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Scope

The primary objective of this PhD thesis was originally to develop metal-organic frameworks
(MOFs) as catalysts for CO, activation. This objective was rapidly specified to become
photocatalytic reduction of CO,. Ru(Il) complexes with bipyridine based ligands were chosen
as the moieties for introducing photoactive properties to the MOFs, as these complexes were
known in the literature as effective photosensitizers. Inspired by dye sensitized solar cells
(DSSCs), cyclometalated Ru(Il) complexes were targeted to achieve broad band visible light

absorbance.

Moreover, the project plan included the development of other metal complexes, based on e.g.
Mn, that could work as CO; reduction catalysts in synergy with the Ru(Il) photosensitizers.
However, it became apparent that the synthesis and characterization of the Ru(Il) complexes

unlocked a wider scientific scope than originally planned.

UiO-67 was chosen as the MOF to be functionalized with Ru(Il) complexes due to its high
thermal and chemical stability, its appropriateness for accommodating metal complexes with
bipyridine based ligands, and the knowledge in the research group on this material. The
introduction of the complexes into UiO-67 also became a rather extensive study since three

different functionalization methods were examined for the different Ru(Il) complexes.

In the end of the project, some initial studies on the photocatalytic properties of the Ru(Il)-
functionalized MOFs were conducted. Since this type of studies were a novelty in the research

group, method development based on the scientific literature was necessary.
Hence, the three main parts of this thesis, in which chapters 1 and 3 are clearly divided, are

I.  Synthesis and characterization of cyclometalated Ru(Il) complexes
II.  Incorporation of the Ru(Il) complexes into UiO-67
III.  Photocatalytic CO> reduction

Parts I and II are much more comprehensive than part III, which consists of preliminary

experiments that require future development.
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1. Introduction

1.1. Photosensitizers

The sun is the most important energy source for our planet, providing plants with the energy
needed to grow, and to convert carbon dioxide and water into sugar and oxygen via
photosynthesis. Due to the increasing global demand for energy in usable forms such as
electricity and fuels, the development of technologies for harvesting and converting sunlight is
an important and expanding field of science. Solar cells offer a direct way of producing
electricity from sunlight. They are based on either inorganic semiconductor materials (mainly
silicon), or a combination of inorganic and organic materials, like in dye sensitized solar cells
(DSSCs), introduced by Gritzel and co-workers.!? In the DSSCs, TiO; particles are usually
covered with photoactive molecules or metal complexes that absorb light to excite an electron.
The excited electron is then transferred into the conduction band of the semiconductor. These
photoactive species are called photosensitizers and are parallels to the natural chlorophyll
molecules, albeit designed to work optimally for a specific technology. Such photosensitizers
have also been developed for use in chemical reactions, where they harvest light energy to drive
chemical reactions.>> This is one form of photocatalysis, an important branch of chemistry that
allows direct use of sunlight in a multitude of processes, such as storing chemical energy in
compounds that could later be utilized for consumption of this energy. Such compounds are
called solar fuels and are sustainable and environmentally friendlier alternatives to fossil fuels.®-
’ Typical solar fuels are hydrogen that is produced by reducing protons, or organic compounds
such as methanol that is produced by reducing carbon dioxide. The latter kind of solar fuels
also offer a way to recycle carbon dioxide, which is an important contributor to the greenhouse

effect and the resulting global warming.

The types of photosensitizers used for photocatalysis span a wide range of molecular structures,
both purely organic molecules and metal complexes. In particular, Ru(Il) complexes with
polypyridine based ligands constitute a thoroughly investigated series of photosensitizers
because of their intense metal-to-ligand charge transfer (MLCT) transitions. These complexes
have been studied as photosensitizers in homogeneous photocatalysis,>> ® DSSCs, and metal-
organic frameworks (MOFs, see section 1.2)." *!3 Although such Ru(Il) polypyridine
complexes are effective light harvesters, they mainly absorb in the UV (ultraviolet) and the blue

part of the visible region. Since most of the radiation from the sun is within the visible and IR



(infrared) range of the spectrum, while UV accounts for only ca. 4 % (Figure 1),'* it is

interesting to increase the absorbance of such photosensitizers in the lower energy region.
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Figure 1. Solar irradiance spectrum at earth’s surface. Plotted using data from “Reference Solar Spectral Irradiance:
Air Mass 1.5”, National Renewable Energy Laboratory.'

There are several strategies to achieve a bathochromic shift (a shift toward lower energy) of the
absorbance bands of Ru(Il) based photosensitizers, such as functionalization with large
aromatic or conjugated groups.'>"!” Another strategy is to modify the coordination environment
of the central ruthenium atom. Cyclometalated Ru(II) complexes have become a promising
class of photosensitizers.'%?* In this thesis, the term cyclometalated complex refers to a structure

in which there is a o bond between the metal (Ru) and a carbon atom as part of a metallacycle

< C\M L
N/ n

Figure 2. Schematic representation of a cyclometalated complex in which M, C, and N are parts of a metallacycle.?*

(Figure 2).24



When compared to the commonly used Ru(bpy)s>* (bpy = 2,2’-bipyridine) based complexes,
where the ligands coordinate the metal through Ru-N bonds only, these cyclometalated Ru(II)

complexes show significantly improved absorption of visible light.'8

This improvement is the
result of two key electronic properties: Firstly, a reduced HOMO-LUMO (Highest Occupied
Molecular Orbital — Lowest Unoccupied Molecular Orbital) energy gap leads to a bathochromic
shift of the absorption bands. Secondly, the loss of degeneracy of electronic energy levels,
which arises from the reduced molecular symmetry, leads to more individual electronic
transitions and a broadening of the absorption profile.'® Cyclometalated Ru(II) complexes have
mainly been developed for DSSCs. The group of Berlinguette has been an important contributor

) 16-20, 23
5

to the development of this field (and an inspiration for this thesis and some of their

reported structures are shown in Figure 3.

+ +

Figure 3. Cyclometalated Ru(II) photosensitizers developed for the dye sensitized solar cell (DSSC).'8-1°

Due to their visible light absorption properties, cyclometalated Ru(Il) complexes are also
promising for photocatalytic materials, for example in the field of solar fuel production. A class
of materials that have gained increasing interest as heterogeneous catalysts, and in particular
photocatalysts, is metal-organic frameworks (MOFs). Although the reported cyclometalated
Ru(II) complexes could fit into the porous structures of MOFs, no complexes of this type have

been developed for proper chemical incorporation into MOF materials.
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1.2. Metal-Organic Frameworks (MOFs)

Metal-organic frameworks (MOFs) are materials which consist of metal ions, or more often,
inorganic clusters, that are linked by organic ligands to form a two- or three-dimensional
network structure that contains potential voids, or pores.?> Most of the MOFs developed in
recent years are crystalline and porous. The inorganic clusters, also called secondary building
units (SBUs), typically consist of several metal cations and have various numbers of points of
connection, usually between four and twelve. The organic ligands that connect the metal
clusters are called /inkers, and they can have two or more coordinating groups. The number of
coordinating groups (topicity) and their relative geometry leads to a large variety of possible
MOF structures. The most widely used coordinating group is carboxylates, since these anionic
species form stable bonds with the cationic metal ions and coordinate in a bidentate manner,
usually bridging two metal centres. The rest of the linker structure is often based on aromatic

rings, as these are stable and rigid moieties.

In 2008, Lillerud and co-workers discovered the first MOFs based on Zr SBUs.?® These MOFs
consist of ZreO4(OH)4'?" clusters that are coordinated by 12 carboxylates (COO"). The six Zr*"
cations in each cluster are arranged in an octahedron. The linkers (in their protonated form) are
terephtalic acid (H:bdc), biphenyl-4,4’-dicaboxylic acid (H:bpdc) and p-terphenyl-4,4°’-
dicaboxylic acid (Hatpdc), which creates the materials UiO-66, UiO-67, and UiO-68,
respectively (Figure 4). They are remarkably chemically, thermally, and mechanically stable,
which is attributed to the strong bonds between the Zr** cations and the carboxylate groups, and
the high connectivity number (12) of the cluster.?*3! These MOFs have the same framework
topology (face-centered cubic, fcu) because they have the same SBUs and the same linear
geometry of the linkers. The only difference between them is the length of the linkers and the
resulting available pore space. This illustrates how MOFs can be designed through the choice

of SBU and linker, a strategy known as reticular synthesis.*?3
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Figure 4. Unit cells of UiO-66, UiO-67, and UiO-68, and molecular structures of their respective linkers terephtalic acid
(H:bdc), biphenyl-4,4’-dicaboxylic acid (H:bpdc) and p-terphenyl-4,4’’-dicaboxylic acid (H:tpdc). Zr atoms are
represented as cyan square antiprisms, C and O atoms as grey and red sticks, respectively. H atoms are omitted for
clarity.

As can be understood from the available pore space in these materials, they are promising
candidates for gas adsorption, and therefore the storage of gases like methane, hydrogen and
carbon dioxide.**?’ Since it is possible to design the size of the MOF pores via reticular

synthesis, gas separation is another application area.*®

The size of the pores is not the only factor that determines the way guest molecules interact
with the MOF structure; the organic linkers can be functionalized in order to be chemically
repellent, attractive, or even reactive toward certain species. If the functionalized MOF regains
its initial structure after the reaction and allows the reaction to be cycled, then it is per definition
a heterogeneous catalyst.®*° A popular strategy for functionalizing a MOF for catalytic
applications is to incorporate metal complexes as part of the MOF structure. This is often done
by using 2,2’-bipyridine-5,5’-dicarboxylic acid (H2bpydc) as linker (or a fraction of the linkers)
because it can function as a chelating ligand in a variety of metal complexes. Examples of such
complexes are Pt(Hobpydc)Cla,*' [Ru(Habpydce)(bpy)2]?*,'? and Re(H2bpydc)(CO);C1'! (Figure
5). MOFs functionalized with metal complexes have shown catalytic activity for reactions such

1

as water oxidation,!! organic transformations,** and thermal* and photocatalytic* CO

reduction.

12



Figure 5. Molecular structures of (from left to right) Ha:bpyde, Pt(H:bpydc)Clz, [Ru(H:2bpydc)(bpy):]**, and
Re(Hzbpydc)(CO);CL

Incorporation of metal complexes into MOFs can be achieved through different synthetic

strategies. In the literature there are three main methods: premade linker synthesis (PMLS),!!"

12, 45-47 ) 13, 41, 43, 48-50
3

postsynthetic functionalization (PSF and postsynthetic linker exchange
(PSLE).>!"> A simplified scheme illustrating these methods is given in Figure 6. Alternative
terms for these methods are sometimes used, or the method is not named at all. The term PSM
(postsynthetic modification) is used synonymously with PSF, and is also used for pure organic

functionalization of MOFs.* % PSLE is also called PSE (postsynthetic exchange).!

In the PMLS method, the metal complex that is to be incorporated into the MOF is synthesized
before the MOF synthesis is initiated. The complex has to have at least two coordinating groups
(usually on the same ligand), like carboxylic acids (as in Hobpydc), such that the whole complex
can act as a linker in the MOF synthesis. Therefore, this complex can be called the
functionalized linker. The functionalized linker is then dissolved together with the other
reactants necessary for the MOF synthesis: the precursor for the metal clusters in the MOF
(usually a metal salt) and the main linker for the MOF that is to be functionalized (e.g. H2bpdc
for UiO-67). The solution is then heated for the MOF to assemble. In order for the
functionalized linker to fit into the MOF structure, it must have a similar length and relative
geometry of the coordinating groups as the main linker. The PMLS method is a facile way to

functionalize MOFs, as there is only one MOF synthesis step.

The PSF method is based on a reaction between an already synthesized MOF material, in which
a coordinating linker such as bpydc substitutes a fraction of the main linkers, and a dissolved
precursor (metal complex). A PSF reaction typically involves exchange of two labile ligands in
the precursor with the chelating bpydc linker, in order to produce the functionalized MOF. This
method is usually milder than the PMLS method and offers a convenient way to incorporate

metal complexes, that otherwise will decompose during synthesis, into MOFs. This is possible

13



since the harsh conditions (high temperature and acidity of the reaction medium) that are

required for PMLS may be omitted when the premade MOF is used as a reactant.

In the PSLE method, an unfunctionalized MOF is suspended in a solution of a functionalized
linker (the same as in PMLS) in order for the main linkers in the MOF to be exchanged with
the functionalized linkers in the solution. This is a quite direct functionalization method in
which a wide range of functionalized linkers could be used that e.g. are not stable under the
typical PMLS conditions, or don’t have the appropriate reactivity for a PSF reaction to be

performed.

Further details about the MOF syntheses in this thesis are provided in section 2.1.

Premade linker synthesis (PMLS) ‘ +  — \)- — @
Postsynthetic functionalization (PSF) @ + k) — @

Postsynthetic linker exchange (PSLE) g + 'K)' — @4. ——

Figure 6. Simplified scheme of the three methods for functionalizing MOFs with metal complexes. Blue balls = metal
ions for cluster, yellow balls = metal complex, red lines = main linker, green lines = coordinating linker (e.g. bpydc).

Photocatalysis using MOFs has emerged as an important field of research, and with it the
demand for suitable photosensitizers.*" 3’ These may either be present as free molecules in
solution filling the pores of the MOF material, or be chemically integrated as linkers in the
MOF structure. The latter mode of incorporation can be achieved by PMLS, PSF, and PSLE,
and has the advantage that the photosensitizer will remain in the structure after isolation and

washing of the MOF powder.
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Ru(II) complexes with bipyridine (bpy) derived ligands have been studied as photosensitizers

13,35, 60-61 and chemically integrated in MOFs,!!-1% 4748, 6263 The complex

both in solution
[Ru(Habpydc)(bpy)2]**, or 1-H, as it will be referred to later in this thesis (Figure 9, page 30),
has become a standard photosensitizer as a functionalized MOF linker. 1-H has been
incorporated into MOFs using PMLS,!!-12:47-62 pSF 462 3nd PSLE.%* Notably, Yu and Cohen

employed all three methods to incorporate this complex into UiO-67.5?

1.3. MOFs for Photocatalytic CO2 Reduction

The conversion of CO: into useful chemicals is a promising strategy to recycle this readily
available greenhouse gas. Moreover, if the conversion process involves reduction to compounds
with a high energy content, like methanol, CO2 would be a source for various fuels. Thus, CO>
reduction could contribute to the global challenges of both climate change and increasing

energy demand. In general, CO, reduction can be catalyzed using metal complexes,®

5> or hybrid materials,®® and via either thermal*® electrochemical,®’ or

semiconductors,®
photochemical® activation. The photocatalytic pathway is the most energy efficient strategy,
as sunlight can be directly converted into chemical energy in solar fuels, as mentioned in
section 1.1. As heterogeneous photocatalysts for CO> reduction, MOFs have the following
important advantages over the more thoroughly investigated semiconductor based
photocatalysts.** 7! The inherent porosity of MOFs allows the adsorption and concentration
of gas molecules close to catalytic centers. In addition, the possibility to design and modify the

linkers in a variety of ways makes MOFs promising as efficient visible light photocatalysts,

compared to semiconductors, which are mostly limited to UV light absorption.

The first report on MOFs for photocatalytic CO» reduction was published in 2011, in which Lin
and co-workers incorporated a Re(I) complex into UiO-67 (Figure 7a).!! The Re(I)-
functionalized MOF photocatalyzed the reduction of CO2 to CO with a turnover frequency
(TOF, with respect to the catalytic Re sites) of 1.2 (6 h reaction time). By the time of writing,
at least 30 reports have been published, which are summarized in Table 1.!1: 13 45-46. 48, 55, 60-61,
63.72-92 Typically, the reaction system consists of the MOF photocatalyst, CO, saturated MeCN,
triethanolamine (TEOA, as the reducing agent), and in some cases an additional dissolved
photosensitizer. The mixtures are then stirred in a closed reaction cell and illuminated with

visible light for some hours. The reduction products are almost invariably CO, sampled from

the headspace of the reaction cell, or HCOOH/HCOO', sampled from the liquid phase.

15



The CO> reduction mechanisms are still not totally understood, although in some cases
pathways are proposed. Generally, the photosensitizer (could be the linker itself) is excited by
light before it transfers an electron either directly to CO> or to the metal cluster, which
subsequently reduces CO,. Regeneration of the photosensitizer occurs via electron transfer
from a reducing agent. An example of catalytically active metal clusters is the reduction of Zr**
to Zr** in a Zr-oxo cluster (UiO-type), which further transfers the electron to CO; (Figure 7b).”
Photocatalysis on the linkers can be achieved by e.g. using an incorporated metal complex with
labile ligands (Figure 7c).!* Some reports suggest a combination of clusters and linkers as active
catalytic centers.”® 83 The reducing agent TEOA is proposed to act as both an electron and a
proton (i.e. hydrogen) donor in the system, in which the first reaction step is the formation of a

positive radical (Figure 7d).** Some good reviews on this field have been published.** -7

d) HO. -~ _OH _Ho\/\f'r‘-/\/ou HOL_ o~ O

OH OH

TEOA (H* + )

+Br-

HCOO[H]  [H*]

Figure 7. a) The Re(I) complex that was incorporated into UiO-67 in the first report on photocatalytic CO: reduction
using MOFs,!! b) proposed mechanism for photoreduction via the Zre-cluster in UiO-67-NHa,” ¢) proposed mechanism
for photoreduction on a Mn(I)-functionalized linker in UiO-67,'* d) Proposed TEOA degradation during the process of
photocatalysis.?*
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Table 1. Overview of previous work on photocatalytic CO2 reduction using MOFs. TOF = turnover frequency, TEA =
trietylamine, TEOA = triethanolamine, BNAH = 1-benzyl-1,4-dihydronicotinamide. The unit pmol g'h™! refer to pmol
of product per gram of catalyst per hour of reaction.

Entry | Catalyst Solution Product | Product TOF Total Ref.
formation rate | (h?) reaction
(umol g'h™) time (h)
1 Ui0-67- MeCN, CO 88 1.2 6 11
[Re(CO)s(dcbp | TEA
y)Cl]
2 NH,-MIL- MeCN, HCOO 16 - 10 72
125(Ti) TEOA
3 NH:-UiO-66 MeCN, HCOO 26 - 10 73
TEOA
4 Cu(ID) H20, MeOH 343 - 5 74
imidazolate NaOH,
MOF NaxSOs3
5 Cu(ID) H.O, TEA | MeOH *262.6 - - 75
porphyrin ppm mg'h!
MOF
6 Co-ZIF-9 MeCN, CO 358952 1045 |05 76
H-0,
TEOA,
[Ru(bpy)s]
Cl,
7 Y[Ir(ppy)2(dcb | MeCN, HCOO 158 - 6 77
py)J2[OH] TEOA
8 NH,-MIL- MeCN, HCOO 445 - 8 78
101(Fe) TEOA
9 MOF-253— MeCN, HCOO:;, 121, 46 4.5, 8 48
Ru(CO),Cl- TEOA CO 0.9
Ru(bpy):
10 Ui0-66- MeCN, HCOOH | 1052 1 6 79
(Zr/T1)-(NHz)x | TEOA,
BNAH
11 Ui0-67- DMF, HCOO;, 5328,218 6.1, 18 13
Mn(bpy)(CO); | TEOA, CO 0.3
Br BNAH,
[Ru(dmb);]
(PFs)2
12 (Cdy[Ru(dcbpy | MeCN, HCOO 77 - 8 80
)3]*12 H20), TEOA
13 (Cd[Ru(4,4’- | MeCN, HCOO 72 - 6 63
dcbpy)2(bpy)] | TEOA
14 Ui0-66- MeCN, HCOOH | 1724 1.9 6 81
Cr(lIHCAT TEOA,
BNAH
15 PCN-222 MeCN, HCOO 60 - 10 82
TEOA
16 Ui0-67- MeCN, HCOOH, | - 5.1, 6 55
Ru(bpydc)(ter | TEOA, CO 1.8
py)(CO)](PFs) | [Ru(bpy)s](
2 PFs)>
17 NNU-28 MeCN, HCOO 53 - 10 83
TEOA
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18 Zrs(0)4(OH)s- | MeCN, HCOO;, - 0.04, 6 45
[Re(CO)sCl(bp | TEA, H,O | CO 1.1
ydb)]s
19 MOF-525-Co | MeCN, CO, CHy | 201,37 - 6 84
TEOA
20 AgcUiO-67- | MeCN, CO - 0.1 - 46
[Re(CO)s(dcbp | TEA
y)Cl]
21 Ui0-67- TEA (gas | CO 1 - - 85
[Re(CO)3(dcbp | phase)
y)CI]-NH»
22 MIL-125- MeCN, HCOO - 0.01 120 86
NHR TEOA,
mesitylene
23 TiO2/NH:- H» (gas | CO 4 - 6 87
Ui0-66 phase)
24 Ru(bpy)s- DMA, H,0O, | HCOOr, 1166, 1666 67,95 |1 88
Ru(bpy)(CO)2( | BNAH Cco
Cl),-bpy-PMO
25 [Cos(OH)3;(NT | MeCN, CcoO 4373 2.6 3 61
B)(4,4’- H-0,
bpy)1.s] TEOA,
[Ru(bpy)s]
Cl,
26 ZIF-67 TEOA, CcO 59200 - 0.5 89
H,O0,
MeCN,
[Ru(bpy)s]
Cl,
27 Zr-SDCA-NH: | MeCN, HCOO 39 - 12 90
TEOA
28 MAF-X271- TEOA, CcO - 212 10 91
OH MeCN,
H,O0,
[Ru(bpy)s]
Cl,
29 ZIF-67 TEOA, (00) 3890 0.9 4 60
H-0,
MeCN,
[Ru(bpy)s]
Cl,
30 Rh-PMOF- MeCN, HCOO 0.3 18 92
1(Zr) TEOA

* Another unit was not provided.
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2. Experimental Methods

In this chapter, the most important experimental methods for this thesis, and their purpose, are
briefly described. Other methods used (MS, DFT, N sorption, and TGA-DSC) are described
in the experimental sections of the respective papers. The synthesis procedures for the Ru(Il)
complexes are quite comprehensive, and are described in the experimental section of Paper I
and in section 3.1 of this thesis. The photocatalytic experiments are not described elsewhere,

thus a detailed experimental description is given in section 2.6.

2.1. MOF Synthesis

The synthesis of pristine Ui0-67 is usually performed by dissolving ZrCls and biphenyl-4,4’-
dicarboxylic acid (H2bpdc) in dimethylformamide (DMF) containing a small amount of water
before heating the solution (solvothermal synthesis). The corresponding reaction equation for

the synthesis of UiO-67 is:

A
6 ZrCl, + 8 H,0 + 6 Hybpdc — Zr;0,(0OH) ,(bpdc)e + 24 HCI

Often, a monocarboxylic acid (acting as a so-called modulator) is added to the reaction mixture
in order to slow down the crystallization and thereby enhance the crystallinity of the resulting

MOF material >3-

The functionalization of UiO-67 with Ru(II) complexes (Paper IT) was achieved using the three
methods described in section 1.2: premade linker synthesis (PMLS), postsynthetic
functionalization (PSF) and postsynthetic linker exchange (PSLE). These methods were
evaluated for their success in incorporation of the different Ru(Il) complexes into UiO-67, and
for their influence on the properties of the resulting MOF products. Detailed descriptions of the
individual synthesis procedures are provided in the experimental section of Paper II. The

following is a summary of the general procedures for the three methods.

PMLS was performed as outlined above for the synthesis of pristine UiO-67, except that a
fraction of the Habpdc linkers was replaced by one of the Ru(Il)-functionalized linkers shown
in Figure 9 (page 30). ZrCls (1 equiv.) was dissolved in DMF before water (3 equiv.) was added.
Benzoic acid (10 equiv.) was added as a modulator and dissolved, before Hobpdc (0.9 equiv.)

was added and dissolved by heating and stirring on a hotplate for a couple of minutes. Heating
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was discontinued before the respective Ru(Il) complex (0.1 equiv.) was added as the
functionalized linker to the still hot solution and dissolved. The prepared solution was heated
at 120 °C in an Erlenmeyer flask (without stirring), loosely capped with a watch glass, for three
days. The recovered solid was washed thrice with both DMF and MeOH, before it was dried in

air at 100 °C overnight.

For PSF, a sample of UiO-67 was used in which 5 % of the bpdc linkers had been replaced by
bpydc (2,2’-bipyridine-5,5’-dicarboxylate). This material (UiO-67-bpy) was suspended in an
EtOH solution of either cis-Ru(bpy)Cl> or cis-[Ru(ppy)(bpy)(MeCN)2]PFs, and stirred at
reflux for 21 h. There were 5 equiv. of the Ru(Il) precursor with respect to the amount of bpydc
linkers in the MOF. The Ru(II) precursor reacted with the bpydc linkers in UiO-67 to provide
the Ru(Il)-functionalized MOF product. The recovered solid was washed thrice with DCM,
before it was dried in air at 100 °C overnight. UiO-67-bpy (powder and single crystals) was
synthesized by Sigurd Qien-Odegaard.

PSLE was performed by suspending pristine UiO-67 in a DMF/water (1:1) solution of the
respective Ru(II)-functionalized linker (1 equiv. with respect to the main bpdc linker in the
MOF) before stirring the mixture at 100 °C for three days. The recovered solid was washed
thrice with both DMF and MeOH, before it was dried in air at 100 °C overnight. The Ru(II)-
functionalized linkers were the same for PSLE as for PMLS. UiO-67 was synthesized by
Gurpreet Kaur.

The synthesized MOF samples were given abbreviations based on the respective Ru(Il)

complex and the functionalization method, e.g. 1-PMLS, 2-PSF, etc.

2.2. Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy is a powerful technique for analyzing solutions. It is based on the interaction
between electromagnetic radiation (radio waves) and spins of magnetically active nuclei that
are aligned with an applied magnetic field. In Paper I, 'H and '3C NMR were used to analyze
the Ru(Il) complexes that were synthesized. This allowed to evaluate the purities and identities

of the products.

Moreover, the prepared Ru(Il)-functionalized MOFs were digested in 1 M NaOH in D,O for
24 h before the resulting solutions were analyzed by 'H NMR (Paper II). During digestion, the
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Zr-carboxylate bonds are hydrolyzed and the linkers (Ru-functionalized and main linkers) are
dissolved. In order to obtain clearer spectra, the D>O solutions were evaporated to dryness
before the leftovers were dissolved in CD3OD for subsequential 'H NMR analyses. These
measurements confirm the presence of the Ru(Il) complexes in the MOF structures if their
signals are discernible in the digestion solution spectra. This is possible since the Ru(Il)
complexes are stable under the digestion conditions. In the cases of the MOFs functionalized
by PSF, this would also provide evidence of proper chemical incorporation in the MOF
structures. The respective Ru(Il) complexes are not used as reactants and thus must have been
produced during the PSF reaction between the molecular Ru(Il) precursors and the bpydc
linkers in the MOFs. 'H NMR could not be used to assess the proportion of incorporation of
Ru(II) complexes in the MOFs since Hobpdc is poorly soluble in CD;OD.

In addition, 'H NMR (and '*C NMR in one experiment using '*CO,) was employed to analyze
the liquid phase (CD3CN) in the photocatalytic CO; reduction experiments.

'"H NMR spectroscopy was performed on Bruker DPX 300 and AVIII400 spectrometers
operating at 300 and 400 MHz respectively. '*C NMR was recorded on Bruker AVII600 and
AVIII400 spectrometers operating at 151 and 100 MHz respectively. All spectra were recorded
at 25 °C.

2.3. X-ray Diffraction (XRD)

XRD is based on the scattering of X-rays from long range ordered electron density in materials.
Constructive interference occurs when the Bragg condition is satisfied: nl = 2dsind, where 4 is
the wavelength of the radiation, d is the distance between repeating lattice planes of atoms, and
0 is the angle between the lattice planes and the incoming X-rays. In powder XRD (PXRD) the
crystallites of the material is randomly oriented, and by changing 6, a one-dimensional
diffractogram is obtained, which is characteristic for the material studied. In Single crystal XRD
(SC-XRD), is it possible to acquire a three-dimensional diffraction pattern, which, after various
corrections and Fourier transform, provides the electron density of the unit cell in real space.

From this, detailed crystal structures of molecular compounds and materials can be obtained.

In this thesis, both SC-XRD and PXRD were employed. In Paper I, SC-XRD was performed
to investigate the molecular structures of the synthesized Ru(Il) complexes. Suitable single

crystals were obtained by vapor diffusion crystallization.”> SC-XRD was also performed on
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single crystals of Ru(II) functionalized MOFs in Paper II to investigate if the Ru atoms were
coordinated to the bpydc linkers in the MOFs. Sigurd @Qien-@degaard performed all SC-XRD
measurements and refinements, and made the related figures. In Paper II, PXRD was
performed in order to identify the main phase of the prepared Ru(II)-functionalized MOFs (by

comparing their diffractograms to that of UiO-67) and to assess their crystallinity.

For SC-XRD, a Bruker D8 Venture diffractometer was used, which was equipped with a Photon
100 detector and using Mo Ka radiation (4 = 0.71073 A). For PXRD, a Bruker D8 Discovery
diffractometer was used, which was equipped with a focusing Ge-monochromator, using

Cu-Ka radiation (4 = 1.5418 A) and a Bruker LYNXEYE detector.

2.4. UV-Vis Spectroscopy

This technique is based on the absorption of ultraviolet and visible light by molecules or
materials through excitations of electrons to higher energy orbitals. Using a range of
wavelengths for the incoming light beam then results in an absorption spectrum. In this thesis,
the absorption properties of molecular Ru(Il) complexes in solution (Paper I) and of solid MOF

materials (Paper II) were investigated, as these are relevant for potential photocatalytic activity.

For solutions, the absorbance A follows the Beer-Lambert law: A = logio(I/Ip) = ecL, in which
Io is the intensity of the incident light, I is the transmitted intensity, ¢ is the molar
absorptivity, c is the concentration of the absorbing molecule, and L is the path length through
the sample. For powders of solid materials, the diffuse reflectance R can be analyzed using the
Kubelka-Munk transform: k/s = (1-R)*2R, in which k is the absorption coefficient and s is the

scattering coefficient.

In this work, the solutions of the Ru(II) complexes were measured in transmittance mode using
a UV-3600 spectrometer from Shimadzu. The MOFs were measured in diffuse reflectance
mode (DR UV-Vis) using a USB2000+ spectrometer from Ocean Optics. All spectra were
recorded at 25 °C.
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2.5. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS)

SEM is a technique for obtaining microstructural images and topology information of surface
structures, with resolutions as good as under 1 nm.”® A high-energy electron beam is focused
onto the sample and various signals are produced from the interaction between the beam and
the sample atoms. For imaging, secondary electrons are mostly detected, which are low energy
electrons that are ejected from the surface atoms by inelastic scattering interactions with the
beam electrons. Backscattered electrons are also detected, which are higher-energy electrons
from the incoming beam that are elastically scattered through interactions with the atom nuclei

in the sample.

SEM was used in this work to study the morphology of the crystallites of the prepared Ru(II)-
functionalized MOF powders. This was done in order to check if the crystallites had the
octahedral shape typical of UiO-67, and to assess if the crystallite surfaces were clean or if other
phases were attached to them. Images were obtained with a Hitachi SU8230 field emission
scanning electron microscope. The acceleration voltage was set to 2.5 kV and the probe current
to 10 pA. In order to reduce sample charging, 1.5 kV deceleration voltage was applied, resulting
in an effective voltage (“landing voltage™) of 2.5 — 1.5 = 1 kV. In this mode, both secondary

and backscattered electrons were collected.

When the electron beam ejects an electron from a sample atom, thereby ionizing it, the resulting
vacant state in the atom is reoccupied by a transition of an electron from a higher energy state.
This process is accompanied by the emission of an X-ray photon. In a sample, various
transitions between different energy states of the atoms occur, leading to characteristic X-ray
excitation lines that belong to specific elements. Detection and analysis of these X-ray signals
is the basis for EDS. By integrating the intensity of the detected signals, it is possible to obtain

the relative concentrations of different elements in the sample.

In this work, EDS was employed to obtain the Ru:Zr ratios in the Ru(II)-functionalized UiO-67
MOFs. This information indicates the success of incorporation of Ru(Il) complexes and allows
the quantification of other properties of the materials, such as catalytic turnover numbers (TONs)
with respect to Ru(Il) complexes. In UiO-67 there are one linker per Zr atom. This means that
the Ru:Zr ratio corresponds to the proportion of linkers being functionalized with Ru(II)

complexes, assuming that all Ru(Il) complexes are chemically incorporated into the MOF
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structure (compared to simply occupying the MOF pores or being aggregated on the MOF

surface).

The same instrument was used for EDS as for the SEM measurements, in which an EDS
detector was installed. Samples were prepared as powders or pellets attached to carbon tape.
The working distance was 15 mm and the scanned area was ca. 1000 um?. The accelerating
voltage was set to 10 kV so that both Zr (La = 2.042 keV) and Ru (La = 2.558 keV) could be
quantified. Background subtraction, analysis, and quantification were performed in the software
Esprit v. 1.9.4.3535 from Bruker. Repeated measurements resulted in a spread of Ru:Zr ratios,
probably due to both variations in sample preparation (powder or pellet) and processing with
the quantification software. Thus, the Ru:Zr ratios are reported as ranges rather than single

values.
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2.6. Photocatalysis

The experimental setup was based on the previous reports on photocatalytic CO; reduction with
MOFs, as described in section 1.3. An in-house made quartz vessel was used as the reaction
cell, which had the inner measures of 30 mm (diameter) and 22 mm (thickness), and a round

neck that could be sealed with a septum (Figure 8).

Figure 8. The quartz cell used for photocatalytic CO: reduction experiments.

The following procedure was employed for the MOFs 1-PMLS, 2-PSF, 3-PSLE, 4-PMLS,
4-PSLE, and pristine UiO-67, as well as for the molecular complex 4-Na. This is referred to as

the standard procedure.

MOF (8 mg) or complex 4-Na (8 mg) was mixed with CD3CN (8 mL) in the quartz cell
containing a stir bar before the cell was sealed with a septum. This mixture was then purged
with a gas mixture of CO; (5 mL/min) and H> (30 mL/min, the reducing agent) for 1 h while
stirring. This was done through two syringes (one into the solution and one that led the gas out
from the headspace of the reaction cell). The cell was covered with Al foil during the gas purge
to avoid unwanted photoreaction. Ne gas (0.5 mL) was then injected into the headspace as an
internal standard using a 1 mL Pressure-Lok® Series A-2 gas tight syringe from VICI®. After

one additional hour of stirring the mixture in darkness, the system was ready for photoreaction.

The photoreaction was conducted by irradiating the sealed reaction vessel employing a 300 W

ozone free xenon Research Arc Lamp Source (66483-300XF-R22) from Newport. The light
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beam was passed through an Air Mass Filter, AM 1.5 Global (81094) from Newport, that gave
an intensity of 1 sun at the 14 cm working distance used (measured with a photometer). The
irradiation was performed at room temperature for 6 h while stirring. After the photoreaction,
the reaction mixture was centrifuged for 10 min at 3000 rpm before the liquid and the solid

were separated and stored.

Four experiments were performed with 4-PMLS employing the standard procedure, but with

the following variations:

e The experiment was performed in darkness (the cell was covered with Al foil).

e No CO; was bubbled through the system, only H> (30 mL/min).

e The isolated sample from a previous catalytic test was directly reused (not washed nor
dried).

e Isotopic *CO;, was used instead of normal COs.

In addition to the experiments mentioned above, the MOFs 2-PSF and 4-PMLS were also
tested with TEOA (triethanolamine) instead of H» as the reducing agent (this was done twice
for 4-PMLS). These experiments were performed following the standard procedure except that
the liquid phase of the reaction consisted of CD3CN (7 mL) and TEOA (1 mL), and that only

CO; was purged through the reaction mixture at a flowrate of 20-25 mL/min for 1 h.

In all the experiments, both the headspace of the reaction cell and the reaction solution were

analyzed at different times (before, during, and after reaction).

To analyze reaction products in the headspace, samples of 50 pL. were withdrawn with a 50 pLL
Pressure-Lok® Series A-2 gas tight syringe from VICI®. The gas samples were manually
injected into an Agilent 6890 gas chromatograph (GC). The columns used were a HP-plot U
(30 m, 530 um, 20 pm) and a CP-molesieve 5SA (50 m, 530 um, 50 um). The detectors were
TCD and FID (coupled in series) and the carrier gas was He. For quantification of produced

CO, a reference gas mixture with 0.1 % CO was used.
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Gas samples were withdrawn at the following points in time:

e Straight after the purging with CO> and H> and the injection of the internal standard
(corresponding to -1 h irradiation time)

e 1 hin darkness (0 h irradiation time)

e 1 hirradiation

e 2 hirradiation

e 4 hirradiation

e 6 hirradiation

The amounts of produced CO were calculated in units of pumol CO per gram catalyst (hereafter
referred to by umol/g). Table 2 lists the values obtained in the experiments performed in this

work, which are plotted in Figure 29 (page 55) and Figure 30 (page 56).

Table 2. Amounts of CO produced in the photocatalytic experiments calculated based on reference measurements of a
gas mixture containing 0.1 % CO. The units are pmol CO per gram catalyst (umol/g). Number of hours refers to time
of irradiation. The testing of 1-PMLS, 2-PSF, 3-PSLE, 4-Na employing the standard procedure (see text above), 4-
PMLS in darkness, and 2-PSF using TEOA, all gave zero or insignificant amounts of CO and are therefore not
included in the table. The amounts in all experiments measured after purging with CO2/H:z and after 1 h in darkness
were also zero or insignificant. The two experiments with 4-PMLS using TEOA were identical.

Catalyst 1h 2h 4h 6h
4-PMLS 649 990 1304 1578
4-PSLE 357 491 623 821
Ui0-67 159 226 457 605
4-PMLS, no CO2, only H: | 621 972 1301 1555
Reuse of 4-PMLS 328 491 625 792
4-PMLS with TEOA 1 - 913 - 1816
4-PMLS with TEOA 2 457 671 1843 2324

The experiment with 4-PMLS using isotopic '*CO, was performed in order to investigate the
origin of the detected CO. To analyze eventual '*CO, a 100 uL sample was withdrawn with a
100 pL Pressure-Lok® Series A-2 gas tight syringe from VICI®. The sample was injected
through a septum into a OmniStar™ mass spectrometer (MS) from Pfeiffer, operating at 70 V
ionization voltage. First, the syringe needle was evacuated before the syringe was opened to let

the gas sample diffuse into the MS. This was done at the start of the photoreaction (before
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irradiation), and at 4 h and 6 h of irradiation. The m/z 29 and m/z 45 signals, belonging to *CO
and 1*CO,, respectively, were monitored during the gas pulse. Since CO: is partially fragmented
into CO in the MS, five reference measurements were performed of an experiment that was

identical to the photocatalytic experiment, except that no catalyst was present in the system.

Reaction products in solution were analyzed by taking either 0.1 mL (before and during reaction)
or 0.5 mL (after reaction and centrifugation) samples with a Hamilton syringe for 'H NMR (400
MHz). The 0.1 mL samples were diluted to 0.5 mL with CD3;CN before analysis. Liquid

samples were withdrawn at the following points in time:

e 1 hin darkness (0 h irradiation time)
e 2 hirradiation
e 4 hirradiation

e 6 hirradiation (and centrifugation)

The solution in the experiment with *CO; was also analyzed by '*C NMR (100 MHz) at 0 h, 4
h, and 6 h irradiation time.
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3. Results and Discussion

3.1. Cyclometalated Ruthenium(II) Complexes

The first part of this thesis consisted of the synthesis and characterization of new Ru(II)
complexes capable of functioning as MOF linkers that strongly absorb light in the visible region.
This work resulted in Paper I: “Cyclometalated Ruthenium Complexes with Carboxylated
Ligands from a Combined Experimental/Computational Perspective”.”” Four Ru(II) complexes
were synthesized and compared as potential photosensitizers in MOFs (Figure 9). The reference
complex was [Ru(bpy)2(H2bpydc)]Clz (1-H, bpy = 2,2’-bipyridine, Hobpydc = 2,2°-bipyridine-
5,5’-dicarboxylic acid), which was first reported in 1999, and has been studied as a linker in
MOFs, !1-12: 4748, 62 Thjg complex, in which the ruthenium atom is only coordinated through
dative bonds from nitrogen, absorbs in the UV and blue part of the electromagnetic spectrum.
In order to extend the absorbance toward the red end, cyclometalation was chosen as the
structural variation. This strategy allows the size of the complex to remain the same as 1-H,
instead of introducing large conjugated groups. In addition to the electromagnetic properties of
such complexes, the use of them as MOF linkers has other advantages compared to 1-H, such
as the need for only one counterion (because of the formally anionic charge on the Ru bonded

C atom), which has to occupy the MOF pores.

The specific target complexes were structures in which a Ru bonded C atom replaced a N atom
in either one of the bpy ligands (2-Na) or in the Hobpydc ligand (3-Na). Complex 2-Na is thus
similar to structure b) in Figure 3 (page 10), except that the carboxylate groups are arranged in
a linear fashion and, as will be discussed later, the Ru-C bond is #rans to the carboxylated ligand.
In addition, a fourth complex (4-Na) was investigated as a reference because of its reported
properties as an effective photosensitizer in DSSCs.!% %239 Unlike the other complexes, it
does not contain a ligand with carboxylate groups oriented in a linear fashion, i.e. it is not
strictly analogous, neither topologically nor in size, to the bpdc linker in UiO-67. Nevertheless,
4-Na was included in this work because it can possibly be incorporated into UiO-67 by other
means. For example, one or more of its four carboxylate groups might connect at missing linker
defects?® 190-103 i the MOF structure. Alternatively, the complex may bind to the surface of the
MOF crystallites, in a similar fashion to the bonding of photosensitizers to TiO> particles in
DSSCs.!16:18:23.99 1t has to be pointed out that two of the four carboxylate groups on 4-Na, one

on each of the substituted ligands, actually are in a linear relative arrangement. However, they
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are separated by two pyridine rings and the Ru atom, so that the distance between them do not

match the length of the linkers in UiO-67.
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Figure 9. The four Ru(II) complexes that were synthesized and incorporated into the MOF UiO-67.

The synthetic work in Paper I resulted in a total of nine new compounds (2-Et, 2-Na, 3-Et,
3-Na, 4-Et, 5-Et, 6-Et, 7-Et, and 7-Na), which were isolated and characterized by 'H and *C
NMR and HR-MS. The detailed synthetic procedures for these compounds, and the
corresponding characterization data, are provided in the experimental section of Paper I.
Complex 1-H was synthesized following an earlier reported procedure, in which RuCls; was
reacted with bpy to give Ru(bpy).Cl,, which was then reacted with Hobpydc to yield the final
product.”® 1% The syntheses of the cyclometalated complexes 2-Na, 3-Na and 4-Na proved not
to be as straightforward as the synthesis of complex 1-H. Nevertheless, it was possible to
employ similar strategies for some of the synthetic steps, as shown in Scheme 1.°7 The
preparation of the ester complexes 2-Et, 3-Et and 4-Et for subsequent hydrolysis using
minimum amounts of NaOH proved to be a facile strategy to provide the pure carboxylate
complexes 2-Na, 3-Na and 4-Na, respectively. Moreover, the ester complexes 2-Et, 3-Et and

4-Et were easily purified by recrystallization, using dichloromethane and pentane.
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Scheme 1. Synthesis routes to Ru(II) complexes 1-H, 2-Na, 3-Na, 4-Na, and 7-Na. Ru(bpy):ClL: was prepared from RuCls.
[Ru(ppy)(MeCN)4]PFs and 5-Et were prepared from RuCls, through [Ru(CsHe)CL2]2. The detailed synthetic procedures

are described in the experimental section of Paper I.
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The synthesis of complex 2-Na involved the intermediate compound [Ru(ppy)(MeCN)4]PFs,
which was prepared from RuCls, through [Ru(C¢Hs)Cl2]2, using a slight modification of the
literature procedure.'*-1% The use of 10 % excess of phenylpyridine (ppy) and heating at 50 °C
in MeCN for 18 h, followed by recrystallization, increased the yield of [Ru(ppy)(MeCN)4]PFs
from the previously reported 40 % to 59 %. [Ru(ppy)(MeCN)4]PFs was then reacted with bpy

107 which was further

following the reported procedure to give [Ru(ppy)(bpy)(MeCN):]PFes,
reacted with diethyl 2,2’-bipyridine-5,5’-dicarboxylate (debpy) in EtOH at reflux to furnish the
new complex 2-Et. The subsequent hydrolysis of 2-Et to yield 2-Na was performed with 2
equiv. of NaOH in EtOH/H>O at reflux for 1 h. Alternative attempts to prepare 2-Na, including
a one-pot stepwise treatment of [Ru(ppy)(MeCN)4]PFs with bpy and then Habpydc, and

reacting [Ru(ppy)(bpy)(MeCN)2]PFs with Hobpydc were not successful.

The preparation of 2-Et could also be envisioned by changing the order of ligation of bpy and
debpy to ruthenium. This was investigated by first reacting [Ru(ppy)(MeCN)4]PF¢ with debpy
in DCM at room temperature for 20 h. After filtration through alumina and subsequent
recrystallization, complex 6-Et was isolated, which was then reacted with bpy in refluxing
EtOH to afford complex 7-Et. As shown by 'H NMR spectroscopy, complexes 2-Et and 7-Et
are not identical (Figures S2 and S10 in the SI of Paper I). This indicates that the other
diastereomer was obtained, which was confirmed by the crystal structure of 7-Et (vide infra).
The hydrolysis of 7-Et to yield 7-Na was accomplished using the same experimental conditions

that were used for the hydrolysis of 2-Et to give 2-Na.

The synthesis of 3-Na started with the preparation of 5-Et, which is readily available by reaction
of [Ru(CsHs)Cl2]> with ethyl 6-(4-(ethoxycarbonyl)phenyl)pyridine-3-carboxylate (deppy) in
MeCN. Reacting 5-Et with 2 equiv. of bpy in EtOH at reflux for 3 h then provided 3-Et. For
the hydrolysis of 3-Et to furnish 3-Na, it was found that a larger excess of NaOH (5.1 equiv.)
and a longer reaction time (4 h) was required compared to the corresponding reaction of 2-Et.
This is in agreement with the formally anionic character of the deppy ligand in 3-Et compared

to the neutral debpy ligand in 2-Et.

The synthesis of complex 4-Na was based on the same intermediate compound as the synthesis
of 2-Na, i.e. [Ru(ppy)(MeCN)4]PFs. Ligand exchange was accomplished by a reaction with 2
equiv. of diethyl 2,2’-bipyridine-4,4’-dicarboxylate in EtOH at reflux for 3h to give 4-Et, and
subsequent hydrolysis with 4 equiv. of NaOH furnished pure 4-Na. This strategy was necessary
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because the literature procedure, in which 4-Na was prepared directly by reaction of
[Ru(ppy)(MeCN)4]PFs with 2,2’-bipyridine-4,4’-dicarboxylic acid,'® 2* did not successfully

produce pure 4-Na.

Complexes [Ru(ppy)(bpy)(MeCN).]PFs, 1-H, 2-Et, 2-Na, 3-Et, 3-Na, 6-Et and 7-Et formed
high quality crystals using vapor diffusion crystallization,” and were suitable for single crystal
X-ray diffraction (SC-XRD) structure determination. Their molecular structures are shown in
Figure 10. Carbon and nitrogen atoms could be unambiguously distinguished in all cases, and
the bonds frans to either of them have lengths that are consistent with the stronger trans

influence of the carbon atom compared to that of the nitrogen atom.

An interesting trend, which is related to the location of the carbon atoms that are bonded to
ruthenium, can be seen from these crystal structures. In [Ru(ppy)(bpy)(MeCN)]PFs, the carbon
atom is trans to the bpy ligand, while in 2-Et and 2-Na, it is trans to the substituted bpy ligands.
Moreover, in 6-Et, the carbon atom is trans to debpy, while in 7-Et, it is trans to bpy. Thus, in
the two synthetic protocols [Ru(ppy)(MeCN)4]PFs = [Ru(ppy)(bpy)(MeCN)|PFs = 2-Et and
[Ru(ppy)(MeCN)4]PFs = 6-Et = 7-Et (Scheme 1), the carbon atom becomes trans to the
incoming ligand in each reaction step. This results in 2-Et (2-Na) and 7-Et (7-Na) being
diastereomers. In light of these observations, a plausible explanation is that ligand exchange
(which involves replacement of two MeCN ligands) occurs stepwise. In the initial step,
detachment of one MeCN ligand from ruthenium generates a vacant coordination site. The
resulting 5-coordinated Ru(II) complex will have a low barrier for configurational
reorganization such that the high trans influence C atom occupies the position frans to the
vacant site. When the incoming ligand (bpy or debpy) coordinates one of its N atoms to Ru,
followed by detachment of the second MeCN, the chelate effect will direct the second N atom
to occupy the now vacant site before another configurational reorganization has time to take

place.
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Figure 10. ORTEP plots of the complexes [Ru(ppy)(bpy)(MeCN):]*, 1-H, 2-Et, 2-Na, 3-Et, 3-Na, 6-Et and 7-Et
determined by single-crystal X-ray diffraction. Hydrogen atoms, counter ions and solvate molecules have been omitted
for clarity. Ellipsoids are shown at 50 % probability. In 3-Na, the carboxylated ligand is disordered by symmetry, and
the pyridine and phenyl rings occupy equivalent sites with a site occupancy coefficient of 0.5 each. The figure shows one
of the possible arrangements.

The light absorption properties of the complexes were investigated by UV-Vis spectroscopy.
Figure 11 shows the spectra of 1-Na (deprotonated for comparison), 2-Na, 3-Na and 4-Na in
methanol solution. There is a substantial difference between the non-cyclometalated complex

1-Na and the cyclometalated complexes 2-Na, 3-Na and 4-Na, in that the latter three show a
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bathochromic shift of the lowest-energy absorption band, and also more and broader bands in
the visible region. These phenomena arise due to the reduction of both the energy gap and the
molecular symmetry, as described in section 1.1. The lowest-energy band of 3-Na is slightly
blue-shifted in comparison to the lowest-energy band of 2-Na. Complex 4-Na has a pronounced

higher molar absorptivity in the visible region in comparison to the other complexes.
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Figure 11. Absorption spectra of complexes 1-Na, 2-Na, 3-Na and 4-Na in methanol, recorded at room temperature.

For the complexes to be useful as photosensitizers, it is important to know how the electron
densities in the excited states are distributed in the molecular structures. In order to gain detailed
insight into the electronic structures of the complexes, computational investigations were
performed. DFT (Density Functional Theory) calculations were carried out to optimize the
geometries of the complexes, and TD (Time Dependent)-DFT was then employed to model
their absorbance spectra in methanol, using the experimental spectra as reference. The TD-DFT
calculations were then used to assign the experimental absorption bands to specific electronic

transitions. All calculations were performed by David Balcells.

35



Figure 12 shows the energies and shapes of the molecular orbitals involved in the key electronic
transitions, which are collected in Table 3. All relevant excitations in the visible region can be

described as MLCT (metal-to-ligand charge transfer).

0.5 -

0.0 4

E(eV)

Figure 12. TD-DFT(M11L/6-311G**, LANL2TZ(f)) electronic excitations for the complexes. See Table 3 for more
details. The 4-Na LUMO2 orbital is not included for the sake of clarity. All orbitals are shown at an isovalue of 0.04
a.u.

Table 3. TD-DFT(M11L/6-311G**, LANL2TZ(f)) parameters for the complexes, including the wavelength (ikxc),
oscillator strength (f) and molecular orbitals (MOs, see Figure 12) of the main electronic excitations®

Complex ZExc (nm) | f MOs

1-Na 351 0.0502 HOMO-1 — LUMO+7
452 0.1016 HOMO-2 — LUMO+2
512 0.0714 HOMO-2 — LUMO

2-Na 406 0.0559 HOMO-1 —- LUMO+6
527 0.0534 HOMO-1 —- LUMO+1
604 0.0707 HOMO-2 — LUMO

3-Na 381 0.0789 HOMO-1 — LUMO+9
510 0.0481 HOMO-2 — LUMO+1
515 0.0378 HOMO-1 — LUMO+2

4-Na 423 0.0767 HOMO-2 — LUMO+7
444 0.0633 HOMO-1 — LUMO+7
464 0.0560 HOMO-1 — LUMO+2
493 0.0985 HOMO — LUMO+7
545 0.0978 HOMO-1 — LUMO+1

2Those with the largest coefficient in the CI expansion.
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The HOMO-2 and HOMO-1 orbitals in all complexes (and in addition the HOMO of 4-Na) are
metal d-orbitals. These orbitals are positioned at higher energy for the cyclometalated
complexes (2-Na, 3-Na, and 4-Na) than for 1-Na, because of the additional negative charge
introduced by the cyclometalating ligands. This energy increase is significantly smaller for the
virtual orbitals, including the LUMO, causing a bathochromic shift of the absorbance bands of
the cyclometalated complexes, consistent with the experiments. As seen in Table 3, all
complexes have intense excitations to virtual orbitals located on the ligands substituted with
carboxylate groups (LUMO in 1-Na and 2-Na, LUMO+2 in 3-Na and both LUMO+1 and
LUMO+7 in 4-Na). This property makes these complexes promising for electron transfer via

72-73, 78, 82-84, 90, 92

the carboxylate groups into a potential MOF structure, similar to the

sensitization process in DSSCs.?

Due to the different electronic characteristics of the carboxylated ligand in 3-Na (anionic) and
in 2-Na (neutral), the energy of the virtual orbital on this ligand is higher for 3-Na (LUMO+2)
than for 2-Na (LUMO). This leads to a smaller energy gap for 3-Na than for 2-Na, consistent
with the slightly blue-shifted experimental spectrum of the former. In complex 4-Na, the
delocalization of the LUMO and nearby orbitals over two carboxylated ligands leads to more
numerous and intense transitions. Moreover, the oscillator strengths of these transitions are
significantly larger than those for the other complexes, consistent with the higher molar

absorptivity seen in the experiments.

The difference in stereochemistry of complexes 2-Na and 7-Na, mentioned above (the Ru-C
bond from ppy trans to bpydc or bpy, respectively), was further explored by calculation of their
respective absorption spectra. Figure 13 shows that these calculated spectra qualitatively agrees
with the experimental ones, thus supporting the configurations assigned from the SC-XRD
measurements (Figure 10). Moreover, the different absorption profiles of the two isomers in the
near-IR region is due to the nature of the electron excitation to the LUMO. In 2-Na, the electron
originates from the HOMO-2, whereas in 7-Na, it originates from the HOMO-1 (Figure S35 in
the SI of Paper I).
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Figure 13. TD-DFT calculations of the electronic absorption spectra of the C-trans-bpydc (black dashed line) and
C-trans-bpy (red dashed line) isomers of the trisheteroleptic Ru(Il) complex compared to the experimental spectra of
2-Na (black solid line) and 7-Na (red solid line).

3.2. Incorporation of Ru(II) Complexes into UiO-67

The next step was to incorporate the four Ru(II) complexes into UiO-67. As pointed out earlier,
this MOF was chosen due to its high thermal and chemical stability,® and the structural
similarity between its biphenyl-4,4’-dicaboxylate (bpdc) linkers and the carboxylated ligands
in the Ru(Il) complexes synthesised in this work (except 4-Na, as mentioned in section 3.1).
By searching the literature, three synthetic strategies emerged as potential candidates for this
work. As described in sections 1.2 and 2.1, and illustrated in Figure 14, these were premade
linker synthesis (PMLS),!"1% 4547 postsynthetic functionalization (PSF),!3 41: 43 4850 apd
postsynthetic linker exchange (PSLE).>!-5
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Figure 14. The three functionalization methods used in this work to incorporate cyclometalated Ru(II) complexes into
UiO-67. The octahedra represent the octahedral cages in UiO-67. X, Y=Cor N.L=ClI,n=0, k=2 (1-PSF) or L =
MeCN, A" = PF¢, n, k=1 (2-PSF). Further descriptions of the methods are provided in sections 1.2 and 2.1.

Complexes 3-Na and 4-Na cannot be incorporated by the PSF method. This is due to the fact
that 3-Na is synthesized via base promoted C-H activation®” which is not feasible for reaction
with the MOF structure, and UiO-67 does not contain linkers that can be substituted for any of
the ligands in complex 4-Na, as mentioned in section 3.1. Thus, the combination of the four
Ru(Il) complexes in Figure 9 (page 30) and the three functionalization methods resulted in
(4-:3) — 2 = 10 different Ru(I)-functionalized MOF systems. In the following, these are referred
to by a number corresponding to one of the four Ru(Il) complexes, and the acronym for the

respective functionalization method: 1-PMLS, 2-PSF, etc.
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The PXRD patterns for each of the Ru(Il)-functionalized MOFs are shown in Figure 15. All of
them are clearly crystalline and their diffractograms correspond to that of UiO-67. This shows
that the synthesis of UiO-67 was not disturbed by the presence of the Ru(Il) complexes during
PMLS, and that the premade UiO-67 structure remained intact during the PSF and PSLE
reactions. These results are not surprising given the high stability of this material.?® 4-PSLE is
less crystalline than the other MOFs. This could be due to the reaction conditions (DMF/water,
100 °C, 3 d) and the molecular structure of complex 4-Na, which could interfere with the regular

network structure in UiO-67, which is based on linear linkers.
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Figure 15. Powder X-ray diffraction patterns for the Ru(II)-functionalized UiO-67 MOFs.

In order to assess the porosity of the prepared MOFs, nitrogen adsorption/desorption
measurements were performed. As seen in Table 4, the calculated BET surface areas (Ager) of
the Ru(Il)-functionalized MOFs obtained from these measurements are reasonable compared
to those of pristine UiO-67 and UiO-67-bpy. The incorporation of Ru(II) complexes in the MOF
structures, whether as linkers or simply occupying the pores, will naturally lead to lower

measured surface areas. This is both because they occupy pore volume and because they
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contribute to the total weight that is attributed to the MOF (Aggr has a unit of m?g™!). MOFs
2-PSLE and 4-PSLE have the lowest Aget. The low surface area of 4-PSLE could be explained
by the fact that complex 4-Na may occupy a substantial amount of pore volume as it has four
carboxylate groups that could coordinate at defect sites in the MOF structure. 1-PSF and
3-PMLS have remarkably high Aggr, which could possibly be due to missing linker defects.!®
199 Moreover, the white appearance of 3-PMLS indicates a very low loading of Ru(Il)

complexes in the MOF, thus significant occupation of pore volume is not expected.

Table 4. Selected characteristics of the Ru(II)-functionalized MOFs and pristine UiO-67/UiO-67-bpy that were used for
the PSLE and PSF reactions, respectively. Pictures of the powders, adsorption/desorption isotherms, and TGA-DSC
traces are provided in the Supporting Information of Paper II.

MOF Color Ager (m’g1) | TGA, mass SEM, EDS,
loss range (°C) | crystallite | Ru:Zr
sizes (um) | ratio
Ui0-67 White 2457 480 — 550 0.5-2 0
UiO-67- White 2460 475 - 540 0.5-2 0
bpy43
1-PMLS Orange 2300 370 —420 0.5-2 0.04-0.11
1-PSF Light 2457 380 —420 0.5-2 0.02-0.03
orange/brown
1-PSLE Orange 1694 365 —-415 0.5-2 0.03-0.05
2-PML.S Grey 1996 370 — 420 0.2-0.5 0.07 -0.09
2-PSF Grey/purple 2346 360 — 460 0.5-2 0.05-0.06
2-PSLE Dark purple | 940 330 -390 0.5-1.5 0.18-0.19
3-PMLS White 2541 450 — 520 0.2-0.5 0.01 -0.03
3-PSLE Dark maroon | 1405 365 —415 1-2 0.21-0.23
4-PMLS Dark purple 1530 370 —420 0.75-3 0.07-0.12
4-PSLE Dark purple 761 280 —355 0.5-2 0.07-0.09

The thermal stabilities of the MOFs in air were probed by thermogravimetric analysis (TGA).
As can be read from Table 4, the mass loss corresponding to burning of the aromatic linkers
appears at around 400 °C for most of the MOFs, which is approximately 100 °C lower than that
for pristine UiO-67 or UiO-67-bpy. This difference is probably in part due to increased strain
in the MOF structure introduced by the incorporation of the Ru(Il) complexes. 3-PMLS is
slightly more stable than the other MOFs, which again can be related to its apparently low
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ruthenium content. 4-PSLE is slightly less stable than the rest, in agreement with the low

crystallinity seen from its PXRD pattern.

The morphology of the MOF crystallites was studied with scanning electron microscopy
(SEM). Figures 16 - 25 show the SEM images and Table 4 lists the crystallite sizes. It is clear
that all the MOFs consist of octahedral crystallites, characteristic of UiO-67. The crystallites of
4-PSLE (Figure 25) appear to have undergone a degree of erosion. This indicates that the
material is partially degraded, which is in agreement with its relatively low crystallinity, surface
area, and thermal stability. In 4-PMLS (Figure 24) and all of the PSLE MOFs (Figures 18, 21,
23, and 25), there are extra phases agglomerated on the surfaces of the crystallites. This could
possibly be residual Ru(Il) complex phases that were not removed by the washing procedure.
These agglomerates might also contribute to the somewhat lower Aggr values for these MOFs,
in comparison to the rest, by partially blocking the crystallite surfaces for gas diffusion (and by
their weight that is attributed to the MOFs). When comparing the SEM images of 4-PMLS
(Figure 24) and 4-PSLE (Figure 25), it is apparent that there are more agglomerated phases
(possibly complex 4-Na) on the surfaces of the crystallites of 4-PMLS than on 4-PSLE. This
could indicate that a higher portion of complex 4-Na is inside the pores, rather than on the
surface, of 4-PSLE compared to 4-PMLS. This hypothesis is in agreement with both the
aforementioned argument concerning lower crystallinity due to incorporation of complex 4-Na,

and the lower Aggr for 4-PSLE (761 m?g™!) compared to 4-PMLS (1530 m?g™).

42



SuU8230 1.0kV-D 2.4mm x6.00k SE+BSE(U) 02/12/2018 5.00pm

Figure 16. SEM image of 1-PMLS.
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Figure 17. SEM image of 1-PSF.
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Figure 18. SEM image of 1-PSLE.

Figure 19. SEM image of 2-PMLS.
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Figure 20. SEM image of 2-PSF.
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Figure 21. SEM image of 2-PSLE.
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SU8230 1.0kV-D 2.5mm x40.0k SE+BSE(U) 02/12/2018

Figure 22. SEM image of 3-PMLS.

SU8230 1.0kV-D 2.2mm x5.00k SE+BSE(U) 03/01/2018

Figure 23. SEM image of 3-PSLE.
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Figure 24. SEM image of 4-PMLS.
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Figure 25. SEM image of 4-PSLE.
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In order to estimate the Ru:Zr ratios in the materials, energy-dispersive X-Ray spectroscopy
(EDS) was employed. Table 4 lists the ranges of measured ratios. Keeping in mind that in
UiO-67 there is one linker per Zr atom, in the case of proper chemical incorporation of the
Ru(II) complexes as linkers, the Ru:Zr ratio would correspond to the proportion of the linkers
that are functionalized by Ru(Il) complexes. For PMLS, 10 % of the linkers used were Ru(I)-
functionalized, so the Ru:Zr ratios are within expected values. Ratios higher than 0.1 would
indicate that the synthesis system favors the incorporation of the Ru(Il)-functionalized linker.
The ruthenium content is very low in 3-PMLS, in accordance with its white appearance, high
surface area, and thermal stability, as pointed out above. The Ru:Zr ratios in 1-PSF (0.02 - 0.03)
and 2-PSF (0.05 - 0.06) are also as expected, since a UiO-67 sample with 5 % bpydc linkers
was used in the PSF syntheses. The use of UiO-67 with 10 % bpydc was also attempted for the
preparation of 2-PSF, but this resulted in the same Ru:Zr ratio as when UiO-67 with 5 % bpydc
was used. This indicates that steric factors may limit the amount of Ru(II) complex that can be
incorporated in this manner. The crystallite sizes, and thus the ratio of surface area to internal

pore volume, were approximately the same for the 5 % and 10 % bpydc loaded MOF samples.

2-PSLE and 3-PSLE have significantly higher Ru:Zr ratios (0.18 — 0.19 and 0.21 — 0.23,
respectively) compared to 2-PMLS and 3-PMLS (0.07 — 0.09 and 0.01 — 0.03, respectively),
which is in agreement with the difference in their respective BET surface areas. The high Ru
loading in these PSLE MOFs are as expected since 1 equiv. of Ru(II) complex with respect to
bpdc linker was used in the synthesis. However, 1-PSLE and 4-PSLE actually have similar or
lower Ru:Zr ratios (0.03 — 0.05 and 0.07 — 0.12, respectively) than 1-PMLS and 4-PMLS (0.04
— 0.11 and 0.07 — 0.12, respectively). The difference in Ru:Zr ratios between 2-PSLE and
3-PSLE on one hand and 1-PSLE and 4-PSLE on the other could be due to the difference in
the molecular structures of their respective Ru(Il) complexes. Complexes 2-Na and 3-Na are
monocationic and their carboxylate groups are in a linear arrangement, while 1-H is dicationic
(although linear) and 4-Na have four carboxylate groups in a different arrangement (although

monocationic).

As mentioned in section 1.2, complex 1-H has previously been incorporated into UiO-67 by all
of the three methods explored in this work, although with variations in the detailed experimental
parameters. In two different studies, 1-PMLS was reported with a Ru:Zr ratio of 0.02, using
ICP-MS!!' and NMR®? as quantification methods, respectively. In the first report, the synthesis
conditions were similar to those in this thesis (including 10 % 1-H), except that acetic acid was

used as the modulator and the reaction temperature was 100 °C.!! Thus, the use of benzoic acid
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and 120 °C as employed herein seems beneficial for the high Ru loadings observed. Details on
the synthesis procedure were not provided in the second report.®* In a third study, a Ru:Zr ratio
of 0.01 was reported, quantified by UV-Vis spectroscopy (by digesting the MOF and
subsequently recording the optical densities at 448 nm of the solution in order to determine the
concentration of the Ru(Il) complex).!? In this report, 1-H were incorporated simultaneously
with Pt(H2bpydc)Cl (8 % of each) using PMLS, thus the low Ru loading could be due to steric
limitations. 1-PSF has been reported with a Ru:Zr ratio as high as 0.15, in which case UiO-67
with as much as 25% bpydc was used for the synthesis.%? In the same work, 1-PSLE was
reported with a Ru:Zr ratio of 0.01, in which the PSLE reaction was performed in DMF, MeCN,
and EtOH/H,0 at 85 °C for 24 h.%? Thus, the conditions developed in this thesis (DMF/H-O,
100 °C, 3 d) are probably more appropriate for PSLE with 1-H, leading to the observed Ru:Zr
ratios of 0.03 — 0.05.

Another technique that was utilized in this thesis to investigate the chemical composition of the
prepared MOFs was digestion of the materials in base, followed by '"H NMR analysis of the
resulting solutions. In the spectra for all the MOFs, except 2-PMLS, 3-PMLS, and 4-PMLS,
the signals arising from the respective molecular Ru(Il) complexes are clearly apparent (Figures
S24-S33 in the supporting information for Paper II). This implies that the Ru(Il) complexes
have remained intact during the functionalization reactions, and that they are part of the MOF
materials, either physisorbed or chemically integrated. In the cases of 2-PMLS, 3-PMLS, and
4-PMLS, there are no clear indications of the spectra of the corresponding Ru(II) complexes,
which could indicate that the complexes either are not incorporated at all, or that they
decompose during MOF synthesis. This is not surprising for 2-PMLS and 3-PMLS, which are
grey and white, respectively. 4-PMLS, on the other hand, has the same purple color as the

molecular complex 4-Na.

For the MOFs functionalized by PSF, additional and valuable information can be obtained. In
Figure 26 the '"H NMR spectrum of digested 2-PSF (a) is shown together with the spectra of
complex 2-Na (b), which is the integrated product of the PSF reaction, and of
cis-[Ru(ppy)(bpy)(MeCN)2]PFs (¢), which is the molecular Ru(Il) precursor for the reaction.
The "H NMR signals arising from complex 2-Na are clearly distinguishable in the spectrum of
the digested MOF, while there is no indication of the reactant cis-[Ru(ppy)(bpy)(MeCN)2]PFs
(the additional signals result from the main bpdc linkers). Since complex 2-Na was not used as
a reactant, it must have been formed during the PSF reaction between the complex

cis-[Ru(ppy)(bpy)(MeCN).]PFs and the bpydc linkers in the MOF, prior to the digestion
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process. These NMR spectra therefore provide good evidence for the proper chemical

incorporation of complex 2-Na as a linker in UiO-67.

Yet another interesting piece of information can be drawn from these spectra. As mentioned in
section 3.1, in the precursor cis-[Ru(ppy)(bpy)(MeCN):]PFs the Ru-bonded C atom of the
cyclometalated ppy ligand is located frans to a bpy N atom, while in complex 2-Na this C atom
is instead found to occupy a position trans to the carboxylated bpy ligand. It was also found
that the isomer of 2-Na, namely 7-Na, which has the Ru-bonded C atom trans to bpy, has a
significantly different 'H NMR spectrum than 2-Na. Hence, it is clear that during the
coordination reaction (PSF reaction) that occurs when UiO-67 with 5 % bpydc linkers is reacted
with cis-[Ru(ppy)(bpy)(MeCN):]PFs, the same change in stereochemistry is observed at

ruthenium as in the corresponding homogeneous reaction.

The 'H NMR spectrum of digested 1-PSF similarly supported the successful chemical
incorporation of complex 1-H into the MOF (Figure S28 in the supporting information of
Paper II).
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Figure 26. '"H NMR spectra of a) 2-PSF digested in 1 M NaOH, b) complex 2-Na, and c¢) the Ru(Il) precursor
cis-[Ru(ppy)(bpy)(MeCN):]PFs. All spectra are recorded in CD3OD.
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Ru(II)-functionalized MOF single crystals suitable for SC-XRD were also prepared using the
PSF method. In these MOF crystals 3,3’-dimethylbiphenyl-4,4’-dicarboxylic acid was used as
main linker (instead of unsubstituted biphenyl dicarboxylic acid) in order to obtain single
crystals large enough for measurement on a laboratory source. 10 % of the linkers were
substituted by bpydc. In contrast to the PSF reactions on powders, the PSF on single crystals
was done in methanol at 60 °C (without stirring) for three days. As can be seen in Figure 27,
the Fourier difference maps for both 1-PSF and 2-PSF clearly show the presence of an atom in
the expected position of ruthenium coordinated to a bipyridine linker. This is, in addition to the
NMR results, direct evidence for the chemical incorporation of complexes 1-H and 2-Na as

linkers in UiO-67.
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Figure 27. 2D Fourier difference maps of a) 1-PSF and b) 2-PSF, parallel to Miller plane 1 0 0, intersecting the expected
position of Ru before including it in the crystal structure refinement. Ru is disordered over two symmetry equivalent
positions on each side of the linker’s axis of connectivity. ¢): Representation of the plane used for the Fourier map in
the structure of Ru-functionalized UiO-67-Me:z-bpy.

In order to gain detailed information about the electronic properties of the Ru(II)-functionalized
MOFs, diffuse reflectance UV-Visible (DR UV-Vis) spectroscopy was employed. The
absorbances of the MOFs are shown together with those of the corresponding molecular Ru(II)
complexes in methanol solution in Figure 28. It is clear that the MOFs that are functionalized
with cyclometalated Ru(Il) complexes have absorption bands that extend significantly further
into the visible region compared to the MOFs that are functionalized with complex 1-H. This
is the same trend as seen for the molecular complexes (Figure 11, page 35). Qualitatively (with
two exceptions), the main features of the absorption profiles of the molecular Ru(Il) complexes
are apparent in the spectra of the respective Ru(Il)-functionalized MOFs. This indicates that the
complexes retain their integrity during the functionalization reactions. The two exceptions are
2-PMLS, which shows a relatively flat absorption profile over the entire visible region, and

3-PMLS, which absorbs rather weakly in the same region. This is in qualitative agreement with
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their grey and white appearances, respectively. Interestingly, the resemblance between the
absorption profiles of 2-PSF and complex 2-Na indicates that the stereochemistry of the
incorporated Ru(II) complex in the MOF is the same as for the molecular complex 2-Na (ppy-C
trans to bpydc). This stereochemistry is thus different from that of the precursor

cis-[Ru(ppy)(bpy)(MeCN)>|PFs (ppy-C trans to bpy), as already discussed for the NMR results.

The MOFs functionalized by PSLE have the highest absorption intensities, compared to those
prepared by the other methods. This could be due to a higher portion of the Ru(Il) complexes
being located on, or close to, the surface of the crystallites as a result of this functionalization
method. Indeed, EDS showed that 2-PSLE and 3-PSLE have higher Ru:Zr ratios compared to
the corresponding MOFs functionalized by PMLS and PSF.
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Figure 28. DR UV-Vis spectra of the Ru(II)-functionalized MOFs and the solution spectra of the corresponding Ru(II)

complexes in methanol (black lines).
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Summarizing this section, UiO-67 can be functionalized with all of the four Ru(II) complexes
(1-H, 2-Na, 3-Na, and 4-Na) in Figure 9 (page 30). In the following, some conclusions are
made about the best methods for incorporation of each of the complexes. These are based on
the experimental synthesis conditions, and the resulting material properties observed in this

work.

Complex 1-H could be incorporated utilizing all three functionalization methods, as reported
previously.!!"12 47 62 However, the premade linker synthesis (PMLS) method is arguably the
most promising one for incorporation of this complex. This is because 1-PMLS showed the
highest Ru:Zr ratios (0.04 — 0.11), compared to 1-PSF (0.02 — 0.03) and 1-PSLE (0.03 — 0.05),
and because 1-PMLS retains a BET surface area of 2300 m?g™!, which is significantly higher
than that of 1-PSLE (1694 m?g!), and just slightly lower than 1-PSF (2457 m?g™!), as seen in
Table 4 (page 41).

Attempts of incorporation of complex 2-Na using the PMLS method led to a grey powder and
a flat UV-Vis spectrum (2-PMLS, Figure 28). Postsynthetic functionalization (PSF), on the on
the other hand, resulted in a defined DR UV-Vis spectrum for 2-PSF, which was similar to the
solution spectrum of complex 2-Na. For 2-PSF, it was also possible to directly prove that the
Ru(Il) complex was really incorporated as a linker in the MOF structure, using 'H NMR
analysis of the digestion solution (Figure 26), and SC-XRD (Figure 27). In addition, 2-PSF
showed a higher BET surface area (2346 m?g") than 2-PMLS (1996 m°g!) and 2-PSLE (940

m?g!). Therefore, PSF is the preferred functionalization method for complex 2-Na.

PMLS was also unsuccessful for the incorporation of complex 3-Na, as seen from the white
appearance and the corresponding UV-Vis spectrum (3-PMLS, Figure 28). Postsynthetic linker
exchange (PSLE), on the other hand, gave a dark maroon colored MOF (3-PSLE) with high
Ru:Zr ratios (0.21 — 0.23), which also exhibited a reasonable BET surface area (1405 m2g™).
Complex 3-Na is thus preferably incorporated using the PSLE method.

The challenges of incorporating complexes 2-Na and 3-Na using PMLS could be due to the
complexes not being stable under the synthesis conditions (120 °C and highly acidic solution).
Both complexes have a Ru-C bond that may be subject to protolytic cleavage. Thus, further
attempts to attain 2-PMLS and 3-PMLS were made with (independent) variations to the
procedure: 1) heating at 90 °C, 2) stirring while heating, 3) performing the reaction without

modulator, and (for 3-PMLS only), 4) using 0.2 equiv. of complex 3-Na instead of the standard
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0.1 equiv. None of the variations caused discernible changes in the appearance and colours of

the MOFs.

Complex 4-Na was incorporated using both PMLS and PSLE. However, 4-PMLS showed
higher crystallinity, BET surface area, thermal stability, and Ru:Zr ratios, compared to 4-PSLE.
Complex 4-Na is therefore preferably incorporated using the PMLS method. However, the
SEM pictures of 4-PMLS (Figure 24) indicate that there are Ru(Il) complex phases present on
the surfaces of the MOF crystallites. This does of course not rule out the possibility that

complex 4-Na is incorporated inside the MOF pores as well.

3.3. Photocatalysis

The culmination of this thesis was the testing of the prepared Ru(Il)-functionalized MOFs as
photocatalysts for CO; reduction. The expected product in the gas phase was CO (based on
literature reports, Table 1, page 17), which could be clearly separated using the GC setup
described in section 2.6. This gas is a desirable product since it can be further reacted in other

catalytic systems to produce a wide range of chemicals, such as methanol and various fuels.!'

The following discussion is based on experiments that were performed only once each.
Therefore, the uncertainties in the amounts of products are unknown. However, the numbers
obtained from calculations based on measurements of the reference gas mixture containing 0.1 %

CO are given.

The Ru(Il)-functionalized MOFs that were tested were 1-PMLS, 2-PSF, 3-PSLE, 4-PMLS,
and 4-PSLE. All MOFs were tested with H> gas as reducing agent, and 2-PSF and 4-PMLS
were also tested with TEOA (triethanolamine) in initial experiments. The materials that showed
significant activity for CO production were 4-PMLS and 4-PSLE. For 4-PMLS, this was
achieved with both H, and TEOA as reductant. Using H», the amount reached 1578 umol CO
per gram catalyst (hereafter referred to by umol/g) in 6 h (Figure 29, values are given in Table
2 on page 27). The two experiments using TEOA (the only duplicate in this work) gave 1816
and 2324 pmol/g in 6 h, respectively. 4-PSLE produced 821 pmol/g in 6 h using Hz, which is
approximately half of the production achieved with 4-PMLS (Figure 30). To the best of the
author’s knowledge, this is the first time H> gas is used for photocatalytic CO; reduction with
MOFs in liquid suspension. One previous report used H> gas in a solid/gas setup with a

Ti0,/UiO-66-NH2 nanocomposite (Table 1, entry 23, page 17).%” One advantage of using H»
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instead of TEOA is that the liquid phase can be readily characterized by NMR (avoiding the
intense peaks from TEOA in the spectrum) or by GC with liquid injection (TEOA has a boiling
point of 335 °C, which makes GC analysis challenging). However, GC analysis of the liquid
phase was not performed in this work. Another advantage of H> over TEOA is that
decomposition products of TEOA that could react with the MOF or the reaction products are

avoided.
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Figure 29. CO production as a function of time for the systems: MOF photocatalyst 4-PMLS in light and in darkness,
pristine UiO-67, complex 4-Na, 4-PMLS without purging of CO:2 (only Hz), reuse of 4-PMLS, and 4-PMLS with the use
of TEOA (triethanolamine) instead of H> (two experiments).
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Figure 30. CO production as a function of time for 4-PMLS and 4-PSLE, using H: as reductant.

The product formation is reported in units of pmol/g (and not TON) because it is unclear which
species is the actual catalytic site, or the amount of it that is available for reaction. It is also
possible to calculate the conversion of CO2 (how many percent of the CO2 molecules that are
reduced to CO) if one assumes that the only reaction product is CO and that this actually
originates from the CO; added to the system. This is calculated by dividing the percentage of
CO in the reaction headspace (calculated based on calibration gas measurements) on the
percentage of COz in the gas that is bubbled through the system before reaction (1/7 = 14.3 %
when using Hz, 100 % when using TEOA). For 4-PMLS using H», the conversion then becomes
0.216 %. For the two reactions with 4-PMLS using TEOA, the conversion becomes 0.036 and
0.045 %, respectively. Thus, since the percentage of CO; is lower in the experiment using H»

as reductant than in the experiments using TEOA, the conversion is actually higher in the former.

The origin of the detected CO was investigated using isotopic *CO> instead of normal CO; in
the experiment with 4-PMLS using H» as reductant, for analysis by mass spectrometry (MS).
The ratios of the integrated areas of the curves of the m/z 29 and m/z 45 signals over time for
the five reference measurements was on average 0.116, with a standard deviation of 0.002. This
standard deviation is thus on the same order of magnitude as the estimated conversion of CO»

to CO. It is therefore no significance in the measured ratios of the m/z 29 to m/z 45 signals in
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the photocatalytic experiments using '*CO,. Thus, it is neither proved nor disproved that the

produced CO originated from the CO added to the reaction system.

The observed CO production is compared to previous reports by calculating the formation rates
in units of umol/g-h (umol CO per gram catalyst per hour). At 6 h reaction time, 4-PMLS
produces CO at 263 umol/g-h with H» as reductant, and 303 and 387 umol/g-h with TEOA as
reductant, while 4-PSLE (with H») yields 137 pmol/g-h. The product formation rates in Table
1 (page 17) with the same unit for CO production are quite spread. Some of the studies reported
values that are not too far from the values in this work: 88 (entry 1), 46 (entry 9), 218 (entry 11),
and 201 (entry 19) pmol/g-h. Thus, the CO formation rate catalyzed by 4-PMLS is in agreement
with comparable literature values. Entries 21 and 23 in Table 1 reports 1 and 4 umol/g-h,
respectively. Although these values are much lower than herein and the rest of the literature,
these two are the only ones conducted solely in gas phase. There are also some reports with
much higher CO production rates (in pmol/g-h) than the rest: 358952 (entry 6), 1666 (entry 24),
4373 (entry 25), 59200 (entry 26), and 3890 (entry 29). It is pointed out that the masses of the
MOF catalysts used in these cases were 0.23, 3, 3, 1, and 1 mg, respectively.

The CO production rates for the MOF catalysts in this work decreased with time of reaction,
consistent with literature reports (Table 1), and probably due to an approach toward chemical

equilibrium.

After centrifugation of the reaction mixtures of all the Ru(Il)-functionalized MOFs, the liquid
phase was clear (illustrated in Figure 31 for 4-PMLS). This indicates that no significant amount

of their Ru(Il) complexes had leached into the solution during the photoreactions.

el

Figure 31. The reaction mixture of 4-PMLS after photoreaction (with H: as reductant) before centrifugation (left) and
after centrifugation (right).
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The experiment with 4-PMLS using H> was repeated in darkness (the reaction cell was wrapped
in Al foil), in which no CO was detected. This confirms the photocatalytic nature of the reaction.
As additional reference experiments, pristine UiO-67 and complex 4-Na were tested. UiO-67
produced 605 umol/g after 6 h of reaction. This indicates that the UV part of the visible light
could stimulate excitations in the MOF structure that could reduce CO,. This result is rather
surprising, given that 1-PMLS, 2-PSF, and 3-PSLE did not show any CO production activity.
It could be hypothesized that the incorporated Ru(Il) complexes in these MOFs hinders the CO-
molecules from adsorbing on active sites, or that they lead to unfavorable (photo-)chemical
processes. Among the reports in Table 1, only four have studied the activity of pristine UiO-67.
In entries 1, 20, and 21, no CO> reduction was observed. However, in entry 16, UiO-67 was
able to photocatalytically reduce CO: to both CO and HCOOH, with TONs of 1.1 and 2.9 in 6

h, respectively.>

Complex 4-Na did not give any production of CO. Thus, the combination of UiO-67 and 4-Na
in 4-PMLS and 4-PSLE is necessary for the activity seen for these photocatalysts. The
activities of 4-PMLS and 4-PSLE could arise from the appropriateness of complex 4-Na as a
photosensitizer, as reported for dye sensitized solar cells.!® '8 239 It was shown that this
complex has several excitations onto the ligands with carboxylate groups (Figure 12, page 36),
of which it has four. Thus, a significant amount of electron density could be injected into the

MOF structure via the carboxylate groups on 4-Na.

An experiment with 4-PMLS without the use of CO2 (only purging the reaction system with
H; at 30 mL/min for 1 h) gave surprising results. In this case, almost exactly the same amounts
of CO was produced as in the original experiment where CO2/H> (5:30 mL/min) was purged
through the system. One explanation for this observation could be that the H, purge did not
remove all the CO» already present in the system. Residues of CO; could be adsorbed in the
MOF pores and/or dissolved in the MeCN solvent (in which CO; is highly soluble). In this case,
only very small amounts of CO2 would be necessary for CO production to occur. This would
be interesting for industrial purposes, since the CO; gas (e.g. from the atmosphere) would not
need to be concentrated before the reduction process. Another explanation for the observed CO
production could be that the MOF catalyst decomposes during the photoreaction. For example,
the carboxylate groups on complex 4-Na could detach and subsequently be reduced to CO.
Interestingly, the ratios of the peak areas of CO; to N> in the gas chromatogram are
approximately five times higher in this experiment compared to reference measurements of air.

This is the case for all the injections, from start to end of the experiment. This rules out the
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possibility that all of the CO; seen in the chromatogram comes from the needle on the syringe.
The ratios of the detected amounts of CO> to CO (both were calculated from the same

calibration gas mixture) decreased steadily from 16 (start) to 2 (6 h irradiation).

Formation of reduction products without added CO is rarely seen in the literature (Table 1),
although some examples are worth noting. In entry 11, both HCOO™and CO (102 and 40 umol/g
in 18 h, respectively) were detected when only N> gas was purged through the system prior to
irradiation.'? In entry 16, it was observed that reducing the concentration of CO2 from 100 %
to 5 % did lead to almost the same production of both HCOOH and CO.> This was explained
by CO; enrichment in the pores of the MOF. In entry 28, the use of dry air (with 400 ppm CO»)
lead to production of CO (TON =27 in 10 h).’!

In order to check the catalytic stability of 4-PMLS, the isolated powder from the first catalytic
run was mixed with fresh CD3CN and purged with CO2/Hz (5:30 mL/min) for 1 h. This
experiment showed a lower activity (792 umol/g in 6 h) than the first run. This could be due to
incomplete recovery of the catalyst, possible decomposition of the MOF as mentioned above,

and/or that the powder was not as well ground as in the first run.

In all of the above-mentioned experiments, the liquid phase was analyzed by '"H NMR. The
expected products, if any, were formic acid (HCOOH) and/or methanol (MeOH). When using
4-PMLS with TEOA as the reducing agent, photocatalytic activity for the production of both
of these compounds was observed. In none of the other testing experiments in this work were
any of these products observed, except for 2-PSF with TEOA, in which traces of HCOOH could
be seen after 6 h in light. Figure 32 shows the 'H NMR spectra of the reaction solution for
4-PMLS at 1 h in darkness and 2, 4, and 6 h in light. The singlet peak at 8.45 ppm belongs to
HCOOH (or HCOO, since TEOA is basic), which was confirmed by spiking the sample
(addition of a small amount of the compound in question). This peak is only visible in the
sample taken after 6 h in light, which is the only one that was not diluted with CD3CN before
measurement. Figure 33 shows the same spectra at a different range of chemical shifts. The
singlet peak at 3.28 ppm belongs to MeOH, which was also confirmed by spiking the sample.
This peak is only visible in the samples that were taken at 4 h and 6 h in light, and the intensity
is higher in the latter (corrected for dilution). For the testing of 4-PMLS using '*CO> and H»,
the liquid phase was also analyzed by '°C NMR. There were no other signals in the spectrum
other than those belonging to CD3sCN and *COs, in agreement with the 'TH NMR analyses of

the same solution, and the one using normal COx.

59



To the best of the author’s knowledge, 4-PMLS is the first and only MOF to show
photocatalytic production of all three compounds CO, HCOOH, and MeOH.

With respect to the mechanisms for these photocatalytic reactions, some speculations are made,
based on previous studies. As mentioned in section 1.3, photocatalytic CO; reduction can occur
on the metal clusters, the linkers, or both. Several reports have suggested that Zr-oxo clusters
can contribute to this reaction, through reduction of Zr** to Zr** (entries 3, 15, 17, 27, and 30
in Table 1, page 17).7% 828390.92 Thys, the formation of CO, HCOOH, and MeOH observed in
this thesis could possibly be explained by the following mechanistic pathway. First, the
photosensitizer (complex 4-Na) absorbs visible light to form an excited state. This state accepts
an electron from TEOA or H» into the resulting vacant energy level. The high energy electron
in 4-Na is transferred to the ZreO4(OH)4'?" cluster, so that one Zr*" ion is reduced to Zr**. The
Zr>* ion then transfers an electron to COz to form COO". This species could obtain a proton
from the cationic radical TEOA™ (Figure 7d), or the proton that resulted from the initial
electron transfer from H> to complex 4-Na. Subsequent electron and proton transfers could then

lead to the different observed reduction products.
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Figure 32. "H NMR spectra showing the production of HCOOH in the reaction solution of 4-PMLS, using TEOA as
reductant, at different times: 1 h in darkness, 2 h in light, 4 h in light, and 6 h in light. The first three samples were
diluted fivefold before measurement. CD3sCN, 400 MHz.
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Figure 33. '"H NMR spectra showing the production of MeOH in the reaction solution of 4-PMLS, using TEOA as
reductant, at different times: 1 h in darkness, 2 h in light, 4 h in light, and 6 h in light. The first three samples were
diluted fivefold before measurement. The baseline of the spectrum measured after 2 h is inclined due to a neighboring
peak and its intensity is therefore divided by four. CD3CN, 400 MHz.
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4. Conclusions

This PhD thesis comprises three quite distinct areas of research: organometallic complexes,
metal-organic frameworks (MOFs), and catalytic testing. Although they were woven together
for the ultimate goal of photocatalytic reduction of CO>, the work done in each of them provides

additional insight that is scientifically interesting in a broader sense.

The study on the synthesis and characterization of the Ru(I) complexes in this work showed
that a range of different structures could be isolated through strategic choices of reagents and
synthesis conditions (Scheme 1 on page 31). The synthetic routes relied widely on ligand
exchange, and some steps included C-H activation with base to form Ru-C bonds
(cyclometalated Ru(II) complexes). It proved feasible to use MeCN as labile ligands for further
exchange with bipyridine (bpy) ligands or their ester-substituted derivatives. Once these ester-
functionalized Ru(Il) complexes were isolated, they were readily hydrolyzed into carboxylates
using equimolar amounts, or a slight excess, of NaOH (with respect to the total amount of ester
groups). It was also found that the order of coordination of the ligands affected the
stereochemistry of the product. This was explained by configurational reorganization of a five-
coordinated intermediate due to the high trans influence of the formally anionic carbon atom

bonded to ruthenium.

The electronic properties of the Ru(Il) complexes were experimentally investigated by UV-Vis
spectroscopy. Specifically, four of them (in which two were previously reported) were studied
and compared as potential photosensitizers. As intended, the cyclometalated Ru(Il) complexes
had absorption profiles that extended further into the visible region compared to the non-
cyclometalated Ru(Il) complex. This phenomenon was further studied with the use of time
dependent density functional theory (TD-DFT), in which the individual electronic energy levels,
and the intensities of the transitions between them, were calculated. These calculations were
then coupled with the experimental absorption spectra to assign specific electronic transitions
to the observed bands. It was shown that all the Ru(Il) complexes have electronic excitations
to virtual orbitals located on the carboxylated ligands due to absorption of visible light. This

makes them promising as photosensitizers in solid materials and/or in homogeneous reactions.

What makes these synthesized Ru(Il) complexes especially interesting is the linear arrangement
of their carboxylate groups, which makes them suitable for e.g. incorporation into MOFs. In
the second part of this thesis, the incorporation of the Ru(Il) complexes into the MOF UiO-67
was investigated through three different methods: premade linker synthesis (PMLS),
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postsynthetic functionalization (PSF), and postsynthetic linker exchange (PSLE). This resulted
in ten different synthesis systems. All of these were, to varying degrees, successful in
incorporating the Ru(Il) complexes into the MOF, while retaining its integrity (crystallinity,
pore volume, thermal stability, and crystallite shape). The only obvious failure was 3-PMLS,
which, with its white appearance and total reflectance of visible light, did not seem to have
incorporated any significant amount of Ru(Il) complex. In the case of the PSF systems, direct
proof of incorporation was offered by 'H NMR analysis of the solutions of the digested MOFs.
This was because the signals from the respective Ru(Il) complexes, which were not used as
reagents in the PSF reactions, were observed in the spectra, while those from the Ru(II)
precursors used in the PSF reactions were not observed. Additional evidence of incorporation
was provided by single crystal XRD of the MOFs, which showed that ruthenium was
chemically bonded to the bpydc linkers. The diffuse reflectance UV-Vis spectroscopic
measurements of the Ru(Il)-functionalized MOFs qualitatively showed the same absorption
profiles as the respective molecular Ru(Il) complexes. Thus, these MOFs are potential visible
light photocatalysts, either by themselves, or in combination with other components such as

molecular catalysts or semiconductors.

The photocatalytic testing experiments led to some interesting results. Even though 1-PMLS,
2-PSF, and 3-PSLE did not show any significant activity for CO2 reduction, 4-PMLS was
found to catalyze formation of CO, HCOOH, and MeOH, while 4-PSLE catalyzed formation
of CO. Hydrogen gas was utilized as reducing agent for CO formation, which is, to the best of
the author’s knowledge, the first time this has been reported for photocatalytic CO» reduction
using a liquid suspension of MOF. Employing mass spectroscopic analysis of an experiment
using isotopic '*CO> did neither prove nor disprove that the observed products were actually
formed from the CO> added to the reaction system. However, it was shown that light was
essential for CO formation, and that complex 4-Na could not catalyze this on its own. Pristine
UiO-67, on the other hand, did show some activity. Based on these results, it is evident that

UiO-67 represents an interesting platform for further photocatalytic studies.
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5. Outlook

There is a lot of further work that could be done in the areas that have been focused on in this
thesis. Regarding the synthesis of Ru(Il) complexes, a couple of reactions would be interesting
to attempt: 1) Reaction between 5-Et (Scheme 1, page 31) and only 1 equiv. bpy. This could
yield a complex that, after hydrolysis of the ester groups, could be integrated into a MOF while
still having two labile MeCN ligands coordinated. 2) Coordination of 2-(p-Tolyl)pyridine or
4-(3,5-dimethylphenyl)pyridine to Ru(Il), e.g. by using them instead of ppy in the synthesis of
[Ru(ppy)(MeCN)4]PFs. This should provide additional electron donation to the Ru(Il) center,

which again should lead to even larger bathochromic shifts of the absorption profiles.

It would be of further interest to investigate the synthesis of Ru(Il) complexes with two Ru-C
bonds. This was discarded for this thesis since the only reports on such structures in the
literature involved transmetallation reactions with mercury.!!! Thus, the development of more

environmentally friendly pathways is desirable.

It would be worth to attempt postsynthetic functionalization (PSF) of UiO-67-bpy with
[Ru(ppy)(MeCN)4]PFs. Ideally, this would lead to a Ru(Il)-functionalized MOF product where
the integrated Ru(II) complex has two MeCN ligands coordinated. Alternatively, the use of the
carboxylate/acid analogue of complex 6-Et (Scheme 1, page 31) in premade linker synthesis
(PMLS) could give the same MOF product. These situations would be similar to using the
complex mentioned above (reaction 1) as a linker in PMLS, except that in this case, the Ru-
bonded C atom would be located the carboxylated ligand (the linker part of the complex). A
MOF functionalized with these complexes could be useful for further catalytic reactions

involving the two labile MeCN ligands on Ru(II).

Electrochemical characterization of the Ru(Il) complexes and the Ru(Il)-functionalized MOFs
could be performed to complement the UV-Vis measurements. This could be done both with
and without COz in the system in order to study the potential electrocatalytic properties of these

complexes and MOFs for CO; reduction.

X-ray absorption fine structure (XAFS) analysis could be employed in order to obtain additional
insight into the coordination environment of the Ru(Il) centers in the complexes and the

corresponding functionalized MOFs.
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The origin of the observed CO in the photocatalytic CO; reduction experiments should be
further investigated. Even though significant results were not obtained in this work, the use of

a higher catalyst loading could lead to a production high enough for mass spectroscopic analysis.

The liquid phase in the photoreactions could be analyzed by gas chromatography (GC) as it

would be advantageous to use the same analysis method for both gas and liquid phase.

Electron paramagnetic resonance (EPR) spectroscopy could be employed to detect possible
short-lived species in the MOFs, such as Zr’*, which has been reported in the literature as

catalytically active sites for photocatalytic CO, reduction.”

Other chemical systems would be interesting to test for photocatalytic CO> reduction. UiO-67
has been functionalized with a Re(I) complex and NH»-groups to achieve this reaction.® The
same been observed for Ui0-66-NH,.” Thus, it might be that UiO-67-(NH2)x (x = 1 or 2) would
be an active photocatalyst for CO; reduction. This MOF could also be combined with the Ru(II)
complexes in this work in order to achieve supreme light absorption and possibly photocatalytic

activity.

TiO; is a known photocatalyst for CO, reduction,®® although it is only active in UV light.
Several studies have combined nanostructures of TiO, with MOFs in order to utilize the
properties of both components.?” ''211* This could also be investigated for the MOFs in this

thesis.

In order to enhance the photocatalytic properties of the Ru(II)-functionalized MOFs in this work,
a possible strategy could be to further functionalize them with metal centers like Fe, Mn, Cu,
Mg, and Co. Fe(Il) and Fe(IlI) complexes that show fascinating photophysical properties have
recently been developed.!!3!1¢ The exchange of the Ru(Il) complexes studied herein with such

complexes would be interesting due to the higher abundance of Fe than Ru in the earth’s crust.

Photocatalytic testing in gas phase should be pursued for the Ru(Il)-functionalized MOFs in
this work. MOFs are known as effective gas adsorbents, and this setup would pave the way

toward industrial utilization of these photocatalysts.

The Ru(Il) complexes synthesized in this thesis could also be appropriate structures as
photosensitizers in other systems than MOFs. For example, the linear relative arrangement of
their carboxylate groups could be beneficial for grafting them between or inside inorganic

nanotubes.
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