, H%

1.80, N% 0.67, Cl% 6.02, Found: C% 36.04, H% 2.27, N% 0.75, Cl% 5.39.

198



8.5.4 Zn4 - xMxO 1 3 C2 4 H1 2 (M-MOF-5, M = V, Cr, Mn, Fe)

In a manner similar to above, DMF-washed MOF-5 crystals (50 mg, 6.5 x 10-2

mmol) were combined with saturated 10 mL DMF solutions of VCl2 (pyridine)4 ,

CrCl 2, MnCl 2, or Fe(BF4)2 .6H20. These were stirred gently for a week and subse-

quently washed and activated. Elemental analysis for Zn3.83V. 17O 13 C24H 12 : Cal-

culated: C% 37.56, H% 1.46, N% 0.00, Found: C% 37.48, H% 1.46, N% 0.00;

Zn3 .0 6 Cro.94O 1 3C2 4H 1 2 : Calculated: C% 38.06, H% 1.60, N% 0.00, Found: C% 37.79,

H% 1.49, N% 0.34; Zn3.58Mn0.4 2O 13C 24 H12 : Calculated: C% 38.20, H% 1.61, N% 0.00,

Found: C% 37.59, H% 1.42, N% 0.00. Zn3 .0 4 Fe0 .96O13 C 24 H12 : Calculated: C% 37.89,

H% 1.59, N% 0.00, Found: C% 37.02, H% 1.80, N% 0.00.

8.5.5 In Situ DRIFTS of NO + Fe-MOF-5

Fully activated Fe-MOF-5 was loaded into the Harrick low temperature environmental

chamber and attached to the Harrick Praying Mantis accessory to perform DRIFTS

measurements with the Bruker Tensor 37 infrared spectrometer. A measurement

was taken of the sample under dynamic vacuum at room temperature, then 1 atm

of NO/N 2 was added from a 100 mL Schlenk flask through a Swagelok valve. A

spectrum was collected immediately afterwards. An identical procedure was used to

monitor the interaction of MOF-5 and NO, as a control experiment.

8.5.6 Reduction of C1V-MOF-5 by [(THF) 3Na+(TEMPO-)] 4

0.0325 mmol of ClV-MOF-5 was suspended in 3 mL of THF. At room temperature, a

3-mL THF solution containing 0.0325 mmol of [(THF)3Na+(TEMPO-)] 4 was added

to these crystals. The contents were left at room temperature for 18 h with gentle

stirring. The resulting material was washed 3 x with 20 mL of fresh THF.
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8.5.7 Calculations

All time-dependent density functional theory (TD-DFT) calculations and geometry

optimizations were performed at the spin-unrestricted level using the Becke-Perdew

(BP) functional"0'91 with the ORCA 2.8.0 software package.9 2 For the TD-DFT cal-

culations of Cr-MOF-5 and ClCr-MOF-5, 50 and 10 excited states, respectively, were

included using one-electron transitions. All geometry optimizations began from crys-

tallographically determined structures. To simulate the lattice-imposed strain, the

carbon atoms in the 1 and 4 positions of the benzoate rings were fixed, while the rest

of the molecule was allowed to optimize. The all-electron Gaussian basis sets devel-

oped by the Ahlrichs group were employed in all calculations."3,"4 The standard basis

sets TZV(p) (for H), TZV(2d) (for C, N, and 0), and TZV(2pf) (for Zn and Cr) were

used. The resolution of the identity (RI) approach was taken for geometry optimiza-

tions, though not for TD-DFT calculations. The zeroth-order regular approximation

(ZORA) 15-1 method was implemented for all calculations involving Cr. The model

compounds for CITi-MOF-5, ClCr-MOF-5, Cr3+-MOF-5, and Cr-MOF-5 were calcu-

lated with doublet, quartet, quartet, and quintet spin multiplicities, respectively.

8.5.8 EPR Simulation

EasySpin 4.0.0 was run as a toolbox within MATLAB. The continuous-wave solid-

state EPR spectrum of V-MOF-5 was modeled with the "pepper" function and fitted

using "esfit ". Axial symmetry was assumed from the experimental data and hyperfine

values were measured from the splitting between peaks to derive starting points for

fitting A, and A ,Y. The experimental microwave frequency and temperature were

incorporated into the simulation and fitting was based on a 51V nucleus with S = .

The "genetic" method was used to fit the experimental data as is, rather than its

integral or derivative. The fitting was run with gz, gxy, AZ, and Axy as parameters

until a satisfactory simulation was achieved.
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atom x y z atom x y z atom x y z
C -0.027226 -7.819769 -0.027228 C 0.168838 -7.133367 1.175259 C -0.145323 -7.125890 -1.233867
Ti 1.293128 -1.314023 1.160894 Zn 1.215601 1.112953 -1.134445 Zn -1.100049 -1.179218 -1.144808
Zn -1.095788 1.097200 1.070025 0 0.157655 -0.148917 0.063533 0 0.762016 -0.781144- 2.940598
o 2.855883 -0.005533 1.048155 0 0.005295 -2.911460 1.080745 0 0.780011 0.824069 -3.034712
0 3.085195 0.438194 -1.139147 0 0.869741 3.023765 -0.728757 0 -0.878061 -0.729301 -3.042502
o -3.017355 -0.856911 -0.741523 0 -0.293689 -2.994069 -1.143794 0 -0.822773 0.842284 2.979916
o -3.031011 0.889034 0.705131 0 -0.903081 3.026779 0.685191 C -0.027226 0.027231 3.564252
C 3.564254 0.027231 -0.027228 C -0.027226 -3.564249 -0.027228 C -0.027226 0.027231 -3.618708
C -0.027226 3.618711 -0.027228 C -3.618706 0.027231 -0.027228 C -0.012396 0.007471 5.037841
C 5.007515 -0.313027 0.036144 C 0.069414 -5.040174 -0.025649 C -0.010706 0.012272 -5.103878
C -0.032304 5.101263 -0.039091 C -0.027226 0.027231 -7.874228 C -0.027226 7.874231 -0.027228
C -5.099340 0.025162 -0.046440 C -7.874226 0.027231 -0.027228 C 0.834726 -0.861314 5.748315
C 5.598085 -0.653251 1.263372 C 0.220491 -5.741446 1.179137 C 0.877848 0.844534 -5.798661
C 5.791163 -0.274980 -1.128843 C 0.868350 0.850741 -7.189641 C 0.919884 7.188790 -0.790911
C -0.901721 -0.818420 -5.797872 C -5.800249 -0.838853 -0.902360 C -0.101013 -5.735929 -1.234063
C -0.909152 -0.809642 -7.188608 C -7.191569 -0.833443 -0.894698 C -0.866942 0.875717 5.738522
C -5.791527 0.884994 0.813175 C -0.983130 5.795100 0.723505 C -0.979355 7.186175 0.727629
C -7.181766 0.871611 0.817162 C -0.028455 0.006968 7.835140 C 0.824456 -0.859027 7.141337
C -0.871616 0.871611 7.127312 C 7.735322 -0.912189 0.161022 C 6.958645 -0.947607 1.323920
C 7.149795 -0.577809 -1.064818 C 0.918741 5.797533 -0.798655 H -0.076438 -8.910477 -0.023138
H 0.273271 -7.686963 2.109392 H -0.284207 -7.670656 -2.168734 H -0.035575 0.035680 -8.966329
H -0.023780 8.966221 -0.021195 H -8.966112 0.026415 -0.019449 H 1.493260 -1.531236 5.196048
H 4.975873 -0.685506 2.156520 H 0.359371 -5.180970 2.102927 H 1.559400 1.477494 -5.231839
H 5.318796 -0.010505 -2.074426 H 1.552772 1.495361 -7.742778 H 1.656306 7.741491 -1.375737
H -1.579094 -1.454751 -5.229992 H -5.238621 -1.501048 -1.560137 H -0.213696 -5.167362 -2.156102
H -1.599547 -1.448888 -7.740567 H -7.746818 -1.497695 -1.558214 H -1.517409 1.542999 5.174950
H -5.227307 1.546124 1.469286 H -1.709325 5.227205 1.303700 H -1.713140 7.736692 1.317831
H -7.726646 1.535986 1.490375 H -0.036265 0.008146 8.926318 H 1.482802 -1.534266 7.690068
H -1.536083 1.546383 7.669795 H 8.799990 -1.147608 0.209693 H 7.415669 -1.211290 2.278735
H 7.755886 -0.553488 -1.971658 H 1.645197 5.232319 -1.381052 CI 2.917221 -2.951937 0.730864

Table 8.3: Optimized atomic coordinates for ClTiZn 30(C8H 404)6
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atom x y z atom x y z atom x y z
C -0.027226 -7.819769 -0.027228 C 0.369316 -7.137810 1.126696 C -0.332159 -7.123923 -1.198843
Cr 1.286610 -1.277821 1.010490 Zn 1.204236 1.122952 -1.140036 Zn -1.108491 -1.146177 -1.144918
Zn -1.099692 1.102525 1.097598 0 0.116632 -0.093452 0.049610 0 0.753596 -0.762614 2.913888
o 2.877116 -0.146381 1.063834 0 0.238197 -2.926292 1.069864 0 0.786693 0.818836 -3.037176
0 3.118002 0.656447 -1.036626 0 0.834879 3.031217 -0.769469 0 -0.876158 -0.730901 -3.044167
o -3.024851 -0.820233 -0.781416 0 -0.583295 -3.030440 -1.038942 0 -0.839732 0.847030 3.019876
0 -3.032747 0.857693 0.745016 0 -0.872155 3.029044 0.726069 C -0.027226 0.027231 3.564252
C 3.564254 0.027231 -0.027228 C -0.027226 -3.564249 -0.027228 C -0.027226 0.027231 -3.618708
C -0.027226 3.618711 -0.027228 C -3.618706 0.027231 -0.027228 C -0.002518 0.000843 5.048255
C 5.001187 -0.359440 -0.015649 C 0.086045 -5.041768 -0.038905 C -0.014190 0.015672 -5.104189
C -0.034480 5.102235 -0.036395 C -0.027226 0.027231 -7.874228 C -0.027226 7.874231 -0.027228
C -5.099920 0.027091 -0.044554 C -7.874226 0.027231 -0.027228 C 0.848461 -0.859647 5.755439
C 5.579742 -0.912809 1.136884 C 0.432023 -5.745894 1.122405 C 0.879346 0.842549 -5.798814
C 5.787764 -0.159265 -1.161271 C 0.871696 0.847058 -7.189787 C 0.891110 7.188296 -0.824380
C -0.909540 -0.810295 -5.798013 C -5.799928 -0.834303 -0.904038 C -0.281485 -5.734800 -1.204031
C -0.915290 -0.803138 -7.188775 C -7.191173 -0.831448 -0.896033 C -0.862812 0.867014 5.739451
C -5.792048 0.884246 0.816444 C -0.956281 5.796723 0.759936 C -0.951615 7.187821 0.762609
C -7.181766 0.871611 0.817162 C -0.022755 0.013266 7.836834 C 0.836250 -0.851153 7.150340
C -0.871616 0.871611 7.127312 C 7.709007 -1.062840 -0.001326 C 6.929957 -1.259474 1.143469
C 7.135476 -0.513870 -1.153209 C 0.888597 5.797219 -0.830768 H -0.084570 -8.910065 -0.014728
H 0.618019 -7.693986 2.031638 H -0.623685 -7.666071 -2.099460 H -0.033676 0.033665 -8.966400
H -0.023319 8.966287 -0.022319 H -8.966130 0.026355 -0.019352 H 1.509635 -1.525632 5.201521
H 4.959892 -1.062249 2.020146 H 0.717073 -5.190447 2.015421 H 1.564358 1.471533 -5.231808
H 5.324776 0.267861 -2.050181 H 1.560625 1.486790 -7.743054 H 1.605807 7.740420 -1.436130
H -1.590399 -1.442784 -5.230036 H -5.237010 -1.493308 -1.563856 H -0.541594 -5.163647 -2.093767
H -1.608467 -1.439238 -7.740936 H -7.745675 -1.495393 -1.560535 H -1.514832 1.526518 5.169248
H -5.228561 1.543883 1.474638 H -1.661304 5.229550 1.366353 H -1.663138 7.739801 1.378230
H -7.727675 1.535798 1.489907 H -0.031181 0.018527 8.928163 H 1.497090 -1.519266 7.704529
H -1.539964 1.544396 7.666983 H 8.764837 -1.339252 0.003367 H 7.376958 -1.687280 2.042085
H 7.742382 -0.362947 -2.047225 H 1.592530 5.230595 -1.438839 Cl 2.439397 -2.399195 -0.687175

Table 8.4: Optimized atomic coordinates for ClCrZn3O(C8 H4 04 ) 6
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atom x y z atom x y z atom x y z

C 19.378500 24.450500 19.378500 C 19.796514 25.135277 20.524387 C 18.998017 25.149324 18.228908
Cr 20.511984 31.088627 20.570201 Zn 20.540773 33.446544 18.223242 Zn 18.238180 31.148132 18.220922
Zn 18.245291 33.433732 20.470195 0 19.508732 32.179806 19.461453 0 20.210695 31.486160 22.366201
0 22.294278 31.674111 20.302896 0 19.742351 29.334592 20.462965 0 20.357793 32.868540 16.378691
0 22.450204 33.110135 18.562467 0 20.015899 35.293254 18.437848 0 18.394694 31.731532 16.381836
o 16.386918 31.343024 18.767016 0 18.944772 29.307250 18.346098 0 18.538871 33.022255 22.372730
0 16.377317 33.242996 20.008756 0 18.749213 35.297247 20.320068 C 19.378500 32.297500 22.969980
C 22.969980 32.297500 19.378500 C 19.378500 28.706020 19.378500 C 19.378500 32.297500 15.787020
C 19.378500 35.888980 19.378500 C 15.787020 32.297500 19.378500 C 19.436740 32.315830 24.445459
C 24.424939 32.038610 19.320860 C 19.429569 27.234165 19.380672 C 19.378805 32.293900 14.308188
C 19.378226 37.367267 19.374807 C 19.378500 32.297500 11.531500 C 19.378500 40.144500 19.378500
C 14.310758 32.291789 19.368575 C 11.531500 32.297500 19.378500 C 20.375374 31.543605 25.152137
C 25.044192 31.190681 20.256817 C 19.825271 26.526850 20.529322 C 20.412667 32.939763 13.610949
C 25.195345 32.654582 18.317446 C 20.410565 32.939481 12.220174 C 20.081075 39.457064 18.385468
C 18.344686 31.649788 13.609992 C 13.608613 31.416287 18.521765 C 19.019745 26.539570 18.227484
C 18.346727 31.653540 12.219052 C 12.217713 31.427724 18.521469 C 18.516553 33.118931 25.143081
C 13.614311 33.160299 20.218829 C 18.672111 38.064260 20.368957 C 18.674619 39.455007 20.368880
C 12.223960 33.141880 20.222890 C 19.470047 32.373582 27.235158 C 20.390163 31.577439 26.544393
C 18.534110 33.141880 26.533040 C 27.177980 31.577580 19.187339 C 26.416506 30.963835 20.187777
C 26.566422 32.421999 18.253786 C 20.083161 38.066108 18.381407 H 19.352498 23.359632 19.381575
H 20.092906 24.579988 21.414719 H 18.678188 24.606979 17.338754 H 19.377627 32.299641 10.439968
H 19.378722 41.236001 19.379731 H 10.440114 32.300307 19.380481 H 21.085530 30.924194 24.605823
H 24.444719 30.720590 21.035433 H 20.134443 27.075114 21.418581 H 21.203872 33.434803 14.172249
H 24.705823 33.310136 17.598194 H 21.208385 33.438893 11.669543 H 20.624753 40.008691 17.617891
H 17.550938 31.157174 14.169925 H 14.165480 30.744531 17.869768 H 18.715093 27.103917 17.347226
H 17.547324 31.157815 11.667400 H 11.664781 30.761343 17.858732 H 17.795233 33.711947 24.582713
H 14.169841 33.833333 20.870118 H 18.130321 37.503066 21.128979 H 18.129532 40.004842 21.136774
H 11.678937 33.810752 20.890952 H 19.482262 32.395380 28.325789 H 21.118571 30.981453 27.094997
H 17.818625 33.760822 27.075321 H 28.252774 31.397964 19.135462 H 26.896676 30.308666 20.915264
H 27.162845 32.899630 17.475866 H 20.622817 37.507185 17.618137

Table 8.5: Optimized atomic coordinates for Cr3+Zn30(C8 H40 4)6
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atom x y z atom x y z atom x y z
C 19.378500 24.450500 19.378500 C 20.524709 25.133685 19.793194 C 18.219944 25.142185 19.020877
Cr 20.512907 31.073551 20.553004 Zn 20.437734 33.379985 18.292912 Zn 18.242113 31.122209 18.257527
Zn 18.238423 33.414132 20.540514 0 19.343207 32.218440 19.453809 0 20.381390 31.798222 22.349106
o 22.498796 31.470097 20.212529 0 20.458382 29.320122 19.700074 0 20.057770 33.200490 16.371049
o 22.324070 33,052251 18.574090 0 20.125275 35.305473 18.530285 0 18.704992 31.372690 16.364488
o 16.357544 31.544370 18.523642 0 18.328769 29.271629 18.920156 0 18.384402 32.874748 22.419090
0 16.346108 33.099308 20.192914 0 18.636191 35.313606 20.248613 C 19.378500 32.297500 22.969980
C 22.969980 32.297500 19.378500 C 19.378500 28.706020 19.378500 C 19.378500 32.297500 15.787020
C 19.378500 35.888980 19.378500 C 15.787020 32.297500 19.378500 C 19.413916 32.286846 24.453609
C 24.469518 32.413369 19.311508 C 19.368257 27.226511 19.450918 C 19.370957 32.301598 14.301920
C 19.371972 37.374386 19.373435 C 19.378500 32.297500 11.531500 C 19.378500 40.144500 19.378500
C 14.302023 32.268215 19.388850 C 11.531500 32.297500 19.378500 C 20.406677 31.588115 25.157277
C 25.273225 31.627359 20.151717 C 20.521701 26.524937 19.832499 C 20.107457 33.272152 13.608316
C 25.077513 33.303763 18.412933 C 20.109669 33.268978 12.217316 C 20.177667 39.459110 18.461857
C 18.636225 31.330766 13.606840 C 13.602276 31.405057 18.532127 C 18.214082 26.532279 19.053464
C 18.641397 31.329764 12.215920 C 12.211370 31.418570 18.528936 C 18.470540 33.057017 25.149198
C 13.612251 33.135046 20.240495 C 18.569542 38.069150 20.289342 C 18.573994 39.460013 20.290812
C 12.223960 33.141880 20.222890 C 19.519486 32.441554 27.238486 C 20.451868 31.659546 26.549060
C 18.534110 33.141880 26.533040 C 27.263033 32.619193 19.196095 C 26.662965 31.730367 20.093909
C 26.467775 33.405103 18.356284 C 20.175782 38.068099 18.458099 H 19.387880 23.359170 19.341036
H 21.420497 24.578510 20.075136 H 17.329388 24.595660 18.707207 H 19.382654 32.295256 10.439283
H 19.382262 41.236731 19.381124 H 10.439473 32.312718 19.372469 H 21.139892 31.003642 24.601840
H 24.790427 30.939738 20.845750 H 21.407553 27.084128 20.132512 H 20.668401 34.013291 14.176336
H 24.445544 33.910081 17.764734 H 20.679153 34.017948 11.665243 H 20.799267 40.011514 17.755799
H 18.073822 30.589854 14.173447 H 14.165692 30.741262 17.877565 H 17.333420 27.102339 18.760891
H 18.075276 30.578872 11.663005 H 11.655305 30.753345 17.866802 H 17.710058 33.594604 24.584964
H 14.177037 33.795671 20.896291 H 17,955720 37.502135 20.987905 H 17.955298 40.012780 20.999133
H 11.677024 33.820387 20.880632 H 19.562397 32.508584 28.326970 H 21.220945 31.113473 27.097509
H 17.809796 33.752663 27.074772 H 28.350698 32.699393 19.151087 H 27.281283 31.116100 20.750698
H 26.933520 34.099480 17.654888 H 20.788311 37.500236 17.758861

Table 8.6: Optimized atomic coordinates for Cr2+Zn 30(C 8H4 0 4)6
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Chapter 9

Nitric Oxide Disproportionation

Promoted by Fe-MOF-5

9.1 Abstract

The weak-field ligand environments at the metal nodes of metal-organic frameworks

resemble the electronic environment of metalloenzyme active sites, but few reports

have studied the reactivity of MOF nodes towards small molecules of biological rele-

vance. In this final chapter, we report that the ferrous ions in Fe2+-exchanged MOF-5

disproportionate nitric oxide to produce nitrous oxide and a ferric nitrito complex.

Although mechanistic studies of N-N bond forming transformations often invoke a

hyponitrite species, as in nitric oxide reductase and nitrogen reduction catalysis, lit-

tle is known about this intermediate in its monoanionic oxidation state. Together,

with the first report of N-N coupling between NO molecules in a MOF, we present

evidence for a species that is consistent with a ferric hyponitrite, whose isolation is

enabled by the spatial constraints of the MOF matrix. 1

'At the time of writing this thesis, the work presented in this chapter was unpublished. Mdss-
bauer experiments and analyses were conducted in collaboration with Sebastian A. Stoian. X-ray
absorption spectroscopy was conducted by and analyzed in collaboration with Jeffrey T. Miller.
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Figure 9-1: Single crystal X-ray structure of MOF-5, depicting the metal node where
Fe2+ inserts to furnish Fe2+-MOF-5.

9.2 Introduction

The chemical transformation of nitric oxide mediated by transition metal ions under-

lies crucial processes in both Nature and in environmental protection. NO is a chief

component of N.,OY species that contaminate the atmosphere 22 7 and is targeted in

NxO reduction catalysis. 22 8,22 9 Immune response, blood pressure control, and neuro-

transmission require the generation and decay of nitric oxide 230 by metal-containing

molecules such as the heme enzyme known as soluble guanylyl cyclase (sGC).231 Al-

though NO transformations in these biological examples occur under homogeneous

conditions, they are mediated by active sites and clusters supported by weak-field

ligands such as carboxylates and imidazolates. These functionalities are identical

to those found in most MOFs, making the latter prime candidates for biomimetic

studies.

With mounting recent evidence from us and others that MOF nodes can undergo

redox transformations, 17,180-182,199 we have begun exploring the chemistry of biolog-

ically relevant small molecules by conceiving of the metal nodes as electronically

isolated molecules. Here, we show that Fe2+-substituted Zn 40(BDC)3 (Fe2+-MOF-5)

facilitates the disproportionation of NO with formation of N 20, a reaction that is rem-
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Scheme 9.1

iniscent of the reductive N-N coupling in nitric oxide reductase (NOR) to evolve N20.

In contrast to NOR and the majority of its small molecule mimics, which promote

N-N bond formation at bimetallic centers, 232-235 a single Fe atom is involved in NO

disproportionation in Fe2+-MOF-5. Additional investigations into the mechanism of

this reaction allow us to isolate a species that is most consistent with a ferric hyponi-

trite. To our knowledge, these results are the first to provide experimental evidence

of a mono-anionic hyponitrite radical intermediate implicated in the formation of a

N-N bond, and constitute the first example of a MOF promoting NO reactivity of any

kind. The disproportionation of three equivalents of NO in Fe2+-MOF-5 is, of course,

a different reaction from what occurs in NOR and deNO_ catalysts, but it provides

a useful medium for studying the general features that underlie transformations of

N20 molecules. We hope to gain new insight into these specific systems by simpli-

fying the mechanism to a single metal site and isolating uncommon intermediates in

biologically relevant ligand fields that are otherwise difficult to achieve.

9.3 Results

In Chapter 8, we introduced a series of first-row transition metal ions in the the all

oxygen dianionic tripodal environment of the MOF-5 clusters (Figure 9-1). As dis-

cussed in Chapter 7, magnetic susceptibility measurements confirm that the material

we termed Fe-MOF-5 features isolated S = 2 ferrous ions (Figure 7-4). To demon-
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Figure 9-2: Diffuse reflectance UV-visible spectrum of Fe-MOF-5 as it performs NO
disproportionation. The starting ferrous material is shown in red, while the {FeNO} 7

nitrosyl (species B) is shown in darkest green. Progressively lighter green spectra
correspond to the decay of this species.

strate the promise of these high-spin centers towards redox chemistry, we reported the

characterization of a {FeNO} 7 fragment. 16,17 Our initial evidence that Fe2+-MOF-5

promotes nitric oxide disproportionation was in observing the spectral features of

the {FeNO} 7 species decay over the course of several minutes. Backfilling an evac-

uated sample of yellow Fe2+-MOF-5 with NO/N 2 at room temperature induced a

color change to black, corresponding to the formation of iron nitrosyl {FeNO} 7 (B, in

Scheme 9.1). Continued exposure to NO caused the black crystals to gradually turn

bright orange. The decay of the black {FeNO} 7 adduct and the formation of the new

orange product were followed by in situ diffuse reflectance UV-Vis-NIR spectroscopy,

which evidenced the decay of the broad ligand-to-metal NO(7r*)*-+d charge transfer

band at 476 nm present in B (Figure 9-2).

In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) pro-

vided further evidence for the decomposition of B. The strong band centered at 1793

cm--1, attributed to the N-O stretch (VNO) of the nitrosyl group in B, decreased in

intensity over 10 minutes (Figure 9-3), with concomitant emergence of new peaks at

1178 and 868 cm- arising from what we label as species C. Surprisingly, the new

peaks from C reached their maximum intensity after 30 min and then receded over
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natural abundance NO 1 5NO
B 1796 (s) 1760 (s)
C 1178 (m), 868 (w) 1155 (m), 863 (w)
D 1220 (m), 1000 (m), 797 (w) 1193 (m), 1000 (s), 776 (w)

Table 9.1: Measured DRIFTS bands for species B-D in cm- 1 that appear after
treating Fe-MOF-5 with NO. Intensities are indicated in parentheses.

the course of another 30 min, leaving a new set of resonant features appeared at 1220,

1000, and 797 cm-1, evidencing the formation of yet a new species, D. Representative

spectra from the time evolution DRIFTS analysis of the last two steps, B-÷C and

C-+*D, are shown in Figure 9-3. For completeness, the full set of spectra is displayed

in Figure 9-4. These new bands are summarized in Table 9.1. Although species C

was observed only transiently under a NO atmosphere, we were able to isolate it by

evacuating our in situ DRIFTS cell immediately before the spectral features from

species D began to emerge. Species C is stable indefinitely under vacuum or N 2,

but produces species D in less than a minute after exposure to NO. Analysis of the

final material confirms that the lattice is retained. Powder X-ray diffraction of the

final material matches the simulated pattern of MOF-5 (Figure 9-5) and Brunauer-

Emmett-Teller (BET) analysis based on an N 2 isotherm of these crystals gives a value

of 3218 m 2 /g, which is expected of fully activated MOF-5 (Figure 9-6).

To investigate whether any gases are, evolved during the B-+C-+D reaction se-

quence, we sampled the headspace of the batch reactor used for in situ DRIFTS by

real-time gas analysis and quadrupole mass spectrometry (RGA-MS). Because signal

spikes can be artifacts of monitoring MS in flow, we altered the setup to detect N 20

with greater certainty: once the full B- D sequence was completed after about 1

h, as indicated by DRIFTS, we cooled the reactor to -150 'C and applied vacuum

so that frozen N20 would remain in the chamber, but excess NO and N 2 , expected

to remain in the gaseous phase at this temperature, would not. The reactor was

warmed to room temperature and attached in line to the mass spectrometer with

a flow of He/Ar. After establishing a stable baseline for signals at 30 and 44 amu,

corresponding to NO and N 20, respectively, the reactor was opened to the flow setup
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Figure 9-3: Selected In situ DRIFTS collected on Fe-MOF-5 during NO dispropor-
tionation. Species B is shown in pink, species C in blue, and species D in gold.
IR-active modes are depicted in the same color as the corresponding spectral feature.
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Figure 9-4: Complete in situ DRIFTS collected on Fe-MOF-5 during NO dispropor-
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in gold.
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Figure 9-5: Powder X-ray diffraction pattern of species D and the simulated pattern

of MOF-5.

for detection. As shown in Figure 9-7, a signal appeared for N 2 0 and took 132 s to

reach baseline levels, whereas the detection of NO remained unperturbed.

With evidence that N 20 is evolved as part of the sequential B-MC-+D transfor-

mation, we employed X-ray absorption spectroscopy (XAS) to probe the oxidation

states and coordination environments of the iron sites in C and D, since they were

expected to change during these transformations. Comparing the K-edge spectra of

pristine Fe2+-MOF-5 to that of species C and D revealed a shift to higher energy in

both the pre-edge (ls-+3d) and rising edge (1s- 2p) features (Figure 9-8), suggesting

that the iron sites undergo one e- oxidation to Fe3 + relative to species A (Fe 2 +-MOF-

5), a ferrous compound. By analyzing the difference spectrum from the XAS data,

the extended X-ray absorption fine structure (EXAFS) regions indicate that both C

and D contain additional ligands (Figure 9-8). These new scattering pairs were fit to

a coordination number of 0.9 at a distance of 1.98(2) A for C and 1.2 at a distance

of 2.08(2) A for D.

A zero-field M6ssbauer spectrum was also collected at 70 K on species D and
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Figure 9-6: N2 isotherm of NO2Fe-MOF-5
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Figure 9-7: Real time analysis mass spectrometry of the head space sampled from a

batch NO disproportionation promoted by Fe-MOF-5.
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Figure 9-8: X-ray absorption spectra of Fe-MOF-5 (green), species C (blue), and
species D (gold). Comparative R-space EXAFS are shown in large format with com-

parative XANES shown as an inset.

confirmned it is ferric. As shown in Figure 9-9, the doublet of the ferrous starting

material A with 6 = 1.05(2) mm /s and AEQ = 3.03(l) mmn/s shifted to 6 = 0.5(l)

mm/s and AEQ = 0.75(4) mnm/s after the completion of the sequence. These values

and the relaxat ion- induced broadening that is typically observed for Kramers systems,

i.e. half-integer spins, are consistent with a high spin Fe 3+ center. "' These data also

suggest the reaction consumes all Fe2+, sites because the signal could not be fit to

the original ferrous doublet. Furthermore, X -band electron paramagnetic resonance

analysis of both species C and D showed broad signals at gi,,, = 4.2 common for

high-spin ferric species (Figures 9-10 and 9- 11). 236

To verify our mass spectrometry assignment of N20 evolution as well as the vi-

brational spectral features of our DRIFTS data, we repeated these experiments using

15 NO. As shown in Figure 9-12, most of the peaks that evolve during the B- C--D

sequence are sensitive to isotopic substitution, indicating that they involve the trans-

formation of N, species. The VNO of B shifts from 1793 to 1760 cmn- I, which is

close to the difference of 32 cmn-I expected from the harmonic oscillator approxima-

tion. With the emergence of species C by using 15 NO, peaks grow in at 1155 and 863

cm--1. These are shifted by 25 and 5 cm-I relative to those observed with natural
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Figure 9-9: Zero-field "Fe Mbssbauer spectra recorded at 4.2 K for Fe-MOF-5 (top)
and at 70 K for NO treated Fe-MOF-5 (bottom). While the simulation of the starting

Fe-MOF-5 sample used 6 = 1.05(2) mm/s, AEQ 3.03(1) mm /s, and F = 0.28(1)
mm/s, that of the NO treated Fe-MOF-5 was obtained using AEQ - 0.5(1) mmi/s,
AEQ = 0.75(4) mm/s, and linewidth F = 0.7(1) mm/s.
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Figure 9-11: X-band EPR spectrum collected at 77 K for the ferric nitrite-containing

MOF-5 (species D)
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abundance NO, but deviate from the shifts of 21 and 15.5 cm 1 predicted by the har-

monic oscillator approximation. The larger deviation of the latter mode is consistent

with bands observed near this energy being ascribed to bending, not linear stretching

modes. As species D is formed from 15NO, features appear at 1193 and 776 cm- 1 that

are shifted by 33 and 20 cm-1, respectively, and do not match the harmonic oscillator

predictions of 22 and 14 cm- 1 for pure N-O stretches. The transient DRIFTS spec-

tra under 15NO are shown in Figure 9-13. See Table 9.1 for a summary of observed

DRFITS features. Interestingly, the mode at 1000 cm- 1 is not sensitive to isotopic

substitution. Finally, sampling the headspace by using the same procedure as before

revealed a prominent mass fragment at 46 amu, as expected for doubly 15N-labeled

(15N) 20, confirming that both expected products from NO disproportionation are

present at the end of the reaction sequence (Figure 9-14).

9.4 Discussion

Taken together, the observations described above are consistent with the reaction

sequence shown in Scheme 9.1. Because the transformation occurs over the span of

an hour, by assuming pseudo-first-order dependence on Fe2+ sites, we estimate that k

< 0.01 s-1 for the rate-limiting step. The energies of the isotopically sensitive normal

modes are consistent with the N-0 IR-active modes of various NOY species, such

as NO2 or N 202'-, where m = 1 or 2, which are expected to result as products

or intermediates from nitric oxide disproportionation. 23 7 The vibrational feature that

emerges with D at 1000 cm- 1 is most likely a new lattice mode since it is not isotopi-

cally sensitive-perhaps caused instead by a lattice vibration induced by geometrical

distortions at the iron sites. Of the three possible binding modes of N02- to the ferric

centers, the EXAFS data of D are best fitted to a model where the N02- is bound to

Fe3+ in an q fashion. The distance of 2.08(2) A is suggestive of either a nitrito 238-240

or N-bound (i.e. nitro)241-243. Although ii2 nitrito species show distances above 2.10

A. 239,244,245 EXAFS analysis identified only one scatterer near the Fe atom, not two.

The DRIFTS feature at 797 cm- 1 observed for species D is similar to reported values
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Figure 9-12: Comparative DRIFTS features for species B (pink), species C (blue),

and species D (gold) shofwn when using natural abundance NO (dark) and 15 NO

(light).

for 6ONO, while 1220 cm-1 is reasonable for VNO for N-O species with bond orders

between one and two, as found in nitrite.246

We could infer the identity of C in attempting its isolation. Initially, the con-

version from C to D seemed to be an isomerization between coordination modes of

NO2-, such as between N-bound and chelating. However, the observation that C is

isolable by applying vacuum and forms D only upon addition of NO necessarily im-

plies that C be an intermediate formed by the reaction of Fe2+-MOF-5 with only two

equivalents of NO. The EXAFS fitting for C suggests that the NOy species bound

to Fe is T11 at a distance of 1.98 A, while the near-edge data confirms that C is most

likely a ferric species, as corroborated by EPR (Figure 9-10). Finally, the IR stretch

observed in C at 1178 cm-1 is in the region of N-O bond orders between one and

two, while the feature at 868 cm- 1 is consistent with NO bending modes.246- 248

Together, these data point to C as a ferric 41 hyponitrite species.

We performed density functional theory calculations on truncated model com-

pounds to identify C and D and to assign their DRIFTS spectra. Rather than con-

sider the entire lattice, calculations were based on FeZn:3 O(O 2C-C6 H5 )6 molecules

where carbon atoms in the 1 and 4 positions of the benzoate were fixed to sim-
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Figure 9-13: Diffuse reflectance infrared Fourier transform spectra of Fe-MOF-5 in the

presence of 15NO. Spectra begin in light grey and evolve towards black. NOy-related

bands are indicated in red arrows.
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Figure 9-14: Real time analysis mass spectrometry of the head space sampled from a
batch NO disproportionation reaction promoted by Fe-MOF-5 using 15 NO, detecting

for the 46 amu mass fragment.

ulate geometrical constraints imposed by the MOF. To interrogate C, we studied

three model compounds with the formula N 202 FeZn3 O(O2C-C6 H5 )3 where N 202 is

bound either q through a terminal 0 (ONNO-), q2 through a side-bound NO group

(ONN-0), or T1 1 with chelated 0 atoms (-ONNO-). These coordination modes are

shown in Scheme 9.1. For D, we studied two model compounds with the formula

NO2 FeZn 3 O(O 2 C-C6 H5 )3 where NO 2 is either bound q through the N atom (-NO 2)

or T2 through chelating 0 atoms (-ONO-), also shown in Scheme 9.1. We also at-

tempted to calculate the isomer where NO 2 is bound q72 through an 0 atom, but it

converged into chelating coordination. See Figures 9-15, 9-16, 9-17, 9-18, and 9-19

for images of these structures. After geometry optimizations, frequency calculations

were performed on all compounds to simulate IR spectra and Gibbs free enthalpies

at 298.15 K (AGf). Among the N 2 02 isomers, -ONNO- is most stable, being 3.59

and 7.08 kcal/mol lower in energy than ONNO- and ONN-0, respectively. Yet, these

energetic differences are quite small considering the limitations of these models. Com-

paring the calculated parameters with measured observables is more informative. For

example, its Fe-ligand bonds are quite different from the 1.98 A measured by XAS,
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Figure 9-15: Geometry-optimized structure of ONNO-. Fe, Zn, 0, N, and C atoms
are shown in orange, black, red, blue, and gray. H atoms are omitted for clarity.

at 1.88 and 1.89 A, in contrast with the more accurate 2.02 A for ONNO- and 2.07 A
for ONN-0. Between the NO 2 isomers, -ONO- is more stable by 3.63 kcal/mol, yet

its Fe-02N bonds of 2.19 and 2.25 A are slightly longer than the 2.18 A of -NO 2 and

the experimental value of 2.08 A. Despite the chelating isomers being predicted to be

more thermodynamically stable, the final geometries resemble end-on coordination

modes.

Comparing the calculated frequencies of these model compounds to the observed

values aids our identification of C and D. Among the isomers of N 20 2 , the structurally

similar ONNO- and ONN-O agree better than the chelating -ONNO- (see Table 9.2).

Their bands at 1164 and 1158 cm- 1 resemble the observed value of 1178 cm- 1 , whereas
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Figure 9-16: Geometry-optimized structure of ONN-0. Fe, Zn, 0, N, and C atoms
are shown in orange, black, red, blue, and gray. H atoms are omitted for clarity.
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Figure 9-17: Geometry-optimized structure of -
are shown in orange, black, red, blue, and gray.

ONNO-. Fe, Zn, 0, N, and C atoms
H atoms are omitted for clarity.
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Figure 9-18: Geometry-optimized structure of -N02. Fe, Zn, 0, N, and C atoms are
shown in orange, black, red, blue, and gray. H atoms are omitted for clarity.
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Figure 9-19: Geometry-optimized structure of -ONO-. Fe, Zn, 0, N, and C atoms
are shown in orange, black, red, blue, and gray. H atoms are omitted for clarity.

225



-ONNO- lacks any band in that region. It is important to note that C and D should

exhibit bands between 1400 and 1500 cm-1, but, as shown in Figure 9-4, that region is

dominated by strong MOF-based transitions. For D, the -NO 2 isomer shows the best

agreement with the experiments. Most tellingly, the alternative -ONO- isomer lacks

a band around 700-800 cm- 1 corresponding to N02-based dipole changes. Because

this region is devoid of any other bands, the absence of the expected bands for the

-ONO- isomer strongly point to DNO 2 (i.e. nitro) as the correct assignment for D.

By assigning C, we provide the first experimental evidence for an r11monoanionic

hyponitrite transition metal complex. In addition to NO disproportionation, 249-25 1

transition metal hyponitrite species are invoked as intermediates in NO reduction

catalysis for environmental safety 25 2,25 3 and in the naturally occurring NO reduc-

tase. 25 ' In the few cases where hyponitrite can be isolated, it features as a closed-shell

dianion, and only in select cases it is reported to react further with NO to release N 20

or with acid to produce H 20. 255 ,25 6 In more active catalytic systems, such as NOR,

hyponitrite intermediates are invoked, but have not been observed as monoanionic

radicals. So far N 202- has only been observed transiently by UV-Vis spectroscopy

or studied in frozen gas matrices. 257-264

9.5 Conclusion

We have shown through site-specific spectroscopy and a host of complimentary ev-

idence that Fe2+-MOF-5 promotes nitric oxide disproportionation to release N 20,

while also producing a ferric nitrito product. This report is a rare example of unusual

redox transformations occurring at the metal nodes of a MOF with well-characterized

changes to their coordination environment and oxidation state. Among the systems

known to facilitate nitric oxide disproportionation, Fe2+-MOF-5 is one of the only

examples where the mechanism must involve a single iron atom, whereas this mecha-

nistic aspect of previous homogeneous systems has been contentious, since bimolecular

species can rarely be fully discounted. By elucidating how this reaction occurs at the

site-isolated metal sites in a MOF, we hope to learn about mechanistically similar
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-ONNO- ONNO- ONN-0 -NO 2  -ONO-
1430, 1429 (m) VN-N 1442, 1429 (s) /N-O 1429, 1407 (i) VN-O 1417, 1394 (s) VN-O (ant) 1237, 1216 (w) /N-O (SYM)
1426, 1381 (m) VN-N 1164, 1140 (M) VN-O 1158, 1131 (m) VN-O 1267, 1250 (s) /N-O (Sym) 1168, 1136 (w) VN-O (ant)

749, 734 (m) VO-NN-O 772, 749 (w) VN-N 982, 956 (w) VN-N 752, 745 (w) 6 0NO
-

Table 9.2: Selected frequencies of model compounds with assignments. Intensities are
shifts in italics

indicated in parentheses and 1 5N isotope

' ' 'I Ir



reactions, such as the N N coupling of two equivalents of NO in nitric oxide reduc-

tase to produce N 20, and to optimize these materials as unique platforms for NOY

reduction catalysis. More generally, the metal nodes of cation-exchanged MOF-5 of-

fer a platform for studying reactions of both industrial and biological relevance. As

artificial constructs, they enable the isolation of unusual species that are otherwise

difficult or impossible to achieve with molecules and other materials.

9.6 Methods

Unless otherwise stated, all materials were treated as air sensitive and were manipu-

lated using common Schlenk and inert atmosphere glovebox technique.

9.6.1 Materials

Dry, deaerated dichloromethane (DCM, HPLC grade, Honeywell) and DMF (99.8%,

VWR) were obtained by degassing with a flow of argon gas for 30 min and by passing

the solvent through two silica columns in a Glass Contour Solvent System. 70% HNO 3

(ICP-AES grade, EMD), H2 SO 4 (ACS grade, EMD), FeSO 4 -7H2O (>99%, Strem),

NO/N 2 (5%), Airgas), Fe(BF 4)2 .6H20 (97% Sigma-Aldrich), and Zn(N0 3 )2.6H 20

(99%, Alfa Aesar), sodium nitrite (>97%, Sigma-Aldrich), Na1 5 NO 2 (95%, Sigma-

Aldirch), and terephthalic acid (Sigma-Aldrich) were used without further modifica-

tion. MOF-5 was prepared according to literature. 72

9.6.2 Physical Measurements

In situ DRIFTS

Diffuse reflectance UV-Vis spectra were collected between 2000 nm and 200 nm on a

Varian Cary 5000 UV-Vis-NIR spectrometer equipped with a Praying Mantis diffuse

reflectance accessory and an environmental chamber (Harrick Scientific Products) and

referenced to BaSO 4. Iron and zinc analyses were conducted at the MIT Center for

Materials Science and Engineering Shared Experimental Facility (CMSE-SEF) using
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a HORIBA Jobin ACTIVA inductively coupled plasma atomic emission spectrom-

eter (ICP-AES). Standards were prepared from solutions purchased from ULTRA

Scientific@, designated suitable for ICP analysis. Measurements were performed on

a Bruker Tensor 37 with a mercury cadmium telluride detector cooled to 77 K. Data

were collected in the 'MIRDRIFTS' mode with a 6-mm aperture setting and a KBr

beam splitter. The data were averaged over 14 scans between 5000 and 650 cm-1

every 15 s. Fully activated Fe-MOF-5 was loaded into a Harrick low temperature en-

vironmental chamber and attached to a Harrick Praying Mantis accessory to perform

DRIFTS measurements. A measurement was taken of the sample under dynamic

vacuum at room temperature, then NO/N 2 was added from a 100-mL Schlenk flask

through a Swagelok valve. A spectrum was collected immediately afterwards and at

regular intervals thereafter.

XAS

Experiments were conducted in the bending magnet beam line of the Materials Re-

search Collaborative Access Team (MRCAT) at the Advanced Photon Source (APS),

Argonne National Laboratory. XAS data were acquired at the Fe K edge (7.112

keV) in transmission step scan mode with photon energies selected using a water-

cooled, double-crystal Si(111) monochromator. The monochromator was detuned by

approximately 50%, reducing harmonic reflections. The ionization chambers were op-

timized for the maximum current with linear response (-1010 photons detected/sec)

with 10% absorption (30% N 2 and 70% He) in the incident ion chamber and 70%

absorption (90% N2 and 10% Ar) in the transmission detector.

Each solid standard sample was mixed with boron nitride to a weight ratio of

about 4% Fe and the MOF samples were loaded in a glove box as neat powders. The

samples were ground with a mortar and pestle to a uniform size and composition,

and then approximately 5-10 mg of the mixture was pressed into a cylindrical sample

holder consisting of six wells with a radius of 2.0 mm, forming a self-supporting wafer.

An Fe foil spectrum was acquired simultaneously with each measurement for energy

calibration. The sample holder was placed in a quartz tube (1 in. OD, 10 in. length)
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sealed with Kapton windows by two Ultra-Torr fittings and then used for transmission

mode measurement.

The edge energy of the X-ray absorption near edge structure (XANES) spectrum

was determined from the inflection point in the edge, i.e., the maximum in the first

derivative of the XANES spectrum. The pre-edge energy was determined from the

maximum of the pre-edge peak. Experimental phase shift and back scattering am-

plitude were used to fit the EXAFS data. Fe-O phase shift and back scattering

amplitude were obtained from reference compounds: Fe(acac) 3 (6 Fe-O at 1.91 A).

Background removal and normalization procedures were carried out using the Athena

software package using standard methods. Standard procedures based on WinXAS 3.2

software were used to extract the extended X-ray absorption fine structure (EXAFS)

data. The coordination parameters were obtained by a least square fit in R-space of

the nearest neighbor, k2-weighted Fourier transform data.

Continuous-wave X-band EPR

Spectra were recorded using a Bruker EMX spectrometer with a Gunn diode and an

ER 4199HS cavity. The microwave frequency of 9.46 GHz was set to 2.021 mW and

a modulation frequency of 100.00 kHz was used with an amplitude of 10.00 G. All

spectra were recorded near 77 K by setting the sample tube in a cold-finger dewar

containing liquid N 2 .

Zero-field Missbauer

Spectra were recorded at 4.2 K and 80 K using a spectrometer equipped with a liq-

uid helium cooled Janis 8DT Supervaritemp cryostat. The spectrometer was used in

transmission mode, operated in a constant acceleration mode and used a 100 mCi

1 7Co(Rh) source. Isomer shifts are reported relative to the centroid of the iron metal

spectrum recorded at room temperature. The spectral simulations were realized us-

ing the WMOSS software (See Co., formerly WEB Research Co., Edina, MN). The

absorbers used here consisted of approximately 30 mg finely ground powder loaded

under an inert atmosphere in custom made Delrin containers. Although the samples
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were shipped from Boston to Tallahassee at room-temperature in standard, air-free

sealed glass flasks, once removed from these containers they were handled and stored

at 77 K under liquid nitrogen.

Mass Spectrometry

Data were conducted in multi-ion detection mode using a Hiden Analytical HPR20

QIC benchtop gas analysis system.

9.6.3 Calculations

The ORCA 3.0.3 software package'48 was used for all computations. The all-electron

Gaussian basis sets developed by the Ahlrichs group were employed in all calculations

with the basis sets TZV(p) (for H), TZV(2d) (for C, N, and 0), and TZV(2pf) (for

Zn and Fe). , Calculations were done using the resolution of the identity (RI) at

the spin-unrestricted level using the meta-GGA functional Tao-Perdew-Staroverov-

Scuseria (TPSS).2 Geometry optimizations began from crystallographically deter-

mined structures, where all atomic positions were optimized, with the 1 and 4 carbons

atoms on each benzoate fixed in place. The optimized geometries were then used for

calculating energies and vibrational frequencies, which were performed using numer-

ical differentiation of analytic gradients with an increment of 0.005 bohr. Because

no negative frequencies were observed, the structures appeared to reside in potential

energy minima. The isomers bearing hyponitrite species were calculated with quintet

spin multiplicity, while those with nitrite species were given sextet spin multiplicity.

9.6.4 Zn4 - xFexO1 3C24 Hl2 (Fe-MOF-5)

Evacuated MOF-5 crystals (490 mg, 0.636 mmol) were suspended in 40 mL of DMF

and allowed to sit for one minute. A solution of 990 mg (2.93 mmol) of Fe(BF 4)2 .6H20

in 20 mL of DMF was added to this suspension in a 100 mL jar. This material were

stirred gently for a week and subsequently washed and activated in a manner typical

for MOF-5 to give cubic yellow crystals.
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9.6.5 Synthesis of 15NO

The setup shown in Figure 9-20 was used for the following procedure. The drying

tubes in this apparatus were filled with 1:1 drierite:KOH. 0.1 mL of sulfuric acid (1.6

mmol) and 0.270 g of FeSO4 -7H2 0 (0.96 mmol) were added to 100 mL of deionized

water. This solution was sparged with N2 for 15 min. After adding this solution to

a three-neck RB flask, it was frozen and put under dynamic vacuum with the rest

of the apparatus for approximately 15 min. The solution was allowed to warm to

room temperature and vacuum was briefly applied. This solution was sealed from the

rest of the apparatus. With vigorous stirring at room temperature, a 2-mL deionized

water solution of NaNO 2 (0.066 g, 0.96 mmol) was syringed into the three-neck flask.

The solution turned green/yellow and effervescence was observed immediately but

gradually waned, as the atmosphere and solution of the closed three-neck flask became

saturated with 15NO. At the same time, the central collection tube was submerged

in a liquid N 2 dewar. Upon opening the three-neck flask, NO rapidly transferred

to the collection tube driven by the temperature (and pressure) gradient. After the

dissolved NO also effervesced into the collection tube, the NaNO 2 solution turned

back from greenish-yellow to yellow, and the valve between the three-neck flask and

the collection tube was once again closed. The procedure was repeated two more

times to collect a total of 0.96 mmol of 15NO. The 15NO was transferred to a dry

Schlenk flask by submerging it in a liquid N2 dewar and heating the collection flask

with a heat gun.
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Figure 9-20: Apparatus for the synthesis of "NO.
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atom x y z atom x y z
C -0.79703000456655 -7.95723999056300 -0.81457998887546 C 0.22576407885818 -7.44520423274926 -0.01052338190659
C -1.66259018138579 -7.07860449237411 -1.47260564918752 Zn 1.23459939519060 -1.40734546214335 0.76966144708688
Zn 1.07765578256822 1.05953453709907 -1.15312274754673 Zn -1.33929092455936 -0.95003589515209 -0.94703810234791
Fe -0.88912351216112 1.22490123571220 1.71357165351636 0 -0.01557498340708 0.04574381316246 0.17720114168703
o 1.54219287465789 -1.13310084741385 2.72924827120299 0 3.09469048123561 -1.33679034862195 0.02314830231640
0 0.62156673714020 -3.28264127684367 0.38964076389274 0 0.49163830153239 0.88289718382822 -3.05650254284106
o 3.03072275470472 0.58940415633336 -1.16218809223547 0 0.82496846735185 3.00622927630797 -0.80234162563525
o -1.37396227738760 -0.38660495670671 -2.86972046520955 0 -3.16001170857914 -0.64642392353408 -0.19779663417065
o -1.13542206937613 -2.94677047227339 -0.99625570351444 0 -0.35754308837015 0.01165560781524 3.12539062135256
0 -2.76706272627993 1.10809319533953 1.17614382226625 0 -0.00996646749013 2.93612226605997 1.29790554194326
C 0.73111988389812 -0.54338991652570 3.51166996420891 C 3.64933999762722 -0.42694995594340 -0.68417995091831
C -0.32217995691577 -3.70683001134923 -0.36694010206642 C -0.54531008972485 0.31791997534599 -3.54467002389730
C 0.43353028401066 3.56318009299183 0.27328000694064 C -3.54172015765012 0.27807982940304 0.58979010829115
C 1.03067991221588 -0.53492940214453 4.97302465433907 C 5.10470548742948 -0.55468943179170 -0.97331238591976
C -0.48427258960429 -5.18499492951314 -0.52269583531663 C -0.80288497446974 0.48576855390000 -5.00859567218254
C 0.54464931929678 5.05030652277326 0.36412570091390 C -1.27580999496262 0.79867000143610 -7.75502000343454
C 0.79118997577265 7.83863995774090 0.52207999139683 C -5.01006499920824 0.43355743222958 0.82473926740904
C -7.76688994592651 0.76514997200913 1.20621998021511 C 2.15765703338870 -1.21816555832920 5.45445619546459
C 5.82833842433080 -1.64187116308421 -0.46473674382704 C 0.38339475680538 -6.06788617058000 0.13600312898484
C 0.06898165839415 1.25352430274411 -5.79399143533878 C 5.75374221371048 0.41151503406869 -1.75400811575478
C -0.16781027195075 1.40751525621500 -7.15873939576766 C 1.06329977378381 7.17593392769864 -0.67892963749645
C -1.91389446512510 -0.12362347694831 -5.60869893566356 C -5.92392359109862 -0.29552915150692 0.04936732091663
C -1.50931640899288 -5.70067790353312 -1.32897237219404 C -2.14695299005287 0.03355858310911 -6.97394383540961
C -7.29373961774408 -0.12451554066469 0.23719846340698 C 0.19174290982966 0.14521544284430 5.87074473877965
C -5.48668563026111 1.32114607670635 1.80107424143904 C 0.27006681762018 5.71761927586675 1.56661939105056
C 0.39633787990734 7.10343569684759 1.64285215480692 C -6.85774000399824 1.47910004590188 1.99516000105344
C 1.59925509207526 -0.54793985494191 7.70898935107042 C 2.43811638691446 -1.22265881558199 6.81739345420329
C 0.47724000440719 0.13648999539437 7.23731000240382 C 7.83313605026299 -0.79488091014767 -1.51392972595045
C 7.18888380450149 -1.75963021184940 -0.73603072814693 C 7.11453524719034 0.28990694322459 -2.02203437902242
C 0.94575902874959 5.79052583774730 -0.75883839718709 H -0.91799508992885 -9.03098761768026 -0.92716437467553
H 0.90268385184308 -8.12150150958818 0.50407243793322 H -2.45982387911601 -7.46853260518967 -2.09932464953159
H -1.45923917411415 0.91955805845679 -8.81899996661735 H 0.88507132612843 8.91926392019529 0.58275515717060
H -8.83557743152986 0.89727741825491 1.35042705815971 H 2.79824946943454 -1.73835601674264 4.75013053298839
H 5.31075205180135 -2.38111546454954 0.13728540200021 H 1.17415843183282 -5.66125792691594 0.75763915118374
H 0.92620791139959 1.72130606961303 -5.32141447849436 H 5.17913668880443 1.24655299112445 -2.14034993788941
H 0.51336213392728 2.00386340116970 -7.75941720575052 H 1.36899759654035 7.74162022137073 -1.55465429359884
H -2.58345059991525 -0.71614935463304 -4.99412295790265 H -5.54650091407952 -0.98213294450263 -0.70106508344937
H -2.17622289097307 -5.01053378615910 -1.83484332018575 H -3.01033763443476 -0.44222326972315 -7.43071760373053
H -7.99507436111860 -0.68442100152262 -0.37517519541185 H -0.67185063941195 0.67697870333060 5.48367887637976
H -4.77678976348518 1.88059810405084 2.39983290424800 H -0.03627033291299 5.14273581672894 2.43333953810896
H 0.18201370727487 7.61084446056986 2.57903198786327 H -7.21780474596270 2.16804684624656 2.75368828297196
H 1.82224161235133 -0.55573043025217 8.77261235496372 H 3.31071166032285 -1.75278133181853 7.18838171815078
H -0.17333434333008 0.66414545612541 7.92843413965095 H 8.89518135901501 -0.88846772988540 -1.72432072355868
H 7.74872672476808 -2.60300905383089 -0.34169220821139 H 7.61656215646677 1.03962877527793 -2.62702421372912
H 1.15883707162927 5.26653388939581 -1.68453938799174 N -2.29788925462335 3.31797679714031 3.35151860462005
0 -1.59855227909953 2.23970137254187 3.31590102647234 N -2.66349725263552 3.86988226068653 2.19762626955311
0 -3.34052142246777 4.88523300681584 2.11792046157414 |

Table 9.3: Optimized atomic coordinates for the ONNO isomer
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atom 
atom

Table 9.4: Optimized atomic coordinates for the ONN-O isomer

235

C -0.79703000797458 -7.95724000799079 -0.81457999124231
C -1.68384341077953 -7.07870196825614 -1.44404838350288

Zn 1.12631230781916 1.12309901378376 -1.13085047552811
Fe -0.77107866110107 1.18733387457810 1.63064751469007
o 1.62166804891381 -1.03786637255510 2.73802324842101
0 0.64394713991841 -3.27884859823502 0.35985806855485
o 3.02207533342027 0.51878853855248 -1.27386004582536
o -1.27261683908834 -0.52124968281143 -2.91256125803017
o -1.16843277543640 -2.94804875799216 -0.95323311337234
0 -2.74955196598945 0.92274579149854 1.37209649757665
C 0.73111999920611 -0.54338996635590 3.51166993499370
C -0.32217989378019 -3.70683000062337 -0.36694005325899
C 0.43352997612561 3.56318008549472 0.27328003145718
C 1.07261881813358 -0.41335649482013 4.95397335296059
C -0.47904707665493 -5.18451259090226 -0.52840425050481
C 0.57171443413403 5.04078016440286 0.42585425224658
C 0.79118999940421 7.83863996714503 0.52207999532457
C -7.76689004211356 0.76515002733146 1.20622004621467
C 5.85222005333150 -1.56355658834984 -0.31435775247579
C -0.02874085464274 1.38767419444203 -5.76352089033900
C -0.27257034638359 1.54325540071336 -7.12728401105602
C -1.79354204793234 -0.26582120780650 -5.64316613378812
C -1.52800476550749 -5.70084859679507 -1.30317033010226
C -7.29368641070165 -0.10169615442212 0.21692617629662
C -5.48572054491804 1.32322732436812 1.80130728873454
C -0.34570991101886 7.20096841139188 1.03061768777297
C 1.76631087675181 -0.19817696216819 7.65424682011837
C 0.47723999644409 0.13649000382750 7.23731002805524
C 7.22201802670342 -1.66765280107148 -0.54139526793980
C 1.71855254218608 5.68231010496731 -0.06923569656452
H 0.94470486191988 -8.12054945693390 0.44798280326661
H -1.46453864968074 0.92276653274099 -8.81767416930829
H -8.83545446294515 0.88566490349029 1.36112867474748
H 5.33679383965010 -2.26488650504023 0.33314864025317
H 0.74634567474821 1.96229463387744 -5.26739012628063
H 0.32097727418902 2.24835082836176 -7.70252633598814
H -2.37722343129747 -0.96438481228146 -5.05308748323838
H -2.21231689189480 -5.01114803388420 -1.78585986729538
H -7.99469089011429 -0.65788021696050 -0.39920267348158
H -4.77326666788932 1.86884298765070 2.41138694315750
H -1.15164201238983 7.78935435760822 1.45965000676340
H 2.03603863672805 -0.11338144759168 8.70355490058957
H -0.25728872494966 0.48159459375484 7.95888203323249
H 7.79099981182523 -2.46160665194285 -0.06596859867410
H 2.50970257686999 5.07869943834014 -0.50114678321197
N -0.99927459249527 2.50473382732193 3.31521100911361
0 -2.55182771095686 3.47973432230462 4.62805548119871

C 0.25082529098744 -7.44448214685487 -0.04377489416213
Zn 1.25257368556880 -1.41722338037385 0.81685493202006
Zn -1.33203471489717 -0.95125705899340 -0.96381537349782
0 0.01222962849604 0.04395076909073 0.16064904064567
0 3.10635408385726 -1.28927677614011 0.08627535372951
0 0.37111872857549 1.03465040272664 -3.00287860068045
o 1.38451123500407 2.93715582071348 -0.31528439730518
o -3.16843472341650 -0.49717697934964 -0.34920395502789
0 -0.43820391241862 -0.21870594873412 3.08506814932295
0 -0.65816333612086 2.98209461663131 0.61520161544643
C 3.64933998434109 -0.42695010727667 -0.68417996793642
C -0.54531002627823 0.31791999437626 -3.54467003199485
C -3.54172005009909 0.27808005903354 0.58979007868230
C 5.11633626372768 -0.54035620663068 -0.92694927586830
C -0.78940446424573 0.48180348489245 -5.01077399182338
C -1.27580999862056 0.79866999799269 -7.75501998163603
C -5.00973459540534 0.45359863545324 0.80830536493841
C 2.36639928936027 -0.75245860834407 5.38136477573566
C 0.41115835412440 -6.06713808303513 0.10002138240005
C 5.76316255483087 0.37656805757380 -1.76636827061428
C 1.82668480051523 7.07006995117365 -0.01830145084692
C -5.92401059487886 -0.25666314460138 0.01585535316185
C -2.03343753842473 -0.10691502334030 -7.00677501586923
C 0.12875255540223 0.03318494141211 5.88987574459274
C -0.45783796500529 5.81111830995512 0.98536379765731
C -6.85773994468374 1.47909993230390 1.99515991782589
C 2.71045636769259 -0.64129915603764 6.72436762674908
C 7.86374281320417 -0.75236778248683 -1.37894950442075
C 7.13319036863404 0.26896522537738 -1.99043083075091
H -0.92058363401932 -9.03097751552746 -0.92412688188620
H -2.50020671492990 -7.46889398356377 -2.04545177101287
H 0.87081500884855 8.92153411842552 0.55383929760910
H 3.08668736397018 -1.09642003974493 4.64713582933212
H 1.22013670018157 -5.66036009507608 0.69765175424275
H 5.17955169950813 1.16335309608019 -2.23218116825698
H 2.71742702352779 7.55457269567784 -0.40885196589618
H -5.54614635811455 -0.92573141746649 -0.74993932712964
H -2.81424707764770 -0.68984762916122 -7.48729825653702
H -0.87004622871752 0.29039850017547 5.55230710530171
H -1.34363456376541 5.31355415178054 1.36658163349808
H -7.21840197308925 2.15530152805238 2.76493819368131
H 3.71422340404957 -0.89998707671036 7.04906211642949
H 8.93297139216377 -0.83478850308818 -1.55488064294284
H 7.63324490477219 0.98073823204919 -2.64130253237260
N -1.39797608365461 3.26060710877193 4.26570429515563
0 0.26691555858466 2.34357575902321 3.00435517242874

atom atom



atom x y z atom x y z
C -0.79702999475500 -7.95723996949545 -0.81458000241372 C 0.24938768197867 -7.44421098886773 -0.04156737659899
C -1.68188741732486 -7.07835056383086 -1.44630533637928 Zn 1.25993946807113 -1.40464219451009 0.85631018790168
Zn 1.12923443065898 1.15224381790417 -1.10108113093225 Zn -1.33518727466807 -0.95683579032721 -0.97007494568689
Fe -0.79808279693220 1.15528224787155 1.63024337223627 0 -0.03341543284226 0.07171010611476 0.20714937018984
o 1.64813104932432 -1.01457333483250 2.74630490347741 0 3.09937515000434 -1.29549741045422 0.07587181119027
0 0.64223086114478 -3.26872814024681 0.35367320191792 0 0.37502455454315 1.01858261573135 -2.99239230081094
o 3.01737594235387 0.51883985436762 -1.26995318485303 0 1.39163745899068 2.94841245279071 -0.32367089598566
o -1.28316587081417 -0.51718672709672 -2.91194208898226 0 -3.17473117543051 -0.48752565647140 -0.35428937308873
o -1.17435218754526 -2.94811772463247 -0.95183716633001 0 -0.46806424411301 -0.35334802961666 3.10779188616780
0 -2.72362883432229 0.90450404190182 1.37402392359425 0 -0.68437439737767 3.01308567274244 0.54577919227665
C 0.73112003031043 -0.54339013442267 3.51167003691231 C 3.64933999930931 -0.42694990779478 -0.68418012857640
C -0.32217991607409 -3.70683011480884 -0.36693987476364 C -0.54531004250734 0.31791986097757 -3.54466995912106
C 0.43352993494804 3.56317993913550 0.27328017022139 C -3.54172000202022 0.27808032635989 0.58978978154994
C 1.09413006924539 -0.34120485492508 4.94372367186426 C 5.11613771045306 -0.53601938581231 -0.92162486521263
C -0.47820691559881 -5.18403950787467 -0.52837182390015 C -0.78865729498615 0.48313874113846 -5.01000118910680
C 0.59144852586167 5.03995051077645 0.45599757067593 C -1.27581000628622 0.79867000645467 -7.75502000904053
C 0.79119000037716 7.83864001845048 0.52207998489684 C -5.00402034801691 0.46186261705912 0.81692641470160
C -7.76689001544093 0.76515000926297 1.20622000791533 C 2.42600826915180 -0.52124011011155 5.34768383654156
C 5.85168218004826 -1.56101549839628 -0.31158418165845 C 0.41041351605464 -6.06670479505276 0.10226583538232
C -0.02654376332184 1.38722193329730 -5.76342385004553 C 5.76375811628318 0.38761674428624 -1.75302913063024
C -0.27110985946196 1.54204279415236 -7.12745137612872 C 1.84417704745764 7.07063724048576 0.01692706466817
C -1.79450964356523 -0.26311817237843 -5.64195404873263 C -5.91625971853355 -0.25015009003388 0.02119036863095
C -1.52574152548825 -5.70045207648484 -1.30539805612398 C -2.03460727905704 -0.10500675443350 -7.00565780102022
C -7.28694801960090 -0.09984910267476 0.21779550197446 C 0.12087703086905 -0.00597463881654 5.89558064870876
C -5.48376234734572 1.32941957428090 1.80865520314681 C -0.45168555946821 5.81003765370587 0.98900975360293
C -0.34981563218774 7.20070650827292 1.01980356911116 C -6.85773997847684 1.47909994138106 1.99516000989832
C 1.80447627770101 -0.03907815150727 7.63147118936755 C 2.77867401283102 -0.36375618564855 6.68417362303394
C 0.47724000375394 0.13649000975798 7.23730999429794 C 7.86523412351546 -0.73910513094673 -1.36383366152807
C 7.22253779409634 -1.66057324243145 -0.53387953380682 C 7.13482397242595 0.28426837984608 -1.97223867178845
C 1.74555308232861 5.68124471404465 -0.01944853822076 H -0.92060432382184 -9.03094311705315 -0.92386813543269
H 0.94187923826937 -8.12012473535654 0.45217669035406 H -2.49698092569041 -7.46804114424805 -2.04965920833277
H -1.46426821196747 0.92250273359925 -8.81768495432159 H 0.86205330584460 8.92262993427240 0.53821171386662
H -8.83547872582285 0.88419408606031 1.35985629266813 H 3.16863986030965 -0.78035913736132 4.60104438262564
H 5.33546220976936 -2.26642913610206 0.33077048314484 H 1.21817479749291 -5.66033182545828 0.70184430577700
H 0.74974349495433 1.96103342948459 -5.26812929123315 H 5.18022072960892 1.17643753402325 -2.21551650832525
H 0.32340972405860 2.24588824393776 -7.70309574680600 H 2.73929269792862 7.55666271320076 -0.36138771385831
H -2.37915962738741 -0.96052352406488 -5.05161530689470 H -5.53538962900237 -0.91777015018034 -0.74408374615426
H -2.20871716253736 -5.01100468612665 -1.79017273531425 H -2.81639736298840 -0.68734115172271 -7.48522453681335
H -7.98260380299186 -0.65863793751694 -0.40175345399279 H -0.90575332924340 0.13360794913867 5.57199319405896
H -4.77550865983607 1.87769174919045 2.42135817297670 H -1.34138863809667 5.30838491243266 1.35594860896705
H -1.16776913984665 7.79008923384028 1.42482892633117 H -7.22191939992392 2.15463104441217 2.76397748697936
H 2.08025856491385 0.07812227397826 8.67609634078260 H 3.81254502669404 -0.49662250080063 6.99030716573984
H -0.28061219697141 0.39115487932947 7.97268914113135 H 8.93538562185347 -0.81793848519501 -1.53569272173825
H 7.79161413550081 -2.45549775301932 -0.06013359152475 H 7.63577480186234 1.00135389948566 -2.61645611054409
H 2.54697079995752 5.07758236125699 -0.43161585009919 N 0.87708567070874 2.64677936560358 3.25046836325274
0 0.88667976930904 1.74130896214907 2.22271964386873 N -0.25129398617536 2.91163741780475 3.68032768592198
o -1.26801056368511 2.27857403955735 3.07004685411669

Table 9.5: Optimized atomic coordinates for the -ONNO- isomer

236



atom x y z atom x y Z
C -0.79703000015440 -7.95723997439530 -0.81457998966115 C 0.24709784242367 -7.44432869603275 -0.03899906003188
C -1.68113859832189 -7.07909591481164 -1.44828928858030 Zn 1.25670890276588 -1.42102524399450 0.80455719884811
Zn 1.13259327036756 1.10971097346680 -1.14453347517623 Zn -1.31517738777661 -0.95473861497297 -0.96859332592009
Fe -0.83643310184228 1.16379390961168 1.59498205676362 0 0.02912068877285 0.03658585359642 0.14727100686809
o 1.58417548610759 -1.09412918712429 2.73779648676332 0 3.10530095432914 -1.29390801835113 0.07975212013871
0 0.64527660159080 -3.28145617291817 0.35749699302051 0 0.38083173373135 1.02428620675350 -3.01019571096655
o 3.02637017436464 0.52005261194503 -1.27506954109031 0 1.33399824205608 2.94757396463733 -0.39449028918392
0 -1.27943303734748 -0.51426541263541 -2.91042654304402 0 -3.15292040351102 -0.49384159890568 -0.34115205899112
0 -1.16921398181620 -2.94815118616262 -0.95307063114014 0 -0.40099104830258 -0.09882311325246 3.09286585457031
0 -2.76514211797713 0.93192341254293 1.37965311341257 0 -0.61328195660483 2.98013582871430 0.73158929283152
C 0.73112010542184 -0.54338990034007 3.51166989042658 C 3.64934004122727 -0.42695000908826 -0.68417980984448
C -0.32218001419691 -3.70683010180812 -0.36694004779009 C -0.54531016168166 0.31792011912746 -3.54467007665980
C 0.43353005491709 3.56317989110606 0.27327996013063 C -3.54172004944004 0.27807995636315 0.58978999095361
C 1.04875052162959 -0.48187421328366 4.96423411867510 C 5.11828666817838 -0.53716002239335 -0.91802683609757
C -0.48074761577778 -5.18452613461924 -0.52784510234437 C -0.79266791775041 0.48286432445049 -5.01037274708652
C 0.57071672322845 5.04196236272653 0.41324879631188 C -1.27580998102570 0.79866998674905 -7.75501995932818
C 0.79118999821827 7.83864002727794 0.52208000074539 C -5.01086429800943 0.45074521910316 0.80457314830515
C -7.76688998117933 0.76514999501665 1.20621998975631 C 2.26170942790020 -1.02002408872290 5.42300733733979
C 5.85320601171218 -1.55813250399376 -0.30044331357205 C 0.40666687758566 -6.06693132417106 0.10481583484098
C -0.02480381494350 1.38140115818526 -5.76464539847538 C 5.76791652418597 0.38107360705167 -1.75391202642693
C -0.26699784485825 1.53664474320266 -7.12865689435518 C 1.74335443011117 7.08504507757657 -0.17084574495717
C -1.80290809333630 -0.25757734152926 -5.64131495760457 C -5.92577123134156 -0.25887559847081 0.01291288497615
C -1.52625040535860 -5.70112687752268 -1.30700730190538 C -2.04115998666055 -0.09915158227972 -7.00532747794635
C -7.29512056457467 -0.10205710811419 0.21620639850759 C 0.15727469825843 0.09879151857148 5.87918121118646
C -5.48604708501779 1.32130214061758 1.79849031705203 C -0.37515896645355 5.79706573144484 1.12156202611654
C -0.26149974485169 7.18661945756744 1.17339819612968 C -6.85774000596068 1.47910000322935 1.99516000677898
C 1.68445216015708 -0.40113095366950 7.68564234142963 C 2.57610236061793 -0.97793781988121 6.77698300293534
C 0.47723998582541 0.13648999731223 7.23731004039364 C 7.86896531771043 -0.74230243215903 -1.35315700630079
C 7.22462087356022 -1.65873115854924 -0.51895217158384 C 7.13949711230829 0.27683059434492 -1.96968688821201
C 1.63539458186017 5.69769970676072 -0.22609702508930 H -0.91987911871873 -9.03101870499669 -0.92455839439709
H 0.93893023135769 -8.11986609311649 0.45630726843405 H -2.49456434753138 -7.46928678107978 -2.05363788851938
H -1.46311876179995 0.92194431437120 -8.81802807311365 H 0.87089592488381 8.92132366626247 0.56116570779901
H -8.83546290047522 0.88548155242283 1.36122098353238 H 2.94351331898191 -1.46272406191802 4.70499337965247
H 5.33585373908083 -2.26023546398616 0.34463253409349 H 1.21328669591317 -5.66019343073930 0.70562773386211
H 0.75520225318491 1.95035649597605 -5.26972688224171 H 5.18528957582647 1.16657566583129 -2.22317990988564
H 0.33247534094056 2.23587132671327 -7.70488807785777 H 2.56919163316214 7.58042813734128 -0.67377853824300
H -2.39221842257825 -0.95085849753853 -5.05057338063384 H -5.55025321641881 -0.92869838519751 -0.75357088178477
H -2.20857592957519 -5.01202601513775 -1.79335753630611 H -2.82643728451415 -0.67685933889399 -7.48487597870459
H -7.99754272635853 -0.65737625349687 -0.39898146753698 H -0.77556858742754 0.51882164305204 5.51788852745261
H -4.77140866900402 1.86584379062306 2.40691589332382 H -1.19408408422955 5.28931132689741 1.62083464551718
H -1.00041649469493 7.76344065164051 1.72239647708045 H -7.21695527563282 2.15557156378530 2.76522950675680
H 1.93310500409585 -0.36923799851613 8.74308489268418 H 3.51692150334432 -1.39297503813187 7.12729258026186
H -0.21458286164188 0.58997988076630 7.94095052123729 H 8.93951834311636 -0.82192659335632 -1.52222044292935,
H 7.79297561370070 -2.45058843200018 -0.03917997524443 H 7.64168597509263 0.98971992968514 -2.61763275354585
H 2.36374130192546 5.10530263281136 -0.76923830264842 0 -1.36133379158891 2.87146641997510 3.82901551481453
N -0.33391391122137 2.49962809118399 3.24314922494364 0 0 0.81204159196192 2.83273160338347 3.54482505420983

Table 9.6: Optimized atomic coordinates for the -NO 2 isomer

237



atom x y z atom x y z
C -0.79702999980650 -7.95724000952113 -0.81457998917929 C 0.25361067558836 -7.44429326173507 -0.04772144308970
C -1.68718845966643 -7.07921095523766 -1.43997995632301 Zn 1.24998522190360 -1.41371809736501 0.80903002101136
Zn 1.12859974792907 1.11082548161201 -1.13503174690246 Zn -1.32719921714464 -0.95091475958540 -0.96338525873444
Fe -0.79214468588607 1.19218068582562 1.63495083490931 0 0.01052770195781 0.04767764512818 0.16246180529969
o 1.59364277164879 -1.07853126934187 2.73831896886512 0 3.10271533635770 -1.29039210321100 0.08208188188015
0 0.64387859667391 -3.27967913758407 0.35878250182082 0 0.37951093476323 1.02427313497720 -3.00686336984650
0 3.02476793754843 0.51900268312197 -1.27636640253680 0 1.34036047942609 2.94590351218694 -0.38312800781560
0 -1.27983112045141 -0.51370916970205 -2.90956372356565 0 -3.16775195488365 -0.49822286862794 -0.34626338077984
0 -1.16894910478596 -2.94788879084894 -0.95355395870031 0 -0.42058662039648 -0.14677524572653 3.09498745997290
0 -2.74076842589051 0.92147590686300 1.36351855608823 0 -0.63104825378679 2.98669573889051 0.69948297653203
C 0.73111997896830 -0.54338985383604 3.51167008934310 C 3.64934003535398 -0.42695003522072 -0.68417988929607
C -0.32218007050147 -3.70682994681227 -0.36694015371597 C -0.54530996362362 0.31792009219014 -3.54467018289555
C 0.43353003078730 3.56317993108789 0.27327986923635 C -3.54172004017880 0.27807983198520 0.58979027250997
C 1.05937259758704 -0.45936120058584 4.96103441665235 C 5.11731870809205 -0.53961181566282 -0.91976826551171
C -0.48003976698092 -5.18476569193894 -0.52838781673455 C -0.79132986442225 0.48229458520428 -5.01054612602783
C 0.57549337665630 5.04142312550508 0.41950296960855 C -1.27580999400419 0.79866999315174 -7.75501993861829
C 0.79119000645526 7.83864002574793 0.52208001107938 C -5.00880034250179 0.45374583043443 0.81000571902342
C -7.76689002888974 0.76515001067658 1.20622001828239 C 2.30071670628564 -0.93630120700304 5.41093190756097
C 5.85085842077416 -1.56311454830513 -0.30486373134241 C 0.41332164905324 -6.06687767887557 0.09613215916746
C -0.02307506444819 1.38023402609389 -5.76506040900926 C 5.76786965317539 0.37888236102405 -1.75463003688111
C -0.26595244195632 1.53567639091307 -7.12896417634411 C 1.76910709096923 7.08145275013366 -0.13020099745867
C -1.80239952443214 -0.25748328171515 -5.64108009731859 C -5.92284083148550 -0.25736682621385 0.01787129848769
C -1.53173405876664 -5.70126011061067 -1.29922623849486 C -2.04129998537743 -0.09879751209900 -7.00491693948227
C -7.29269960920542 -0.10238816558086 0.21785580179121 C 0.14848611070929 0.08014071640323 5.88171707770426
C -5.48530360583888 1.32397971883304 1.80210467942794 C -0.39500861538255 5.79976757184590 1.08995663307645
C -0.28428379208852 7.18970352480955 1.13836169354167 C -6.85773995427375 1.47909998519825 1.99515994080949
C 1.71334633286046 -0.33931014246597 7.67683991995479 C 2.62465146691154 -0.87397158176782 6.76198140012568
C 0.47723999697618 0.13648997648612 7.23730995892945 C 7.86719995671745 -0.74950391822990 -1.35829230903365
C 7.22181262280144 -1.66621045269577 -0.52518704198328 C 7.13902807873789 0.27231959915191 -1.97194600331043
C 1.66316875723530 5.69379402930749 -0.18313390799931 H -0.92017993717908 -9.03101881699549 -0.92427310718346
H 0.94992671659344 -8.12032692945709 0.44057748878079 H -2.50556374396198 -7.47003869097205 -2.03821434514065
H -1.46362538686333 0.92235309318500 -8.81787957309668 H 0.86888470316063 8.92161118266790 0.55718246052980
H -8.83542868542426 0.88596621356250 1.36057855205459 H 2.99709148501621 -1.34778989967368 4.68837615148903
H 5.33305485883277 -2.26538227220924 0.33969845967673 H 1.22429373997886 -5.65959439588793 0.69071259559877
H 0.75737051401179 1.94852726005773 -5.27002238266702 H 5.18656413856590 1.16648140239751 -2.22201306062541
H 0.33347884675540 2.23439200588612 -7.70587993540290 H 2.61272735089433 7.57517793941849 -0.60450605465084
H -2.39173377064044 -0.95015241323782 -5.04964859674978 H -5.54466261145875 -0.92697986715189 -0.74728418605177
H -2.21815702545365 -5.01174901123388 -1.77917227151023 H -2.82719571712515 -0.67565452635782 -7.48450205439291
H -7.99307783488104 -0.65900200569473 -0.39848759284172 H -0.80615120787627 0.45193925820023 5.52447962001086
H -4.77229442776994 1.87048484838748 2.41086515464712 H -1.23120439708879 5.29179092853411 1.55947762948831
H -1.04339092124347 7.77001102622804 1.65533976159921 H -7.21958327934014 2.15575487676528 2.76401323708896
H 1.96863532814750 -0.29238754426257 8.73214547548866 H 3.58780569253996 -1.24113163080597 7.10501576948035
H -0.22997658571006 0.55601947574986 7.94683138448796 H 8.93739743017727 -0.83100570264918 -1.52870841886887
H 7.78887444797984 -2.46031528846562 -0.04759851019787 H 7.64177640353596 0.98563376151489 -2.61899986119046
H 2.40970205154986 5.09866334492880 -0.69793943871649 0 -1.17703044178765 2.50937437784596 3.34453585971924
N 0.03191567876506 2.79401914406618 3.59808720994810 0 0.83828179452225 2.21908347081329 2.79955047550248

Table 9.7: Optimized atomic coordinates for the -ONO- isomer
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Abbreviations

AEQ quadrupole splitting. 154, 214

AGf Gibbs free enthalpy of formation. 101, 106

AG, Gibbs free enthalpy of reaction. 21, 101, 103

AHf formation enthalpy. 76

AH, solution enthalpy. 76

F Full width at half-maximum of a M6ssbauer signal. 154

Q span. 94

Xm molar magnetic susceptibility. 54

6 isomer shift. 154, 214

6 H Hansen solubility parameter. 133

6j., isotropic chemical shift. 78

71 asymmetry parameter. 163

ij asymmetry parameter. 78

q hapticity. 85

K skew. 94

pB Bohr magneton. 56
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peff effective magnetic moment. 56

BDC 1,4-bezenedicarboxylate. 30, 33, 47-49

BDCPPI NN'-bis(3,5-dicarboxyphenyl)pyromellitic diimide. 32, 48

BET Brunauer-Emmett-Teller. 53, 75

BIM 4'-[4-methyl-6-(1-methyl-iH-benzimidazolyl-2-group)-2-n-propyl-1H-benzimidazolyl

methyl]. 36, 47

BODPDI N-phenyl-N'-phenyl bicyclo[2,2,2]oct-7-ene-2,3,5,6-tetracarboxdiimide tetracar-

boxylate. 30, 48

BOMD Born-Oppenheimer molecular dynamics. 82

BP 4,4'-bipyridine. 34, 47, 48

BPT biphenyl-3,4',5-tricarboxylate. 33, 47

BTB 1,3,5-benzenetribenzoate. 32, 47, 48

BTC 1,3,5-benzenetricarboxylate. 30, 48

BTDD bis(1H-1,2,3-triazolo-[4,5-b],[4',5'-i])dibenzo-[1,4]-dioxin. 30, 48

BTT 1,3,5-tris(2H-tetrazol-5-yl)benzene. 26, 30, 47, 48, 117

BTTN benzene-1,3,5-triyltriiso-nicotinate. 34, 47, 48

BTX 1,4-bis(triazol- 1-ylmethyl)benzene. 34, 47

CBAI 5-(4-carboxybenzoylamino)-isophthalate. 30, 48

Cl 2Im dichloroimidazolate. 30

CP cross polarization. 79

CQ quadrupole coupling. 78
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CSA chemical shift anisotropy. 94

DC direct current. 167

DCPP 4,5-bis(4'-carboxylphenyl)-phthalate. 30, 47, 48

DFT density functional theory. 97

DMA dimethylacetamide. 136

DMF NN-dimethylformamide. 30, 50, 75, 151, 166

DMSO dimethyl sulfoxide. 32

DP direct polarization. 79

Dq ligand field parameter. 54, 133

EA elemental analysis. 174

EGME 2-methoxyethanol. 30, 48

ETTB 4',4"',4'"",4"""'-ethene-1,1,2,2-tetrayltetrakis([1,1'-biphenyl]-3,5-dicarboxylate.

30, 48

FBML Francis Bitter Magnet Laboratory. 91

Fc ferrocenyl. 32, 48

FcphSO 3 m-ferrocenyl benzenesulfonate. 34

FT-IR Fourier transform infrared. 53

FWHM full width half maximum. 78

HETT 5,5',10,10',15,15'-hexaethyltruxene-2,7,12-tricarboxylate. 32, 47, 48

HMBM 2-hydroxymethyl-4,6-bi(2'- methoxyl-4'-(2"-1"-carboxyl)-ethyene)-1,3,5-mesitylene.

33, 47
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HMTT 5,5',10,10',15,15'-hexamethyltruxene-2,7,12-tricarboxylate. 32, 47, 48

ICP-AES inductively coupled plasma atomic emission spectroscopy. 64, 97, 100

INEPT insensitive nuclei enhanced by polarization transfer. 82

MAD multi-wavelength anomalous dispersion. 116

MAS magic-angle spinning. 77

MeCN acetonitrile. 56

MeIm methylimidazolate. 30

MeOH methanol. 136

MesCNO mesityl nitrile oxide. 57

MOF metal-organic framework. 26, 27, 73, 131, 206

MS mass spectrometry. 88

NMA N-methylacetamide. 77

NMF N-methylformamide. 132

NMP N-methyl-2-pyrrolidone. 132

NMR nuclear magnetic resonance. 77

Oe Oersted, the cgs unit of magnetic H-field strength. 167

PMe3 trimethyl phosphine. 56

PXRD powder X-ray diffraction. 61

RGA-MS real-time gas analysis and quadrupole mass spectrometry. 209

RI resolution of the identity. 64
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SBU secondary building unit. 26, 74, 132, 136, 172

SQUID superconducting quantum interference device. 62

STN signal-to-noise. 154

TATPT 2,4,6-tris(2,5-dicarboxylphenyl-amino)- 1,3,5-triazine. 33, 47

TD-DFT time-dependent density functional theory. 62

TDCPEB 1,3,5-tris(3,5-dicarboxylphenylethynyl)benzene. 30

TDP 5,5'-(1H-1,2,3-triazole-1,4-diyl)-diisophthalate. 32, 48

TGA thermogravimetric analysis. 61, 75

THF tetrahydrofuran. 56

TIAPy 1,3,6,8-tetrakis(3,5-isophthalate)pyrene. 30, 48

TMPyP meso-tetrakis(N-methyl-4-pyridul)porphine tratosylate. 44

TZV triple zeta valence. 64

UV-Vis-NIR ultraviolet-visible-near infrared. 50, 97, 180
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1 "Redox Chemistry of Sulfide and Persulfide Ligands on Ni" Brozek, C. K.; Hill-
house, G. L. Gordon Research Conference: Gordon-Kenan Seminar, 20 June 2009,
University of New England, Biddeford, ME.
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Honors
o Washington Research Foundation Innovation Fellowship, 2015

o MIT School of Science Appreciation Award, 2015
o National Science Foundation Graduate Research Fellowship, 2010-2014

o Beckman Scholars Program in Molecular Sciences Fellowship, 2007-2009

Teaching
Intern Research Communication Laboratory Museum of Science, Boston, MA Attended

weekly workshops to improve science communication through various media. De-
signed a prototype chemistry exhibit over the course of an internship that is currently
implemented in the museum.

Mentor Independent Research Massachusetts Institute of Technology Designed novel
research projects for undergraduates students and visiting high school teachers.
Trained graduate and undergraduate students in basic laboratory techniques, ad-
vanced analytical methods, and data analysis. Instructed students in relevant
scientific concepts.

Teaching Physical Inorganic Chemistry Massachusetts Institute of Technology Developed
Assistant the syllabus, assignments, lectures and exams with Prof. Dinca for a new curriculum.

Lectured collaboratively.

Teaching General Chemistry Massachusetts Institute of Technology Designed bi-weekly
Assistant instruction sessions with original lecturing and assignment components. Conducted

weekly meetings with students to address their academic concerns.

Teaching Organic Chemistry University of Chicago Managed weekly laboratory course and
Assistant guided students in their synthetic chemistry assignments. Advised students on their

academic challenges. Tailored weekly discussions with lectures and assignments
according to the needs of the students.

Service
Chair Advising Initiative Graduate Student Council of MIT Negotiated with faculty,

students, administrators, and institutional offices to compose and implement a
Rights and Responsibilities for graduate students. Organized promotional events
and other communication efforts to disseminate throughout MIT.

Tutor Tutoring Plus of Cambridge Tutored students between grades 4 and 12 in science
topics through weekly demonstrations.

Tutor Chemistry Department of MIT Reviewed course material and assisted with
assignments for undergraduate students in chemistry courses.

Volunteer People Making a Difference Volunteered at various weekly community activities,
including cleaning public parks and building educational toys for children.
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