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Abstract

Chapter 1: The unique chemical and biological properties of porphyrins have led to increased
interest in the development pbrphyrinbasedmaterials Metal organic frameworks (MOFs) can

act as a scaffold for the immobilization of porphyrins in desired arrangements. The crystalline
nature of MOFs allows for control over spatial arrangement of porphyrins and the local
environment of the porphyrin molecsleThis opens up the possibility of conducting systematic
studies aimed at exploring structypeperty relationships. Several strategies for the design and
synthesis of porphyribased frameworks have been developed over the last two decades, such as,
the pillared-layer strategyconstructionof nanoscopic metabrganic polyhedrals (MOPS), pest
synthetic modificationetc. These strategies provide an opportunity to engineer porgiased

MOFs that can target a specific application or serve as-fouakttional assemblies. Porphyrin

based MOFs provide a tunable platform to perform a wide variety of functions ranging from gas
adsorption, catalysis and light harvesting. The versatile nature of these frameworks can be
exploited by incorporating them in muftinctional assemblies that mimic biological and
enzymatic systems. Nastbin film fabrication of porphyrirbased MOFs broadens their
application range, making it possible to use them in the construction of photovoltaic and electronic
devices.

Chapter 2: The reaction of zconium salts with mestetracarboxyphenylporphyr{iTCPP)in the
presence ofifferent modulatos results in the formation of a diverse set of metaganic
frameworks (MOFs), eadftisplaying distinct crystalline topolas However, syntésis ofphase

pure crystallindrameworks is challenging due to thencurrenttormation of polymorphsThe

acidity and concentration of adulator greatly influence the outcome of the MOF synth&sjs



systematicallywaryingthese twgparametersselectiveframeworkformation can be achieved. In

the present study, we aimed to elucidate the effect of modulator on the synthesisratiat

based TCPP MOF&Vith the help of pwde X-ray diffraction (PXRD) and@anning electron
microscopy (SEM) modulator candates and the optimalynthetic conditions yieldinghase

pure PCN222, PCN223 and MOF525 wereidentified. tH NMR analysis, TGA and Ngas
sorption measurementsere performed on select MORs gain insight into the relationship
betweertheir defectiviy and modulator properties.

Chapter 3: Singletsinglet energy transfer IRCN-223(freebas@, a highly stable ZMOF based

on mesatetrakis(4carboxyphenyl)porphyrinwas investigated, using diffuse reflectance
spectroscopy, Steaebtate emission spectroscopy, thowrelated single photon courgin
(TCSPC) spectroscopy and naroond tansient absorption spectroscophhe effects ofthe
surrounding media and temperawan the excitedtae properties of PCR23(fb) wereexplored

to understand the mechanistic aspects of energy transfer-\&tener photoluminescence
guenching of PCN23(fb) suspensions was performed to extract quenching rate constants and
gain insightinto the efficiency of energy transfer.

Chapter4 The fourth chapter of this t heERbosation s ada
and Applications of MetaDrganic Frameworks a u t hJerZleudShduak Shaikh, Nicholas

J Mayhall and Amanda J Masr This chapter @mmariza the fundamental principles of energy
transferin MOFs andprovides an overviewof energy transfer in lanthanidased liminescent
MOFs Ru/OsBased MOFs porphyrin and metalloporphyriibased MOF rmaterials and

nonporphyrinic, aganic chromophoreased MOFs



General AudienceAbstract
Metal Organic frameworks (MOFs) composed Zifconiumoxo clusters connected through
mesaotetra(4carboxyphenyl)porphyrin (TCPP)nker moleculeshave emerged as promising
solid-state materials because of their unique structural features and diverse appligttiongh
theseMOFs have demonstrated great potential over the ysgmthesizing them in phageire
form has proven to be very challeng as they are susceptible to polymorphism. Syntheses of
these frameworks often result in phase mixtures and have poor reproducltuliggidress, this
issue, we onducted a systematic exploration of the synthetic parameter landscape to identify
reactionconditions for the synthesis of phgsare 4drconiumbased porphyriMOFs, and to gain
deeper insights into the factors governing the formation of these M@é-also nvestigated the
defectivity of pristine ZITCPP MOFs using a variety of techniques,luding *H NMR
spectroscopy, thermogravimetric analysis (TGA), inductively coupled plasma mass spectrometry
(ICP-MS), and Ntrogen gas adsorption/desorption measuremente long-term goal of this
project is touse phas@ure Zrbased porphyrin MOFs as meldsystems to study energy transfer
in three dimensionatructuresTo achieve this goal, wénaracterized the photophysical properties
of PCN-223(fb) (a Zr-based porphyrin MO}usinga variety of techniques includirgjeadystate
photoluminescence speascopy, timeresolved photoluminescence spectroscopy, nanosecond
transient absorption spectroscopy and femtosecond transient absorption spectroscopy.
Understanding the mechanistic aspects of energy tran$?€&N-223(fb) can pve the way for the

designof a new generation @&olar energy conversion devices.
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Chapter-1
Porphyrin based frameworks materials design, synthetic strategies, and

emerging applications
1.1Introduction -
Metal Organic frameworks (MOFs) are compos#dmetal centers or metal oxide clusters
connected through organic linker molecules to give crystalline structures with a network of
interconnected pores and channels. The organic linkers provide synthetic tunability while the
inorganic nodes provide rokingss and mechanical stability to the structu@wing to their
ordered crystalline structure, diverse topological features amdl-defined chemical
functionalities, MOFs have shown immense potential for applications in drug delféry

catalysis>® light harvesting'® gas storagé®!'and gas separatidf(Fig. 1)

"‘% Gas adsorption

‘ Molecular separation

‘ ‘ Sensing

- ‘!{% Drug delivery

Metal-organic framework (MOF)

lon exchange

Catalysis

o + \\
Metal ions or Bridging

metal clusters ligands

Luminescence

Figure 1. Schematic illustration of a metalrganic framework, assembled from organic linkers and metal atmeswith
its applicatiof

Porphyrins and their metaHderivativesplay a vital rolein severalbiological systems
They perform essential biochemical, enzymaditd photochemical functions in natural systems
like catalase, peroxidases and P450 cytcia!® Due to their high thermal and chemical
stabiliies, robust nature, and facile synthethgy have also found use in the developmeanhtf
cance drugs caalysts semiconductors, superconductors, electronic matesiatinonlinear optical

materials‘¥ 1° Given that the electronic and optical properties of porphyrins and metalloporphyrins can


javascript:popupOBO('CHEBI:35223','C2DT11989G','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=35223')

be syntheticd tuned, incorporating themin coordination architecturebke MOFs offers the

opportunityof mimicking their diverse biological functionalities.

There has been a rapidogth in the field of porphyribased MOFs since 1980 The first
porphyrin based MOF was reported by Robson angar&ersin 19912° The Robson groubuilt a
threedimensionalnetwork consisting of Cd ion nodes linked throymgitladiumbased tetrapyridyl
porphyrin ligandgFig. 2). This was the first example of a heterometallic M@tere the metal ion
coordinated in the porphyrin core differed from thentity of metal ioncomprisingthe metal
node This seminal studtriggered the discovery of a wide varietypafrphyrinbased MOFsver
the next two decadek the years to comerdmework stability emerged as a key isaathe Cd
basedViOFsreported by Robson groupst their structural integrity and collapsed upon removal
of solvent molecules from the pords.1999, Lin reported the structure of SMIPalayered
frameworkbuilt via seltassembly ofetra(4pyridyl)porphyrinand Coll) or Mn(ll) metal ions! The
notable feature of this framewaikthe axial coordination of two adjoining porphyrin pyridyl groups
on the porphyrin metal centershich supportshe frameworlkand preventghe poresrom collapsing
upon solvent removalhe stability of framework after solvent remo@tl200 C was confirmed by
powder XRay diffraction (PXRD)Howeverthe metal center oordinated by founitrogen atoms of
theporphyrinandtwo nitrogen atoms of thedjoining porphyrin pyridyl group$eaving o open metal

sites for furthefunctionalization

One of the earliest attempts to build a functional porptbased MOF was made my Suslick and
coworkers, who reporteché structures of PIZA and PIZA3. PIZA1 (CoT(p-CO,)PPCas)
consists of an assembly of trinuclear Co{t§rboxylate building clusters linked throuGla(lll)

tetra(4carboxyphenyl)porphyrif? (Fig. 3)It possesses two setsabiannelspne that run alontipe
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Figure 2. A representation of Pgdorphyrin based framework built by Robson andvookerg?

Trinuclear
Cofll)-carboxylate
cluster

Co(lll)-porphyrin
building block \

Figure 3. PIZA-1 framework viewed along a ais
fbd andfico axes (9 x 7 A and the other one aloifigd axis (14 x 7 A). The walls of these large,
pervasive channels are functionalized by porphyrin metal centers that enspsbapesand functional
group selectiveadsorption of guest molecules. The evacuated host framework of Pliz#s exposed
to a series of lineamines, aromatic amines, picoline derivatives, and alcohols, followed by gravimetric
thermal desorption to monitor selectigas adorption. By comparing the uptake capacity towards
different guest molecules, it was revealed that P1lZdemonstrated sizand shapselective sorption

for less sterically hindered and more polar compo(ffds4). In addition, PIZA1 was shown to have



an exceptionally high, rapid water uptake capacity and retained its structural integrity even after 10

adsorptiordesorptiorcycles.
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Figure 4. Size, shapg and functionaroup selectivityf PIZA-1 as probed by thermal desorption of guest mole€ules

PIZA-3 was the first reported porphysrased framework that showed catalytic activity. REZA
consists of Mn(lll) tetra(4arboxyphenyl)porphyrin coordinated to béribuclear Mnclusters™
(Fig. 5) PIZA-3 was found to be a capable oxidation catalyst for hydroxylation of a variety of

linear and cyclic alkanes and epoxidation of alkenes.

' 30.60 An'gstro'ms '
Figure 5.PIZA-3 network viewed along crystallographiexds. Solvate and coordinated DMF molecules have been removed
for clarity.?®



Despite the interesting selectiaesorption of PIZA1 and catalytic properties of P23\ they
are fairly limited in terms of theperformancend practical applicability?lZA-1 has a relatively low
surface area (BET surface acd 25 nf g ‘probed by nitrogen adsorption isothernajulting in low
porosity?2 Theconstraineanicroporous channets P1ZA-3 hinder theaccessibilityto catalytic centers
on theinterior of the framewdx, causing theatalysisto occurpredominantly on its exterior surface
This adversely affects thehape and size selectivity of the frameworktowards substrateand
substantially slows down the catalydxidationprocessln orderto circumventheselimitations, it was
highly desirable to build porphyrbased frameworkghat exhibithigh surface area arehhanced
catalytic activity.Research efforts aimed at developaggphyrinic MOFs with high surface area and
catalytic activity facd two majorchallenges: (1) pore collapdee to the large open poyé®) additional
coordination to the metal inside the porphysynother porphyrirunits effectively saturating all metal
sites® Efforts directed towards synthegisebase MOFs followed by melaiion of porphyrins via
postsynthetic modifications to generate open metal sites were unsuccessful dueetal¢ney of
unmetalted freebase porphyrin to coordinate to metal ions intendedrietal node(secondary

building uni) construction
1.2 Synthetic Strategies fo building functional porphyrin -based MOFs

1.2.1 Pillaredlayer strateqy

In recent yearssynthetic strategiaavolving the formulation of desired porphyrin&rchitecturesia
judicious selection of metal nodes and custsigned porphyrins and metalloporphyrimsve
received much attention from the scientific community. One Stuategythat has been widely explored
is theii p ietHl aay er .sThisrsaategygnakes use bfpi | | ar torconnexithel twe- s O
dimensional layers coprisedof metal clustergoften referred to as paddlewheahd porphyrin

linkers?* Ditopic pillars like bipyridine analogueshave been used extensivaly interlink the



unsaturated sitesn the 2D layers to form thr@Bmensionalpillared layer framework Such an
arrangement provides threeustural variables (porphyrin, paddlewheel, and pillar) that can be altered

to systematically control topology andrpcsurface. In case of metallated porphyrins, theréheze
possiblepillaring schemesone heterogeneous AB (porphysio-paddlewheel) connectioand two
homogeneous pillaring connections: an AA (paddlewteepla d d | ewheel ) connect i ¢

(pomphyrinto-porphyrin) connectiofFig. 6).

gy

(<)
Figue6. The three types of possible pillaring ipyridneagement s
ligand. (a) Heterogeneous AB, (b) horfogeneous AA, and (c

Choi and ceworkers showed that the coordination geometry of the metal center of the porphyrin
governs the stacking sequence of the 2D lalggtalloporphyrins witldifferent metal centef€o, Zn,
and Pd) were used in this study, each represefting and 4 connected metaloordination
respectively.These metalloporphyringlong with metal clusters (COO}), (M = Zn or Co)and
bipyridine pillass yieldeddifferent stacking patterngepending on the coordination environment of the
metal center. PAd®) has a square planar geometry arefers homogeneous pillaring such as that
observed in PRB (Fig 7). On the other han&n?* and C&" prefer heterogeneous pillarisgch as that
observed inPPF3 and PPR.2* Among the three stacking patterns, the AA pattern is considered
desirable for applicatiortargetingchemically activgporphyrin metal centera MOFs This has led to
the development of synthesis strategies that favor the formation of AA patteriABvand AA;

patterns For example, sing a sterically hindered pitla | i Klimeth@4 ,2jjdine enables



selective coordination of the paddlewheel metal greSteric effects induced due to the
introduction of methyl groupsake the coordination interactions between pyridyl groups and
porphyrin metal centers unfavorable, leadindaionation of AAtype patterns witlpotentially

redox activeporphyrin metal centers.

\.:'L-. el """‘""

T i‘-&",°

c d e
Figure 7. The 2D sheets are pillared witipiridineto give (c) PPR (Co), (d) PPH (zZn), and (e) PRB (Pd). The resulting
stacking arrangements are dependent on the preferred coordination geometry of the porphyrin métal centers

Porphyrinscannot only act as paddieheel building units, but ab aspillaring ligands
Hupp and ceworkersusedfree-base dipyridyl porphyriras pillarsand a tetratopic carboxylate

(1,2,4,5tetrakis(4carboyphenyl)benzeneds struts to construct a highly porous ZaRMOF.2°



The ZnPOMOF featured a high degree of porgsiand contained fully reactaatcessible
metalloporphyrin sites. It was also tivst metalloporphyrifdbased MOF to show catalytic activity
in the interior of thenaterial.lt is worth noting that attempts to extend this approaafctarporate
catalytically more active metals like Mn(lll) were thwarted by the propensity of Migdiphyrin
to form 2D networks in which the intended active site serves as an ayxlale

Synthesis of MOFs witltatalytically activeFe- or Mn-porphyrin sites i€hallenging because
these metals tend to prefemta or hexacoordinationwhich results ifigation of both the paddlewheel
and porphyrin metal siteBlupp and ceworkers sed two strategies to avoid this probfrfihe first
strategy involved using a tetracarboxylated porphyrin ligagdrflconjunction with a bulkdipyridyl
porphyrin pillar (L2) to create a structusgith as few pillars as possibl&etracarboxylategorphyrin
ligandsare knownto produce MOFs a@rticularly sensitive to steric effectsading to the preferential
formation ofnontinterpenetrated structuré@he steric bulk associated with dipyridyl poypin ligands
should prevent pillar coordination with metal centersavppyrins. The second strategyploits the
differencesin solubility of thepyridyl- and carboxylateporphyrin strutsBy choosinga mixtureof
solventsn which thetetracarboxylat@orphyrinhasa muchbettersolubility thandipyridyl porphyrin
(1:1 v/iv DMF/EtOH) the growing 2D sheetsf MOFs have access to a lowssncentration of the
dipyridyl porphyrin units This shoulddlow the pillars to coordinatéo morefavorable sites,.e.
paddlewheel steHuppd6s group successfully | mpdmeraouent ed
metalloporphyrins \In®*, F&*, Zn?*, Pd*, and AI®* complexes)n highly stableand porousMOFs

called RPMs (robust porphyrinic materia($)ig. 8)
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ZnMn-RPM AlZn-RPM FeZn-RPM

Figure 8. Top left: A schematic representation of a generic RPM unit cell, based on sheet formation by the tetraacid ligand
(Lo pillaring by a dipyridyl strut (k). The grayblack spheres are the paddlewhsmrdinated zinc nodes. Top center and

right: Sructures of the porphyrinic strutsi(and L) used to synthesize the RPM series. Bottom: Crystallogagdiyed

stick representations of the unit cells of three RPMs

1.2.2 Construction of nanoscopic metabrganic polyhedrons (MOPs)

Another strategy fordesigning and synthesizing porphyriffiameworksis the construction of
nanoscopianetatorganic polyheddl (MOP)cagesn MOFs. The MOPcageserves as aecondary
building block(SBB)that supportsie structure of MOF and can bedtionalizedn order to optimize
interactions with guest moleculdshe °~ el ectron rich walls of thes
metal sites confined in a nanospace makesVIORbased porphyrinic frameworksghly versatile
materialsMa and ceworkers were the first to show that the vettiaking of isophthalate ligands with

metal paddlewheel clusters {&0O0), (M = Zn, Cu, Co)allows generation of several type of faceted
MOPs. In 2011, they reportedMMPF-1 (the firstexample ofa MOP-basedVIOF), built from 5,15
bis(3,5dicarboxyphenyl)porphine (bdcpp) aditopper paddlewhegiode (Fig. 9.2 In each cage,

there are ®pen Cu siteassociated with metallated bdcpp ligand and 8 open Cu sites associated with
the dicopper paddlewheel cluster. All 16 open sites point towards the center of the cage, resulting in a
very high density of open metal sites (~7 open metal sites pirMmard coworkers later used
customdesigned  ligand  5,1bis(3,5dicarboxyphenyhl0,20bis(2,6dibromophenyl)porphyrin

(dcdbp) and a dicopper paddlewheel SBifbton MMPF-3.2° Interestingly MMPF-3 is compriseaf



three types of polyhedral cagesibohemioctahedron, truncated octahedron and truncated tetrahedron

that are connected together to form a 3D framework.

l
-
=

Figure 9. (a) lllustration of linking bdcpp ligand and dicopper paddlewheel to form the irregular rhombicaetcaltzdge
(MOP). (b) MOPsserving as SBBs to form the MMPRramework®

In 2012, Ma andco-workers also designed an approach to build porphyrinic frameworks having
SBBs with high connectivity and high symmetmhich wasa rarity at that timeBy connectinghe
triangular Za(NOs)2 or Cah(NOs)2 moietiesby square planar tetrakis(3¢kcarboxyphenyl)porphyrin
(tdcpp)units MMPF-4 (Zn) and MMPF5 (Cd) were constructefig. 10.3° The SBB h MMPF4 and
MMPF-5 is a small gbicuboctahedron composed of the faces of stidépp/Cdtdcpp moieties that

are linked by eight Z(CO,)s/ Cch(NO3): units

Figure 10. a) Tdcpp serves assquare SBU; (b) ZCQO;)s paddlewheel moiety serves as a triangular SBU; (c) the small
cubicuboctahedron in MMP& is formed by 6 square Zidcppunitsand 8 triangular Z4CO,)s units™

The utilization oimetatoxo clustersvith high ymmetry and higleconnectivityas SBUsllows
formation offrameworksthat incorporatenanoscopic polyhedral cages illustratedoy Zirconium
based porphyrin MOFs likelOF-525, PCN222 and PCN223 (Fig. 11)3¥33 MOF-525, reported by
Morris et al., is assembled by thed@hnected zirconium cuboctahedral SBUW(Z(OH)4(COy)12, and

5,10,15,2@etrakis(4carboxyphenyl)porphyrin (tcpgj It consists of two types of polyhedral cages.
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The smalkrcage adistorted octahedron withcavity diameter oD1.1 nm, comprisesf two Zr SBUs

in the horizontal direction and four tcpp ligands linked to the two SBUs. The other cage, a cube with
edge length dD2.0 nm, consists of eight Zr SBUs at the vertices and six tcpp ligands at thE@des

222 consists ofZrs nodes connectetb 8 tetracarboxylate linkers with the carboxylate groups
adopting a bridged conformatiddnlike the 12connected Zrcluster observed iINMOF-525,only
eightedges of the Zroctahedron are bridged by carboxylates ffo@PP ligands in PCR22,

while the emaining positions areccupied by terminal hydroxy groupsConsequently, the
symmetry of the Zrclustersis reduced from ©to Dsn. The additional space engendered due to
the reduction in symmetry results in tfeemation of mesopore®CN-223, inparticular, has a

very unique structurelt consists of unprecedentedsdDsymmetric [Z§04(OH)4*?* nodes
connected to 12 TCPP linkersgpresenting the first (4,22)onnect ed MOF wi t h
topology3® PCN-223 contains uniform triangular 1D channefsl2 A in diameter delimited by

three Zg units and three TCPP linkerSince Zr(IV) fails to metdhte the porphyrin during the
synthesis of MOFB25 PCN222 and PCN223 the porphyrin remainis thefree-baseform andcan

be metallatedThis opens ughe possibility of functionalizing these polyhedrajedy metalating the

porphyrin with various metal ions.

s SN » SIS *) i b
= 2N - e & A
1 ;
opct s & o -
g8 s s * * Wik
1 oWt N Ho—Apo— it
MOF-525 PCN-222 PCN-223

Figure 11 Examples of ZMOFs based otetrakis(4carboxyphenyl)porphyrin

1.2.3 Post synthetic modification

Postsynthetic metalation has beasedto introduce a wid&ariety of metalsn free-baseporphyrinic

MOFsto furnish desired functionalityn a similar approach, metal ions weakly coordinated to the

11



porphyrin core can be exchanged by other suitabldsieta are catalytically activé Postsynthetic
ligand exchangéasalsobeen observed in pillared porphyrinic MOFs, where the dipypiigring

linkers are replaced by molecules with similar strucitired single-crystal to singlecrystal
transformationcan also be achieved via gst synthetic ligand exchangBig. 12 illustrates how
introduction obipyridinelinker to crystals oPPF18 andPPF20transformghem to PPR27 and PPF

4, respectivelyThenew framework retainthe topology of thie parent framework

i*vé&%
55888 o 13833
(a) — i
Viﬁ% 36388
%é%?%v PPR.27
'PPF-18
TEEY
R XY R T T
T R I A g‘sg‘;g
I
(b) - ¢ J»,,‘),
1] £,3,8,8.8
[ % % PPF-4

PPF-20

Figure 12. Introduction of the bridging linket , -Bigyridineto crystals of (a) PRE8 and (b) PPR0, transforming them to
PPF27 and PPH |, respectivel y. Bl ueandn dfi BBd nlka ybearnsd,s rreesppreecsteinvte | F
topologies in PPAS and PPR0 are retained in PP and PP, respectively, showing a templating efféct

1.3 Applications of porphyrinic MOFs
Porphyrinic MOFs haveliverse set oapplicationsin the fields of guest molecule adstion and
separation, catalysis andnathin films.

1.3.1Guest molecules absorption and separation

Initial studies dealing with functional microporous behavior of porphyrinic MOFs were inspired from
similar studies on inorganic Zeolites. As discussed before, RIxas the first porphyrinic MOF to
exhibit size, shapeand functional groupselectiveadsorption behavior for a series of linear amines,

aromatic amines, picoline derivatives, and alcoffé¥ZA-1 hasa much higheaccessible pore volume

12



thanwell-known molecular sieves like Zeolite 4Fhe hydrophilic nature of its constrained pores made
it an efficient desiccant for the selective drying of common organic solvents (foplexdenzene,
toluene and tetrahydrofuran). However, it is it is still considerably limited by its relatively low surface
area (125 rig). Since the discovery of PIZA, severalbreakthroughshave been madm the
preparation ofporous porphyrirderived MOFs with improved gas uptake capacity and separation
ability. For examplePPF1 was shown to havpermanent microporosityconfirmed by a typ¢
nitrogen sorption isotherm at 77 K with a surface area of 622¢gfm

MMPF-1, the first MORbased MOFReported by Ma and eworkers,selectively adsorsoH>
and Q over N, and CQover CH. A significant differencés foundin the amount of N(5 cn/g) and
H> (50 cn¥/g) uptake at 77 K and 760 TéfGas adsorption studies conducted at 154 Torr (saturation
pressure of @) revealed an Quptake of 45 crilg, much higher than that ofNFigure13a)). It was
also foundout that at 760 Torr, MMPE can take up a largamount of CQ(80 cn¥/g) as compared
to CHs (18 cn¥/g) (Figure13b)). Theselectivity ofMMPH i s attri buted to its
i, which excl ude s(kiheticrdigneeter 3mo6l 4e cjuyl( dasnrdleitCiHe M i a me't

i) but all ows entry2(kfi nemalcl edri amtek 2o e t~e e2 . Bi%9& me

3.46 | k( kinetCiOc di ameter ~ 3.3 j).
—a—N, 80
91 ° M2 T
:"’ s < :Q 60
3 £
23 7]
» ™ >f 201
4 eet®
0= g . , [} SSal— i : ,
0 200 400 600 800 0 200 400 600 800
P (torr) P (torr)
(a) (b)

Figure 13. Gas adsorption isotherms of MMRFat (a) 77 K an¢b) 195 K&
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1.3.2Catalysis

Porphyrins and metalloporphyrirzgge widely accepted dsomogeneous catalysts possessing high
catalytic activity towards the hydroxylation of alkarmsd epoxidation of alkene84OFs that
demonstrate high porosity and incorporedgalytically activeporphyrinsmetalloporphyrins as struts
can serve asize and shapeaelective heterogeneous catalydts addition the recyclability ofthe
heterogeneous catalyssanattractiveattributein largescale reactionsvolving separatiorprocesses
and waste disposaDepending on the mechanisnvolved the catalytic reactions carried out using
porphyrinic MOFs can be dded into three main categoriexidation catalysis, Lewis atcatalysis,
andphotocatalysis.

1.3.2.10xidation catalysis

MMPF-3, aMOP based porphyrinic framework with a high density of open cobalt sites has
been tested for its catalytic performance in the epoxidation ofdtitimene?® Oxidaion reactions were
carried out with MMPR3 and other controls like homogenous Co(dcdbpM@F-1, PPF1(Co), and
MMPF-2 in the presence of an oxidafte(t-Butyl hydroperoxide (tbhg) MMPF-3 demonstrated
betterconversion efficiencyn comparison t@ll the controlsand alsanaintained its catalytic activity
for eight cycles without showing any signs of leaching of cobalt ion (active asitejructural
disintegration (Fig. 14).

Styrene epoxidation has been successfully demonstrated using homogeatabyst
5,10,15,2aetrakis(pentafluorophenyl) porphyivin(Cl) and the heterogeneous framework-RIaAM
prepared using this ligafd In the presence of-@ert-butylsulfonyl)iodosylbenzene as oxidante th
homogeneous catalyst was found to undergeoselfitive degradations, leading to its deactivation and

reaching the reaction equilibrium after 750 epoxidation turnovers. On the other hand, the heterogeneous
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framework can last for 2150 turnovers withowactivation This resultdemonstrateghat the

heterogeneous MOF catalysts asuperiorstability thanits ligand component.

O e O
=\ / \ /4 /\O07\ /
W catalyst <L'/>_y Y

.

o —&— MMPF-3

~&— Co(dcdbp)
~a— fcu-MOF-1
—v— MMPF-2
~4—PPF-1Co

-»— Blank

@
o
1

60 4

40 4

Conversion (%) ——

20 4

0 & 8 12 16 20 24

Time (h) —

Figure 14. Kinetic traces of transtilbene epoxidation catalyzed by heterogeneous MBJR®mMogenous Co(dcdbp), fcu
MOF-1, PPF 1Co, and in the absence of cat&fyst
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Figure 15. Catalytic oxidation of cyclohexa over Zr PCN-221(Fe) at 65 °CThe curves are to guide the eye dadhot

fit to the dat¥

Zhou and ceworkers have explored the catalytic oxidation of cyclohexane #suig221 (Fe),
a zirconium based metalloporphyrin framewdfka the presence of tbi{pxidant) the reaction
led to an almost quantitative conversion of cyclohexane into its oxidation productZACN

(Fe) afforded high selectivity fayclohexanone (yield of 86.9%)ercyclohexanol yield of
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5.4%) These results are ascribed to the high dens$igyailable Fe(lll) centers on the pore
surfaces of PCRe21 (Fe).

1.3.2.2L ewis acid catalysis

ZnPOMOF(Zn) is a robust frameworkpreparedusing thepillared-layer strategy, featuring
Zn(I)dipyridylporphyrin pillas andtertratopic carboxylate struté It has large pores with a
surface area of ~500%yg. The accessible Zn(IBitesincorporated on the surface demonstrate
excellent catalytic activity for an acykHtransfer reaction between-&tetylimidazole and -3
pyridylcarbinol. In comparisorto the uncatalyzed reactigrthe reaction rate is enhanced 2420
times. The remarkablecatalytic activityof ZnPOMOF(Zn)MOF is creditedto the Lewis acidic
Zn(ll) centerghat providecoordination sites to substrates asdistin pre-concentratingeactant
moleculesn MOF channels.

Thecapture and sequestratiohCC; is a novel method aimed at mitigating the high levels
of atmospheric C® It involves efficient chemidaconversion of CQ into desirable and
economically useful productdlotably, there has been an increased interest in the synthesis of
cyclic carbonates via coupling of epoxide with £Qyclic carbonates have wide applications in
pharmaceutical and firehemicals industryZhou and cenorkershave showrthatPCN-224(Co)
canactas a heterogeneoluiewis acidcatalystin the presence of additives for the production of
cyclic carbonates from GQand epoxidest 100 °C under 2 MPa pressiiféy. 16.3° PCN-224
(0.1 mol% loadiny yielded 42% conversion after 4 hows reaction timeand demonstrated
recyclabiity after three consecutive runs.

Concentrating Lewis acid sites in confined, accessible pores can promote strong
interactions with the substrate, which in turn promotes catalytic processes. Ma-andkers

executed this strategy using the MMPFramewvork, comprising of an octatopic porphyrin ligand
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Cu(11)5,10,15,2&tetrakis(3,5dicarboxybiphenyl) porphyrin (tdcbpp) and copper paddlewheel
SBUs®* It is a channeled structure featuring a high density of Cu(ll) sites within the confined
nanospace. The high density of open copptsssrenders MMPR as a highly efficient
heterogeneous catalyst for chemical fixation of.@@h epoxides at room temperature under 1
atm pressure, yielding 87.4% product in 48 h@Uiedle 1) Ambient reaction conditions not only
provide an opportunitio decrease the cost of efixation but also pave the way for development

of greener synthetic methods.

£ AT

ANt

3, A
s

PCN-224(Co)

Figure 16. Schematic showing PGRR4(Co) catalyzing a coupling reaction between &@l epoxid&

Entry Epoxides Products Yield (%)
[+]
1° ' 37 87.4
[+]
» A o o
2 49.2
]
a 2 )
3 80.3
o
4° s 30.5
o
¢ o 2 o4 N
5 - oA, 65.9
[+}
a o A 8D
6 o ° 29.7
0 o
7° o 86.4

4 Reaction conditions: epoxide (25 mmol) with MMPF-9 (0.03125 mmol),
n-Bu,NBr (0.58 g), at room temperature under 1 atm CO, for 48 hours.

The same reaction conditions as those when loaded with HKUST-1
(0.03125 mmol). © Reaction time was extended to 96 hours under the
similar conditions. ¢ The recyclability test of MMPF-9,

Table 1 Different substituted epoxides coupledWCG; catalyzed by MOFs at room temperature under 1 atm pressure
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1.3.2.3Photocatalysis

The highly conjugated structures of porphyrins and metalloporphyrins endows them with distinct
chromophoric properties and photocatalytic activities in the homogeneous phase. Incorporating
them into robust porous MOF=n induce electrortransfer reactionspotentially leathg to
improvements irtheir chromophoric properties and photocatalytic activitiesrphyrinic MOFs

can also be part of integrated assemblies taaty out electron transfer reactions to drive
photocatalytic reactionsRosseinsky and eworkers developeda multi-component system
comprising of porphyrinbased MOF/ethyleediaminetetracetic acid(EDTAplloidal Pt, to
demonstraténydrogenevolution from wate?® The porphyrirbasedmaterial,Zn-Al-PMOF, is
obtained from a hydrothermal reamxti of AIClz and freebase TCPP ligandiollowed by
metalation of porphyrin core. #fforded a surface area of ~140&/gnand exhibited higthermal

and chemical stabilitZn-Al-PMOFserves as an antenna to harvest light and inject electrons from
the sacrificial electron donor of EDTA to catalytically active centers of Pt. The multicomponent
system shows heterogeneous photocatalytic actewtylving hydrogen from ater inthe visible

light range (Fig. 1)

visible light

Figure 17. The photocatalytic reaction using Zn insertedPMOF and colloidal Pt

1.3.4Nano-thin film fabrication
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In order to apply MOFs in nanotechnological devices, it is necessary to implement them as
as thin films.Because of their versatility and functionality, porphyrins present tremendous
potential as building blocks of MOF thiilms. However, he literaturedealing with fabrication of
porphyrin/metalloporphyrin  MOF  thin  films is scarce as compared to
porphyrinicietalloporphyriAlbased MOFsThe first attempt to fabricate a MQfanathin film
was made in 2010 bKitagawa and cavorkers They reporteda facile bottomup fabrication
techniqudor growing a MOF thin film that is preferentially oriented on the surfadeedubstrate
(NAFS-1). The layerby-layer growth proceduravas integratedvith the LangmuirBlodgett
method to providan effective protocol toreate crystalline MOF nanofilms and to systematically
control the film thickness (Fig. 18).Synchrotron Xray surface crystallographyas used to
demonstratehat the film exhibits highly crystalline order in b the outof-plane and irmplane

orientatiors with respect to the substrafe

~. Modularization p

°w°°° + % -

., —_
metal ligand nano-sized modules highly oriented thin film

Figure 18 lllustration of the modular assembly process of the MOF-rthimdfilm

So et al.grew DA-MOFs as thin films on functionalized surfaces using laygftayer
(LBL) approackf’ In the layerby-layer approach, the sedssembled monolaye(SAM) coated
substrate is immersed in a solution of metal precursor (of MOF) followed by immersing it in a
solution of organiclinker with rinsing in betweenThe thickness of the film increased
systematically with the number of assembly cycles. Polapizatixcitation and fluorescence
measurements indicated that the porphyrin units are preferentially oriented in the MOF film. A

far-red emitting squarine dye (S1), whiexhibits a high overlap irgeal with the DAMOF, was
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deposited onto the surface of tMOF film. Exclusive emission from S1 was observed following
selective excitation of Zporphyrin unis in a 56cycle film (Fig. 19. These results suggest that
the films can be used as antennae for light harvesting and efficiesteiFénergy transfer is

possible within the film, considering the ledgstance exciton propagation
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=
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Figure 19. (a) Schematic diagrashowing thepreparation oé sensitized DAMOF film. (b) Comparison of emission
profiles of DAMOF (green solid), S1 (red solid), and EMOF sensitized with S1 (lighgreen dotted) upon excitation

at 450 nm. (c) Excitation profile of the BDMOF+S1 film monitored at 780 nm, where the emission fromNdAF

is negligible

1.4Conclusion

Porphyrin basedrameworks are only amall part of the broadfamily of MOFs but they have
carved out a distinct niche for themselves because of their ustigquxtural features and diverse
applicationsAlthough mrphyrinic MOFs have demonstrated great potentral the years, more
work is required in all domainsbore these materials can be commercialized. Several challenges

dealing withlarge scalesynthesis and applicability also need to be addressed. In congltl@on
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field of porphyrinicMOFsthat emerged more than two decadesainues to attract intertesf

both theacademia and industry, and should continue to gravefuture.
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Chapter 2

Synthesis and defect characterization gbure phaseZr-MOFs based ormesc
tetracarboxyphenylporphyrin

INTRODUCTION

Owing to their ordered crystalline structures, wide range of available topologies and the ability
to incorporate diverse chemical functionalities, metglanic frameworks (MOFs) have shown
immense potentialni a number of applications, including drug delivEfycatalysis? ’ light
harvesting 12 gas storag€ ' and gas separatidh.Zirconium MOFs based omesotetra(4
carboxyphenyl)porphyrifTCPP) are an important satass of the broad family of these
materials The high connectivity and large size of TCIBR fim) assists in generating large pores
inside the frameworks, resulting apen mesoporous structurédsZr-TCPP MOFs consist of a
common, periodically re@éing building block having a general formula of §2u(OH)4(P)],
where P denotes the TCPP linkers that connect the octahed@i([ZH)4]*?* nodes. If the Ix
symmetric TCPP linkers fully occupy alldhavailable position around Zcluster the structure
with the highest symmetry should have (4;t8hnected ftwa topology reportedn MOF-52522
However, such an arrangement requiresctimboxylate groups of the ligamo be coplanar with
the porphyrin macrocycle. This constraint forcesPPCto adopt an energetically demanding
conformation To attain linkers in low energy conformatigorboth the connectivity and the
symmetry of Zg clustershave to decreasgiving rise to entirely different topologies (Fig).%
The symmetry reduced TCPP ligands in these networks have a variety of aspect ratios (the ratio

of two sices of the ligand) and dihedral angles between the central and peripheral rings.
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Figure 1. Structures of ZMOFs based on mesgetra(4carboxyphenyl)porphyrin

Despiteexhibiting a diverse variety of structure typ@s-basedTCPP MOFscan be obtained
unde similar solvothermal reaction conditions, suggesting the lack of a thermodynamically
dominant phase. As a result, goet synthesesftenyield MOF powders containing two or more
phases. This behavior reduces the reliability of synthetic procedures oamplicates the
determination of structusproperty relationships. Several strategies for obtaining pure framework
phases exist. Solveassisted separation of MOF components on the basis of their density
difference is one possible appro&ttdowever, the reported ZFCPP MOFs possess similar
densities and therefore cannot be separated without substantial loss of Aakanéher strategy
is the introductiomf seed crystals of the targeted BEPP polymorph into the synthesis solutfén.
Although this method improves the phameity of the final product, availability of phageire
seed crystals of the targeted MOF is angguisite.

A more attractive approach would be to fine tune the reaptcemeters to selectively generate
the desired structuréé Similar to other Zsbased MOFs, modulators are typically added during
the synthesis of TCP&bntainingframeworks. Their primary role is to compete with the bridging
TCPP linkers for coordination to Zrions, and slow down the rate of crystallization, leadng

the formationof highly ordered MOFstructurs. Furthermore, modulators can act as templating
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agents and directly guide the framework assembly. Therefore, the choice of modulator can be a
useful handle to control the MOF crystallization process, antirimdirect the phaseurity.
Webbe et. al. and Islamoglu et. dave demonstrated that the phpsety of NU-1000, arelated
Zr-based MOF comprised of 1,3,&@rakis(pbenzoic acid)pyrene (TBAPY), can be significantly
improved by judiciously selecty a modulator that disfavors the formation of -RQL
byproduct?®2° Another imporant consideration is the ability of modulator to induce defect sites
in Zr-based MOF$%3! Defects are known to significantly affect the physical and chamic
properties of the material, such as porosity, thermal stability, mechanical characteristics, Lewis
and Brgnsted acidity, catalytic activity and conductivity® Therefore a controlled introduction
of defects can allow for straightforward modification of properties of existing frameworks.

To our knowledge, the influence of modtdr on the outcome of ZCPP MOF synthesis has
received limited attention compared to the UiO seKe®ping this in mind, we decided to perform
a systematic exploration of the synthetic parameter landscape (modulator concentration, acidity
and chemicaproperties) to gain deeper insights into the factors governing the formation of these
frameworks. From this study, the synthetic conditions that could reliably producemirasér
TCPP MOFs were identified. The defectivity of these pristine MOFs wamefunvestigated using
a variety of techniques, includingd NMR spectroscopy, thermogravimetric analysis (TGA),
inductively coupled plasma mass spectrometry {M3) and N gas sorption.

EXPERIMENTAL SECTION

Materials: All the chemicad were purchased from conamtial suppliers and used as received.
Mesotetrg4-carboxyphenyporphyrin  (>97%) was purchased from Frontier Scientific.
Zirconium chloride (anhydr ou shlorofedzmic &ithjCBA, f o r mi

99%) were purchasl from SigmaAldrich. N,NNglimethylformamide (DMF, spectrophotometric
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grade, 099. 9%) and gl aci al acetic acid (AA,
chemical. Trichloroacetic acid (TCA, >99%), hexanoic acid (HA, >98%), decanoic acid (DA,
>98%), myristic acid (MA, >99%) and stearic acid (SA, >98%) were purchased from TCI.
Propionic acid (PA, 99%), trimethylacetic acid (TMA, 99%), trifluoroacetic acid (TFA, 99%),
benzoic acid (BA, 99%), -aitrobenzoic acid (NBA, 99%) were purchased from Alfaséwe
Chloroacetic acid (CAA, 99%) was purchased from Acros organics. Difluoroacetic acid (DFA),
2,6-difluorobenzoic acid (DFBA), pentafluorobenzoic acid (PFBA) andethoxybenzoic acid
(MBA) were received from Oakwood chemicals. Deuterated DMSO (DiM&§©9.9%) was
purchased from Cambridge Isotope Laboratories, Inc.
MOF Synthesis 10 mg of HTCPP (1.265x1® mol) and 7 mg of ZrGlI(3.01x10°> mol) were
added to 10 ml DMF in a-@ram vial and dissolved with the aid of ultrasonication. Modulator was
then addd to the vial, which was further sonicated to get a homogeneous reaction mixture. The
vials were placed in an oven at 120 °C for 16 hours. After allowing them to cool down to room
temperature, the resultant MOF powder was collected by centrifugations Mvashed 3 times
with DMF and then soaked in ethanol for 3 days with fresh ethanol replacement every day. The
MOFs were dried at room temperature and then activated by heating at 100 °C under vacuum.
Powder X-Ray diffraction (PXRD): A 600 W Rigaku MiniFlexpowder diffractometer with a
C u K(0.15418 nm) radiation source was used, with a sweeping range%sf id continuous
scanning mode. PXRD traces were collected in 0.05° increments at a scanning rate of 0.2°/min.
Scanning electron microscopy (SEM)SEM samples were prepared by suspending MOF
powders in ethanol with sonication. The resulting suspensions wereastga on precut glass
slides. After drying, the glass slides were mounted on SEM sample pegs with the help of double

sided copper tape. The sgdef the glass slides and the platform of sample peg were coated with
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conductive carbon paipurchased from Electron Microscopy Scien@ekEO (Zeiss) 1550 field
emission scanning electron microscope, equipped with-Eemgdetector, operating at 5.0 was
used to obtain highesolution images of the MOF patrticles.

'H NMR analysis: The measurements were conducted using the AgileddD2 400 MHz
spectrometer. A 1225 mM solution of the Jtrimethylsilyl)propionic2,2,3,3ds acid sodium salt
(TMSP) wasprepared in DMS@ls (ca. 10 mg ml §. 700nL of this solution was added to a
micro-centrifuge tube containing 25 mg of MOF. A drop of concentrated sulfuric acid (98%)
was added to this mixture and the tube was sonicated to digest the framework. €heafdahe
tubewas quantitatively transferred to an NMR tube that was again sonicated and heated at 80 °C
for 30 minutes to ensure complete digestion.

Thermogravimetric analysis (TGA): A Q-series thermogravimetric analyzer from TA
Instruments was used &ssess the thermal stability and defectivity of MOFs. Samples weighing
~3-5 mg were placed on a platinum pan and heated under air at a rate of 5 °C/min over the
temperature range of 2571800 AC.

Gas adsorption isotherms The N adsorption measurements werenducted using a
Micromeritics 3Fle instrument. A 6 mm large bukample cell was used to hold the samples and
was degassed under vacuum at a temperature of 100 °C for 24 h. The surface area of the MOFs
was determined from thexMddsorption isotherms a? K by fitting the adsorption data within the
0. 0571 Qpreksure ramye to the BET equation.

Inductively Coupled Plasma Mass Spectrometry (ICAMS): The MOF samples were
digested in 70% nitric acid and heated at 90 °C for 1 h. The resulting solutiatilutad with

deionized water so that the final concentration of nitric acid was 7% by volume. The samples were
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analyzed for zirconium content using a Thermo ElectreBeXies ICP mass spectrometer in
accordace with Standard Method 31-%5

RESULTS AND DISQSSION

Synthesis of ZTCPP MOFs was achieved by dissolving 3.0a° mol of ZrCL and 1.2610°
mol of TCPP in 10 mL DMF along with desired amounts of modulator. The mixture was sonicated
for 15 minutes then the vial was placed in an oven and heated & 1@ 16 hours. The resulting
polycrystalline MOF powders were isolated by centrifugation, washed with DMF and ethanol and
finally, dried under vacuum. The modulators under investigation were based on monocarboxylic
acid species and were loosely dividedo three classes, namely small aliphatic modulators,
aromatic modulators and long chain modulators. The concentration of moslukats varied,
ranging from 10to 6000 equivalents ([Modulator)/[TCPP}lepending on their acidity, and
solubility in the gnthesis solvent. Other factors affecting the MORtBgsis, such aseaction
temperature, time, solvent, solvent volume, precursor concentration, order of addition and reaction
apparatus were kept constant. PXRD patterns-Gf?P MOFs simulated from gjte crystal %
ray diffraction data served as reference standards for phase identification of resulting powders.
Routine interpretation of powder patterns is often limited to a qualitative visual comparison of the
peak positions and relative peak intensitié experimentiaand simulated patterns. Figa 8hows
an examplePXRD pattern of a mixeghase MOF powder and the contribusofiom each
component. Howevevjsual analysis of diffraction peaks underutilizes the available information,
and can lead to aorrect conclusions about the phase composition of reguitaluct.Quantitative
estimation of phase composition is therefore important for elucidation of factors governing the
formation of ZFTCPP frameworks. Fitting the sum of individual pure phasespattto the

experimental data is an effective methodl&dermine the abundance of each phasee MOF
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sample®’ This approach relies on the additive nature of crigseacomponents of the powder
pattern. Therefore, the experimental powder patterns were fit to a linear combinatioa phase
patterns (Equation 1)

A P P R . . . . Q)

where® is the column vector representing the observed patté?rare the column vectors
representing pure phase patterns and the scal
phase. Equation 1 was repnetsl in a matrix form and the coefficient matrix was calculated with
the hep of GNU-Octave software. Fig.t2shows an example of the fitted pattern of a mixed phase
MOF sample overlaid on its observed patteBoth patterrs are in good agreement, which
indicates that the phase composition obtained from the quantitative analysis is reasonably accurate.
The percentage contribution of each component is reported in BigSighilar analysis was
performed on other crystalline MOF samples

In addition, SEM chaderization was carried out as a second method to explore-puase
of the MOF samples. The AICPP polymorphs exhibit distinctly different morphologies, which
can be easily discerndtirough visual analysis adhe SEM images. While SEMnaging is
gualitative in nature, it is particularly useful for detecting small amounts of phase impurities that
might be overloked in the PXRD analysis. Fig(L3ft) shows a representative SEM image of a
phasepure samplewith small bearshaped particles (length ~2 pmAll MOF particles are
morphologically identical and are siiani in size. In contrast, Fig(Right) shows the SEM image
of a mixedphase sample, where distinctly differenbrphologies corresponding to different
framework components are clearly visible

After completing phase characterization of MOFs, the data was compitetthieée screening

plots, one for each of the modulator series. These plots depict the change in the phase composition
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as a function of modulator concentration and chemical prop€sigdity or chain length), from
which trends could bstraightforwardlyidentified. For example, the screening plot for small
aliphatic acids is dominated by P&22 and PCN223 frameworks, with PCI224 and MOF525
phases found aminor impurities in someases (Fig 4a). From these results, reaction conditions
that are able to produce pure phase FX2R (propionic acid) and PGRR2 (difluoroacetic and
formic acids) were discovered. When long chain saturated carboxylic acidsengyed the
dominating corponent in the powder patterns changed compared to small aliphatic modulators.
Under these conditiondVlOF525 was found to crystallize preferentially (Fig 4b). Pure phase
MOF-525 samples were obtained with myristic acid (MA) and stearic acid (SA). Orthtbe o
hand, the aromatic modulator series was peculiar in the sense that crystalline MOF powders could
only be obtained within a narrow region of modulator acidity and concentration. All the reactions

in this series yielded mixephase powders (Fig 4c).

(a) (b)
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Figure 2.(a) Visual analysis of the phase compositioa afixedphase MOF sample. (b) Comparison of experimental
and fitted patterns of a mixggthase MOF sample. The fit indicates that this sample consists of 384R2FELN

component and 62% PCRR23component.
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Figure 3. Left SEM image of a phagaure MOF. All particles have the same morphology Ri§M image of a

mixed-phase MOF

The screening plots also depict trends that reélaerelative concentrations of modulator and
linker ([Modulator])/[TCPP]ratio) to the crystallinity of MOFs. For instance, reactions with low
[Modulator]/[TCPP] ratio yielded poorly crystaline MOF powders of uncertain phase
composition. The crystallization and precipitation of MOFs in this case is rapid and uncontrolled,
which resulted in the formation of poorly defined, largely amorphous material. Increasing the
[Modulator]/[TCPP]ratio was found to dramatically improve the crystallinity of MOF powders.
Higher modulator concentration slows down the coordination rea@mhmhibits the framework
assembly allowing for structural error correction and improving the overall crystallifiitye
screening plots also revealed the existen@nafpper limit ofModulator]/[TCPP]ratio, beyond
which MOFformationdoes not tak@lace Using modulators in large excess prevented the MOF
nuclei from attaining the critical size and growing into crystals that precipitate out of synthesis
solution. Therefore, crystalline MOF powders can only be obtained within a finite range of
[Modulator])/[TCPP]ratio. Low crystallininty powders are obtained below this range and no MOF
precipitation occurs above it. It is also worth noting that as the acidic strength of modulator
increased, the workingModulator]/[TCPP]ratio range narrowed down andifsed to lower
values. For exampleyeakly acidic modulators like DA, MAand SA produced crystalline MOFs
in a very broad range of [Modulator]/[TCPP] ratio (1000 to 3000jact, the upper limit in this

case was restricted by the physical amount ohtbdulator which could be fit into the reaction
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vessel. On the other hansfrongly acidic modulators like DFA, CAA, and NBA produced

crystalline MOFs in anorenarrow range of [Modulator])/[TCPP] ratio (500 to 1000).
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Figure 4. (a) Screening plot for small aliphatic modulators. The modulators along with their respectivalypss are

1 trifluoroacetic acid (0.23), trichloroacetic acid (0.66), difluoroacetic acid (1.24), chloroacetic acid (2.87), formic
acid (3.77), acetic acid (%Y, propionic acid (4.87) and trimethylacetic acid (5.08).Screening plot for long chain
modulators Modulators used in this series wdrexanoic acid (C6), decanoic acid (C10), myristic acid (C14) and
stearic acid (C18)c) Screening plot for aromatimodulators. The modulators along with their respective pKa values
arei pentafluorobenzoic acid (1.6) 2¢éfluorobenzoic acid (2.34),-ditrobenzoic acid (3.41), benzoic acid (4.11)
and 4methoxybenzoic acid (4.47). The p¥alues of modulators used fire construction of screening plots are for
aqueous media (for qualitative analysis of phase distribution)-PZNwvas obtained only in trace amounts and its
percentage contribution to phase composition analysis is not included. Legends: squaré (blaakystallinity
powder, circle (dark blug) PCN-223, triangle (red) PCN-222, inverted triangle (magenta)PCN-224, rhombus

(green)i MOF-525, cross (pinkj no precipitate.

The conditions of the MOF formation reaction, such as temperature, [Modlilagand] ratio,
and the allotted reaction time, determine which reaction pathway is favored: either the
thermodynamically controlled or the kinetically controlled &héf. these competing reaction

pathways lead to different products, then the composition of the resultant MOF powder is
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dependent on whether the reaction is under thermodynankmetic control. Therefore, the
reaction conditions mentioned above influence the selectivity of the reaction. The modulator
screening study offers an opportunity to investigate the effect of [Modulator]/[Ligand] ratie on Zr
TCPP polymorph selectivity dung the synthesis (temperature and time were kept constant for all
reactions conducted in this study). Since PZ22, PCN223, and MOF525 are the predominant
products observed in the modulator screening study, the scope of this discussion will bedimited
these three polymorphs. It is worth noting that @ ZPP MOF reaction solution consists of ‘Zr

salt, TCPP ligand with varying degree of protonation (TCRP= G4), protonated modulator
(Mod), and deprotonated modulator (MpdOut of these, only # fully deprotonated ligand
molecules and deprotonated modulator molecules are directly involved in the coordination. The
ratio of the concentrations of deprotonated modulator and fully deprotonated TCPP ([Mod
J/[TCPP*)) is therefore a better descriptof the coordination environment during the MOF
formation process.

The magnitude of [Mo#{[TCPP*] ratio depends on the nature and concentration of modulator.
For instance, strongly acidic modulators afford very high [M@CPP*] ratio since they
dissocate to a larger extent, furnishing a greater concentration of deprotonated species.
Furthermore, they shift the equilibrium towards the protonated form of the ligand, lowering the
concentration of TCP® If the [Mod]/[TCPP*] is very high, then equilibria A, B and C in scheme
1 are shifted in favor of the incorporation of modulator into thenpideation MOF clusters
(molecular aggregates formed prior to nucleatidmis prevents the clusters from growing and
attaining thecritical size of nucleation. Consequently, the less stable clusters break down and
dissolve in synthesis solution. The stable ones, on the other hand, have a higher probability of

surviving and growing into nuclei. Thus, very high [Mdd CPP*] ratio canbe expected to favor
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formation of the most stable polymorph. Typically, the most stable polymorph is the
thermodynamically favored product. The observed phase composition of MOFs prepared using
strongly acidic modulators like DFA, FA and NBA indicate tRgN-222 is the most stable
polymorph and therefore, the thermodynamically favored product of the reaction betiesrdzZr
TCPP.

Scheme 1. Representation of the equilibria governing the formation of ZFCPP polymorphs (TCPP* =
fully deprotonated ligand and Mod- = deprotonated modulator (RCOOQ))

The samples synthesized in the presence of DFA and FA (Fig. 3a) show a gradual increase in
the proportion of PCK222 phase as the concentration of modulator (Mod) is increased. Similarly,
the crystalline phasebtained in the NBA series is also predominantly P28 framework.
Intermediately strong acids like AA, PA and CBA dissociate to a lesser extent and yield a lower
[Mod]/[TCPP*]. When they were employed as modulators, the major product of the MOF
synthess is PCN223. On lowering the [Mof[TCPP*], the MOF assembly and crystal growth

process is expected to proceed faster and the reaction betwéem@TCPP is governed by

37



kinetics. Thus, PCK23 can be considered as a kinetically favored productebttegly, Feng.
et al. also reported that shortening the reaction time and adding less or weaker modulator leads to
the preferential formation of PGRR3 over PCN22218 Weakly acidic modulators, such as MBA,
DA, MA and SA facilitate the formationfMOF-525. Since [Mod/[TCPP*] is too low in this
case, we propose that ME&R25 is the most kinetically favored product of the reaction between
Zr'**and TCPP. According to Ostwalddéds rule of
polymorphs is usubl higher than that of the most stable polymotptf.Since MOF525 has an
energettally demanding structure, it possibly forms at a much faster rate thas2PZahd PCN
223.

DEFECT CHARACTERIZATION

Defectsin the framework structurean influence the surface areas, catalytic activities, and
mechanical and thermal stabilitiesfstine MOFs30314142A controlledintroduction ofdefects
canthereforebe used taailor the framework properties for desired applicatidhdas been
demonstrated thatybvarying the acidity and/or coantration of the modulator, thieefectivity of
Zr-based MOFs can be systematically tufigdigh concentrations of stronghcidic modulators
(with pKa lower than that of ligandtypically afford MOF structureswith high defect
concentrationg?3342 This behavior is attributed to the ability of strongly acidic species to
outcompete the ligand for the coordination te @usters Consequently, theesultant framework
might contain modulator terminated metal n®tkading to a more defective structufe probe
this behavior inZr-TCPPframeworks the defect chemistry of phapare MOFs obtained from
the screening study, namely DF®0 (PCN222), FA6000 (PCN222), PA2000 (PCN223),

MA-3000 (MOF525) and SA3000(MOF-525), was investigated. Tlsamplenomenclature was
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derived from the name and modulator equivalents usélde synthesisfor example DFA-600
refers to a MOF prepared using 600 equivalents of DFA.

To correlate linker deficiency with the structure defectiviglecular formulae of the MOFs
and the total modulator to ligand molar ratio in the framework ([Modulator]/[Ligand]) were
calculatecf>*2 The first parametedescribes the overall defectivity of MOF structure and can be
calculated from TGA datgModulator]/[Ligand], on the other hand, only quantifies modutator
terminated defects and is obtained friiNMR analysis The interpretation of this vaé can be
complicated by the presence of defect sites that are terminated by other species or trapped
modulator molecules inside the pores of the framework. In addition to these parameters, Zr
recovery from digested MOF samples can provide valuable infammabout metal deficiency
and the nature of defesites Two types of defects are known to exist irbased MOFs: missing
linker defects and missing cluster defects. In the latter case, the enga({(@)s]*?* node and
all the surrounding linkers arremoved. Zirconium deficiency is assoettexclusively with
missing cluger defects, whereas the linker deficiency is influenced by either of the two types of
defects. Therefore, zirconiuramount in the MOF sample can be directly correlated with
concentations of missing cluster defects. The ratio of experimental zirconium concentration
(obtained from ICRMS) and theoretical zirconium concentration (based on ideal structure of
MOF) gives the zirconium recovery of the M@&mple

BET surface area analgsof MOFs has demonstrated that structural incorporation of modulators
into the defective structuresuldlead to an increase in surface area and average poféSias.
a result, these quantities can be utilized to compare defect concentrations in MOFs prepared under

different conditions. Surface areasdapore sizalistributions of the pdise pure MOFs obtained
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from thescrening studywere also compared with those reported in the literati@scribed by
the %SAdifrerenceparametefTable 1).

The %linker deficienciesof the two pure phase PCA22 MOFs (DFA600 and FAG000)
revealed that their structures were highly defectvith almost 25% linkers missing per cluster
(~2 out of the expected 8 positions aroungduster that are typically occupied by TCPPig(

68). Both TGA and'H NMR based methods determined similar defect levels for the two
frameworks This result correlates well with other Znased MOFs where strongly acidic
modulators also led to increased concentration of defEatthermore, both DF&00 and FA

6000 were found to be deficient in zirconium, which indicates the presence of missing cluster
defectsin these samplesF{g. 69. Interestingly, Lillerud and cworkers also proposed that
missing cluster defects are the predominant defect type ir6BiIRIOFs prepared using DFA and

FA as modulatorg The N> uptake capacity (and thus the porosity) of BE@0 and FA6000 was
comparable between the two samples, with small differences in BEAcswafea and pore size
distribution (Table ). Upon comparing all the experimental parameters used to describe
defectivity, it can be concluded that DFE®0 and FA6000frameworksdisplay high degree of
similarity in the nature and concentration of their defects. Although DFA is more #uadh FA,

the concentration dhe latte(6000 equivalents) used in reaction was much higher than DFA (600
equivalentspffording comparable defectivities of the resultant MOFs

PA-2000 (pure phase PCRR3) was relatively less defective than BDBEB0 andFA-6000 with
only 10% linkers missing per cluster (~1 out of 12 positions arousccldster) Fig. 63.
Interestingly, the [Modulator]/[Ligand] ratio in RR000 wasunusuallyhigh and overestimated its
defect concentration§ig. 6b. This effect may bet&ibuted to residual modulator trapped inside

the pores that was not removed during the activation procediuoéher explanation for such
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Figure 6. (a) %omissing linkers per Zformula unit of phase pure MOFs calculafedm TGA (DFA-600 and FA
6000) or a combination of TGA ariti NMR (PA-2000, MA-3000 and SA3000) experiments. (b) %missing linkers
per Zg formula unit of phase pure MOFs obtained frfiodulator]/[Ligand] TGA and'H NMR analysis was
conducted on three swles of each of the phapare MOFs to calculate the standard deviations. (¢) %zirconium
recovery ofthe phasepure MOFs. Three samples of each of the pipase MOFs were digested in nitric acid and

zirconium contenanalyzed with the help of IGWIS.

Table 1.Comparison of BET surface areas and pore sizes of MOFs prepared in this study with the MOFs reported
in literature.

MOF SAexp (M?/Q) SALt (M?g) %S Avi. Average pore| Average pore
experimental literature 3! 3! sizes (nm) sizes (nm)
31 experimental literature

DFA-600 2380 2312* 2.94% 0.9and 3.9 0.8 and 3.6
FA-6000 2436 2312* 5.36% 0.9and 3.4 0.8 and 3.6
PA-2000 1809 1600* 13.06% 1.2 1.1

MA-3000 2012 2620** -23.20% 1and 1.87 1.1and 2.0
SA-3000 1581 2620** -39.65% land 1.75 1.1and 2.0

* BET surface areas obtained from &tisorption isotherms at ‘K7

** BET surface area obtained from Ar adsorption isotherms &t 87

anomalous behavior could be that reactiorpbyducts, like zirconium propionate contribute to
the increased propionic acid concentrations measuredHbWMR analysis and skew the

[Modulator]/[Ligand] ratio. PA2000 samples yielded almost quantitative zirconium recovery,
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suggesting that the missing cluster defeuts largely absent in this framewa(Fig. 69. AA,
which is similar to PA in terms of pkand chain length, has been shown to selectively induce
missing linker point defects imzobenzendased UiIOMOF .33 Hence, it is reasonable to
conclude that defects in P2000 framework are predominantly missing linker point defect.

The most surprising behavior however, was observed fordbaig weakly acidic modulators,
such as MA and SAoth of thenresulted in the formation of phase pure MeEsamples (MA
3000 and SA3000) that were highly defective with 40% linkers missing per cluster (~5 out of 12
positions around Zrcluster)(Fig. 63. Considering thaMA and SA are nofully miscible with
the reaction solvd, and bulkier than other modulatotse formation of highlydefected MOF
structures suggests thathese factors play the dominant role in inducing defects in this case
Missingcluster defectsnay be prevalenh these MOFsas evidenced by the decreased zirconium
recovery(Fig. 69. BET surface areas and pore size distributions of3@80 and SA3000 were
significantly different from those reported in literature for MBES (Talde 1). The %SAsitference
for MA-3000 and SA3000 was found to be3.20% and39.65% respectively. Bulky MA and
SA molecules that are trapped in the pores or boundstoliBters can partially block the access
to the MOF interior, resulting in a pore bkage defect>** This effectcan cause reduction in the
surface area accessible for adsorption and lower the effective diameters of the octahedral and cubic
pores found in MOF25

To sum up, modulator concentration and acigtgy a centralrole in determining the
concentration and nature of defectsZInTCPPMOFs. Howeverfor long-chain weakly acidic
modulatorsmiscibility and steric effecteave to be taken into consideratids seen in the case
of MA-3000 and SA3000frameworks miscibility ard/or steric effects can significantly impact

the defect chemistry of ZFCPP MOFspromoting missing cluster defects and pore blockage.
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mechanism by which the steric effects and miscibility of modulator in DMF (reaction solvent)
alters the defect chestry of MOFs is not fully understood. We postulate that if there is a
significant polarity difference between the solvent and modulator (as is the case with MA and SA),
then the modulator can also function as asaclvent and interfere in the crystal gromgrocess.
Both MA and SA are also sterically demanding modulators, and it is possible that they obstruct
crystallization of the ideal MOB25 structure, leading to more defects.

CONCLUSION

Facile synthesis of phagaire ZFTCPP MOFs is a challenge as thase susceptibleto
polymorphism. Syntheses of these feamorks often result in phase mixtures dmal/e poor
reproducibility. To address this issue, a modulator screening study to identify reaction parameters
required for the synthesis of phasaere ZFTCPP MOFs was conducted. A variety of modulators
with diverse structures and widanging acidity (pk) were tested. Reaction conditions that yield
nanocrystalline powders of pure P@%2, PCN223 and MOF525 phase were identified. The
interplay between therodynamic and kinetic control over -ZICPP polymorph formation was
correlated with the modulatao-ligand molar ratio to elucidate howodulator properties
influence polymorptselectivity during the reaction betweerfZand TCPP

Defect engineering of MQGvia modulated synthesis is a promising approach for tailoring their
properties. Defect characterization of-BEPP MOFs revealed that in addition to modulator
acidity and concentration, steric effects and solubility also influeniceddéfectivity of the
resultantframeworks. The nature of defects was also found to be dependent on these factors.
Strongly acidic modulators (DFA and FA) and sterically demanding modulators (MA and SA)
tended to produce missing cluster defects while moderately aonditmolecule modulator (PA)

predominantly generated missing linker defects.
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Chapter 3
Photophysical characterization of PCN223(fb)

3.1 Introduction

One of the most importambmponents of artificial photosynthesis assemblies are the aatenna
which collect solar energy and direct it towards the reactiorecet multi-chromophoric array
with energy cascade can direct sequential photoexcited energy flow and perform thoan fohcti
light harvesting antenna assembfidgultiporphyrin arrays been studied extensively with the aim
of constructing amnna assemblies thatimic natural photosynthetic systems in terms of the
efficiency of excitation energy transfer (EET). Subtle changes in structural parameters, such as
connectivity, distance, and orientation between porphyrin units in the array carsthavg
implications on the nature of interchromophoric interactions, and the rates and efficiencies
of EET.2 Highlighted by highlyordered cry&l structure and synthetic tunability via crystal
engineering, metal organic frameworks (MOFs) allow for precise control of distances and angles
between chromophores and their alignment by judicious choice of ligands and metal hodes
Porphyrin based MOFs are therefore ideal candidates to study EET as a function of structural
parameters. Such studies vaiitl inthe design of porphyribased architectures that are conducive
for energy transfeiBefore examining the role of MOF structure in EET, it is necessary to first
understand the mechanistic aspects of EET and the factors that determefffieidrey of EET n
porphyrinbased MOFsTo address these issues, we probed the energy transfer characteristics of
PCN223(fb), a ZrMOF based on mesetrakis(4carboxyphenyl)porphyrin

Zr-TCPP MOFs have been studied extensively due to their exceptional chemicalstabilit
under harsh experimental conditions and their ability to exhibit a variety of functionbkées
catalysis, light harvesting, gasorageand sensing” 12 PCN-223, in particular, has a very unique

structure(Fig. 1)1° It consiss of unprecedentedsPsymmetric [Z604(OH)4]*?* nodes connected
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to 12 TCPP linkerstepresenting the first (4,22) onnect ed MOF with the fis
closelypacked structure of PGRR3 supports a high density of chromophores that can
simultaneouly absorb light and participate in the energy transfer process-23MIso manifests

a small porphyrirporphyrin torsional anglé~55’) that facilitatesstrong interchromophoric

electronic coupling between TCPP urtit@ased on thesmerits PCN-223 qualifies to serve as a

model system to explore EEflechanism in porphyribased MOFs.

&
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? o k>] ¢]
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Figure 1. View of PCN-223(fb) along the c axis with uniform triangular 1D channels

Herein, we present a detailed study of the photophysical properties cRPEf). The
effects of pH and temperature on the excitte properties of PCGRR23(fb) were investigated
and compared with those of ligand. The triplet state of the MOF was probed with the help of
nanosecond transient absorption spectroscopy. Quenching studies were performed on the ligand
and the MOF to detarine the ratend efficiencyof EET.
3.2Materials and Methods
Materials: Mescatetracarboxyphenylporphyrin (>97%) was purchased from Frontier Scientific
and was used without further purificatiod.i r coni um chl ori dewas( anhydr
purchased from Sigmaldrich.Di met hyl f or mami de (DMF, spectropl
was purchased from Fisher chemic®8ropionic acid (PA, 99%)were purchased from Alfa

Aesar
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Synthesis of PCN223(fb): 10 mg of HTCPP (1.265%0° moles) and 7 mg aZrCls (3x10°

moles) were added to 10ml DMF and ultrasonically dissolved ki@ vial. 2 ml propionic

acid was added to the vial atitk vial was sonicated for 15 minutes to gdtoanogeneous
reaction mixture. The vial was placed in an oven set aP@Z0r 16 hours. After allowing it to

cool down to room temperature, the resultant renystalline MOF powder was collected by
centrifugation. It was washed 3 times with DMF and then soaked in ethanol for 3 days with fresh
ethanol replacement every dayhel MOF was allowed to dry at room temperature and then
evacuated by heatingat 100°C under vacuum.

Powder X-ray diffraction and Scanning electron microscopy (PXRD):A 600 W Rigaku
Mini Flex powder diffractometer roewdashsegwitBa ( KU
sweeping range of R50° in continuous scanning mode. PXRD traces were collected in 0.05°
increments at a scanning rate of 0.2°/min, and patterns were generated with PDXL software.
Scanning electron microscopy (SEM)Samples were preped for SEM by suspending MOFs

in ethanol and sonicating it. The resulting suspension wasaagipd on precut glass slides.
After allowing the samples to dry, the glass slides were mounted on SEM sample pegs with the
help ofdoublesidedcopper tape. Ténsides of the glass slides and the platform of sample peg
were coated with conductive carbon paint. A LEO (Zeiss) 1550&eldsion scanning electron
microscope, equipped with an-lens detector, operating at 5.0 kV was used to obtain high
resolution mages of the MOF powders.

Thermogravimetric Analysis (TGA): A Q-series TGA from TA Instruments was used to assess
the thermal stability of MOFs. Samples weighingkbmg were placed on a platinum pan and

heated under nitrogen at a rate of 5 °C/minovertht e mper at ure range of 40
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Gas Sorption Isotherms:The gas adsorption measurements were conducted on a Micromeritics
3Flex instrument. A 6 mm large bulb sample cell was used to hold the samples and was degassed
under vacuum at a temperature of 180@r 24 h. The surface area of the MOFs was determined
fromtheNadsorption isotherms at 77 K by fbtting
pressure range to the BET equation.

Diffuse absorption spectroscopy:The diffuse absorption spectra ofCPP and PCNe23(fb)

were obtained using an Agilent Technologies 8453\¥/diode array spectrophototee (1 nm
resolution) where theample compartment was replaced with an integration spheeepowder
samples were diluted by mixing with BasO

Steadystate emission spectroscopy and timesolved emission lifetimesThe steadiystate
emission spectra were obtained usieg QuantaMaster Model QMOO4E emission
spectrophotometer from Photon Technology, Inc. (PTHg excitation light source was & W

Xe arc lamp (Newport). The detector was a thermoelectrically cooled Hamamatsu 1527
photomultiplier tube (PMT).Emission traceswere analyzed using OriginTime-resolved
fluorescence lifetimes were obtained via the titoerelated single photon countibgchnique
(TCSPC) withthe sameQuantaMaster Model QN0G-4E emission spectrophotometer from
Photon Technology, Inc. (PTI) equipped with a 350 nm LED and a Becker & Hickl GmbH PMH
100 PMT detector with time resolution of < 220 ps FWHM. Florescence |detiecays were
analyzedwith the help of origin.

3.3Results and DiscussionSynthess of PCN-223(fb) wasachieved byollowing a methodhat

has been useid a prior work** Briefly, 33 10° moles ofZrCls and 1.26 10° moles of TCPP

were dissolved in 10 mL DMF along with 23502 moles of propioni@cid as the modulator.

The mixture was sonicated for 15 minutes then the vial was placed in an oven and heated at 120
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°C for16 h PCN-223(fb) MOF powders were characterizsgdPXRD (Fig. 2a) and SEM (Fig.
2b). Comparison of the PXR[Pattern obtained fromsynthesis tadhe simulatedpatternfrom
single crystaXRD data indicated high phase puri8EM image shows small beahaped MOF
particles with a length of ~2 um. All MOparticles are morphologically identical, which further
verifies the phase purity. In addition, thermal stability and surface areapoépared PCN
223(fb) were studied by thermogravimetric analysis apddsorption isotherms, which agree

with literature(Fig. S1 and S2).

@
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Intensity (arb. units)
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Figure 2. (a) PXRD characterization of PGRR23(fb) ) SEM image of PCAN223(fb)

To examine how the grounand exciteestate properties of TCPP are affected upon
coordination into the MOF structure, the absorption spectra of TCPHP@NeR23(fb) were
comparedFig. 3) The electronic absorption spectrumT&PP consistsf two distinct regions.
The first involves the transition from the ground statethe second excited state (S Sp) and the
corresponding band is called the SoreBdrand The second region consists of a weak transition
to the first excited state ¢S 1) in the range between 50%0 nm (the Q bandsPCN223(fb)
displays arabsorption spectrum similéo that of TCPP with a sharmi®t band and four Q bands.
The Sret band of PCN223 is blue shifted by 13 nm relative to ligand, which is attributed to
structural changes that TCPP undergoes as it is incorporated in thelmMisting of phenyl rings

and changes in the macrocyclic ring planarity of TGR&/ be responisie for increasing the
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electronic transition energyap (39-S2), and thus for the blue shift. The peak positions and the
peak intensities of Q bands of PE83 match those of TCPP (SI, Table 1), suggesting that the
energy gap between ground state and ésstited state of TCPP i®latively unaffected upon

incorporation in MOF.

Normalized Intensity
& 2 2 =
s . > .3

i=d
(")
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Wavelength (nm)
Figure 3. Diffuse absorption spectra of TCPP (black) and FX28(fb) (red)

The acidbase properties of porphyrins in aqueous solutions provide important information
about theirreactivity, aromaticity, tautomerization mechanisms and stereocheiistrirhe
central macrocycle of porphyrins exhibits an amphoteric behavior and can exist in either neutral
(free-base) protonated, ordeprotonged form (Fig. 4). Mono-protonation of the free-base
form induces nonplanar distortioirsthe porphyrin structurevhichmakes the second protonation
more favorablé8® The first protonation step is immediately followsgthe gcond stepyielding
the porphyrin dicationyhile the monoprotonated species is present in very small amounts at any
given time. To determine theKa, values corresponding to the two protonation step)%aMm
TCPP solutionwas titratedagainsta 0.01 M NaOH solution(Fig. S3(a)).The pH corresponding
to the half equivalence point was found to be 3.14, KKz = 3.14) A suspension of PGN
223(fb) was also titratedgainst 0.01 M NaOldolution to find the pKvalues corresponding to

protonation of TCPP uts incorporated in MOFRpK:2° pKs =4.03) (Fig. S3(b)).
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Figure 4. Protonation and deprotonation processes of TCPP in acidic and basic miediaK, and pks represent

the pk values associated with these processas first and second protonation processes almost indistinguishable,
such that pK° pKs. The equivalence point corresponding to the protonatfoFrCPP and PCRe23(fb) were found
to be at pHb.54 and 5.70 respectively.

Varying solution pHan shift the protonatiedeprotonation equilibrium of the macrocycle
in favor of a particular formmwhich has been shown to greatly influetice photophysics ohe
porphyrin moleculé® Non-planarity indiced in the porphyrin structure due t@{nationof the
free-base formbreaks up theif -electron conjugated doubl®nd systemLoss of conjugation
promotes nosradiative relaxation of excited stdtet resultsn significant fluorescence quenching
andshort fluorescence lifetimeé8 To investigatehe effects of pH variation on the fluorescence
properties of TCPP and PCRAR3(fh), their steadystate emission spectimere measured in an
experimental pH range of 3.5 t0 & Sexcitation = 415 nm). Given that PGR23(fb) is stable in
aqueous environments with pH values ranging froml@{8the expernental pH range is suitable
for investigating the photophysics of the MOF without loss in crystalliliepeak positions and

intensities ofluorescenceapectraof TCPPand PCN223(fb)werefound tobe strongly correlated
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with pH of solution/suspensiofmhe fluorescence spectra of the neutral form of T@RPPCN

223(fb) (5.5 < pH < 8.51isplays a sharp band at 645 nm (Q(0,0)) and a relatively weaker band at
720 nm (Q(0,1)JFig 5a and 5k The intensity of the band at 720 nm is highly diminghed is

not noticeable in Fig.55tructural changes induced in the porphyrin macrocycle due to protonation

of central nitrogen atoms cause the band at 645 nm to broaden and red shift by 35 nm. As a result,

the fluorescence spectrum appears to be a single, baoddiith a maximum at 680 nffig. 5c).
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—
8.0E5- ::5 8.0E5-
£ 6.0E5- m £ 6.0E5-
g — 5.5 =
) ] ]
E 4.0E5 =5 = 4.0E5-
e
2.0E5+ 2.0E54
0-0' T T 0.0 )
550 600 650 700 750 800 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

(©)

o

Intensity
(arb. units)

550 600 650 700 750 800
Wavelength (nm)

Figure 5. (a) Fluorescence spectra of TCPP in waterSdpas a function of pHK) Fluorescence spectra of PCN
223(fb) in water as a function pH. (c) Spectral evolution in pH range 5 to @B6PCN-223(fb).

Time resolved fluorescence measurements were also conducted to monitor the

fluorescencedecay kineticsof TCPP and PCN223(fb) in the experimental pH range. The
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fluorescence lifetime of TCPP dcitation= 415 NM, emission= 645 nm) was found to be strongly
dependent on the pH value of solutiffigure 6a) The fluorescence decay curves of TCPP
obtained inthe pH range of 5.5 to 8\Wwerealmost identical antbest fit to amonc-exponential
decay modelThe fluorescence lifehe extractedfrom thedecaymodel corresponds to neutral
TCPP form(9.84° 0.32 ns) At pH lower than the equivalence point (pH < 5.,54% fluorescence
decay curves were best fit to adxponential decay model having a short component (from the
protonaed form 3.52° 0.57 n$ and a longer component (from theutralform, 9.72° 0.41 n$
(SI, Table 2. A gradual rise in the atribution of theshortercomponent was observed as the pH
of solution wagddecreasedrom 5.5t0 3.5, suggesting that the lifiebe is sensitive to the relative
concentrations of protonated amelutralforms of TCPHN solution.

Time resobed fluorescence measurementsP@N-223(fb) ( excitation= 415 NM, emission=
645 nm)offered great insighinto its energy transfer characteristigGgure ). PCN-223(fb)
exhibits monoexponential decay kinetics in the pH range of 5.75 to 8.5 with a lifetime similar to
that ofneutralTCPPform in solution The absence ahortercomponenbf lifetime indicates that
the population of protonated TCPP linkers in this pH range is negligible. At pH lower than the
equivalence (pH < 5.70)h¢ fluorescence lifetimes of MOF suspensions were very short and
beyondthe resolution of the fluorimetétr < 200 ). The highly dminishedlifetime of theMOF
in acidic conditiongrovides evidence in support of intermolecular energy transfer between TCPP
linkers. We propose that upon phatxecitation, the excitation energyigratesacross neutral
TCPP linkers until it is quenched la protonated linkeProtonated linkers act as dark quenchers
that deactivate the excited state to the ground state visad@ative decay pathways, without the
emission of lightlt is worth noting that at pH = 5.5, the population of protonated linketise

MOF is expected to be very small (as the pH is close to the equivalence point). Despite their small
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population, protonated TCPP linkers are still capable of significantly quenching the fluorescence
intensity and drastically reducing the lifetime MOF. The remarkable quenching abilities of

protonated TCPP linker in the MOF point towards a very efficient energy transfer process.

(@) (b)

Intensity
(arb. units)
Intensity
(arb. units)

0 10 20 30 40 0 10 20 30 40
time (ns) time (ns)

Figure 6. (a) pH dependence of the observed fluorescerfetinties of TCPP in water (18 M) (b) pH dependence of

theobserved fluorescence lifetimes of PQR3(fb) in water

Temperature dependence of the fluorescence decay ratg¢o{lan emissive MOF can
give insight into the mechanism of energy tranfekt room temperature, there are various
vibrational degrees of freedom that allow the excited state to fully relax between excitation energy
transfer events. However, at low temperatures (~77K) some of the vibrational degrees of freedom
are frozen out.flthe electronic interactions between the linkers in a MOF are very strong (strong
coupling regime), then at low temperatures the rate of energy transfer can exceed that of vibrational
relaxation. In such a scenario, the excitation energy can move asitem éxat is delocalized over
the whole systeth** The MOF behaves as an fiaggregateo a.
termed as fAcoherento. I n contrast, I f the ele
weak (weak coupling regie), then vibrational relaxation dominates at all temperatures. At a given

time fito, the excitation energy remains | ocal

and the excitation energy transfer is ter med
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To determine whether PGRR3(fb) belonggo the strong coupling regime or the weak
coupling regime, the temperatudependent fluorescence decay kinetics of TCPP and- PCN
223(fb)werecompared. The fluorescence decay rates of TCPP anelR@(fb) were obtained at
temperatures ramgg from 77K to 333K(Fig. 7a and ). The experimetal decay rates were fit
to Eqgn. 1to plot the temperature dependence curves.

Kobs= ko+ kiQ Y 7 (Equation 1)
whereko is the temperature independent term and the Arrhenius term describes the temperature

dependence d§ps?"?8 The parameters extracted from the fits are reported in Table 1.

Table 1 Experimental parameters associated with TCPP and Zx3kb)

ko (s?) ki (sY) LE (J/molecule)
TCPP 6.66* 107 ° 0.073 10’ 4.02*107° 0.0223 10" | 7.34*10%'° 0.193 102
PCN-223(fb) 6.36 *10°° 0.213 10’ 3.33*10° 0.603 107 8.31 *10%'° 0.533 102

The preexponential factoor the frequency factdk:) andthe activation energyor transitioning

from the ground state to the excited sté¥€®) of TCPP and PCN23(fb) are very similar,
suggesting that the temperatatependent fluorescence behavior of the MOF is comparable to that
of monomer TCPRunits. Thisresultimplies thatPCN-223(fb) belongs to the weak coupling
regime Therefore, we proposa incoherent mechanism feET in PCN223(fb) MOF.

In the weak coupling regime, excitation energy transfer primarily odboesigh two coupling
mechanismsDexter exchangenechanism andr © r s t e-dipold mgcloahis?®® The Dexter
mechanism requires the presence of electronic aomuation between the donor and acceptor via
orbital overlap®-*°Since the orbital overlap betweedjacent porpyrin struts in ZtbasedVIOFs

with porphyrin linkers is poor, the Dexter mechanismay not be suitable to describe energy
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transfer in these MO8 The F°r st e, ron theattwehhanm adequately describes the

At hrough spaceo ener gy Convengjonaly iFdrster nmechanisnh iss e
applicable only when an excitation from an electronically excited donorsingéet state is
transferredo produce an electronicallgxcited acceptor in singlet staté! Triplet states are
typically not involved in the energy transfer processes governed by Forster mecl@samnfamwe

have only investigated the singlet excited states of TCPP and2R8(fb). To probe the triplet

state of TCPP and PCKe23(fb), transient absorption spectropgovas employed.
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Figure 7. (a) Temperature dependence of the observed emission decay rates of TCPP HEMEOE3:1 v/v)
mi xt ur e bjTerRperaturedeperfidence of the observed emission decay rates-aPB@E)N suspensio(8:1
v/iv) mix8ure (pH &

Nanosecond transient absorption difference spectra@&P solutionand PCN223(fb)
suspension weracquired inwaterat pH 8 (Fig 8a and B). The difference spectra faiCPP and
PCN-223(fb) were almost identical, havinghantensebleach atD420 nm and excited state
absaption centered neat70 nm The bleach at 420 nindicates the depletion giround state of
TCPPwhile theabsorption maximum at 470 ncan be ascribed to tripidtiplet absorptionThe

transient absorption decagé TCPP and PCKe23(fb) at 470 nm exhibited singkxponential
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kinetics. The triplet lifetimes of TCPP and P@R3(fb) were found to b2 6 7 a2 2 0 ¢ s
respectivelyThe shorter triplet lifetime of PGI¥23(fb) can be attributed to several factors, such

as (a) scatteringf@xcitation beam by macroscopic MOF particles (in suspension), (b) triple state
guenching by trace amounts of oxygen trapped in MOF suspension, (c) triple state quenching via
energy tansfer to protonated TCPP units, and (d) triplet state quenching dleztimn injection

from TCPPinto the Zg node.Further research efforts are needed to determine which of these

factors is predominantly responsible for the quenching of triplet state of223(fb).

(@) (b)

(©) (d)

Figure 8. Transient absorption difference spectrgaf TCPP and (b) PGR23(fb) measured in degassedterat
room temperature followin§32 nmpulsed laser excitatiol?-15mJ / p u | ssdwhm)3Botlr difference spectra
represent amverage o880 transients(c) Fitted transient absorption decaysT@@PPalong with the residual (green

colored). (d)Fitted transient absorption decaysREN-223(fb) along with the residuédreen colored).
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By quantifying the energy tresfer efficiency of PCN223(fb), we cancompare its EET
performance with other porphigrbased MOFs reported in literatif®233Son et al. has shown
that energy transfer efficiency of a MOF can be evaluated by relating the amount of quencher to
the extent of quenching in MOR2® The relationship between the quencher concentration and
extent of quenching is provided by Stafolmer equation (Eqn. 2), wheteis the fluorescence
intensity without the presence of quenchkeris the fluoresence intensity at a particular
concentratiorof quencherKsyis the $ernVolmer quenching constant, an@] is the quencher

concentration.

- p UL U (Equation 2)
The quenching ratkg can be calculated by dividingsy with the fluorescence lifetime in the
absence of quenchern). A higherkgvalue translates into higher EET efficiency. Steiwimer
plots of TCPP and PCIR23(fb) were obtained using potassium feraigide as the quencher (Fig.

8). Upon complexation with TCPP, potassium ferricyanide is knovguémch its singlet excited

state via reductive electron transtér.

(@) (b)
2.6 1.4
2.44 . 1.3
2.2 L] 1.2
2.0+
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0.7
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0.6
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Potassium ferricyanide [M] Potassium ferricyanide [M]

Figure 8. (a) SternVolmer plot of TCPR10°M) (b) SternVolmer plot of PCN223(fb)

The SteraAVolmer rate constants and quenching rate constants of TCPP an@23(iN) are

provided in Table 2Interestingly, theSternVolmer rate constantandquenching rate constant
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indicate that MOF is quenched to a lesser extent than monomeric T@BFPnay be due to the
binding (association) constant of TGIPBrricyanide complex being higher in solution than in
suspension (with MOFY. It is also possible that potassium ferricyanide selectively adsorbs on the
surface of the MOF and does not penetrate inside the pores, which lowers the number of TCPP
linkers that can directly interact with ferricyanide. Efforts to identify quenchers that can penetrate
the surface of PCI223(fb) and quench the excited state ofPFCvia an energy transfer process

are currently in progress.

Table 2. SternVolmer rate constant and quenching rate constants of TCPP an@Z3¢ik)

Ksv (M'l) ko (M'lsl)
TCPP 120558 1.19*103
PCN-223(fb) 43328 4.8 * 102

3.4 Conclusion

Photophysical characterization of P@83(fb) was carried out with the helpdiffuse reflectance
spectroscopy, steagbtate emission spectroscopy, timesolvedfluorescencespectroscopy and
nansecond ansient absorption spectroscopy. The pH dependehtiee fluorescence decay
kinetics of PCN223(fb) revealed that protonated TCPP linkers act as energythetpeactivate
theexcited state in a very efficient mannéemperature dependence of the obsefledtescence
decay rates of PCGI®23(fb)wascomparable to that of monomeric TCB#its, suggesting th#tte
interchromophoric interactions between TCPP linkeetong to theweak coupling regime.
Therefore, a incoherent, hopping type mechanismas proposed for EET in PCGIg23(fb).
Fluorescence quehimg experimentsvith potassium ferricyanidas the quencheshowed that

PCN-223(fb) (in suspensionis quenchedo a lesser extent than ligand (in solution). This can be
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attributed either to lower binding constants of T&R#Pricyanide complex in PGR23¢b) or to

the inability of potassium ferricyanide to access the pores of MOF.
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3.6 Supplementary information
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Table 1 Absorption data measured for TCPP and PX28(fb)

B(Soret) Qy(1,0) Qy(0,0) Qx(1,0) Q«(0,0)
TCPP 425nm 525nm 561nm 597nm 652nm
PCN-223(fb) 412nm 524nm 561nm 595nm 652nm

Table 2 Fluorescence lifetimes of TCPP as a function of pH

pH Short component,: (ns) Long component,> (ns)
(% contribution) (% contribution)

3.5 3.1° 0.31 -

4 4.7° 0.41 (80.23%) 9.23° 0.22 (19.77%)

4.5 4.40° 0.19 (55.56%) 9.65° 0.87 (44.4%)

5 4.0 0.29 (22.23%) 10.17° 0.45 (77.77%)

5.5 4.43° 0.55 (14.36%) 9.80° 0.63(85.64%)

6 9.34° 0.37

6.5 9.55° 0.47

7 9.50° 0.51

75 9.43° 0.36

8 9.67° 0.39
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Table 3. Fluorescence lifetimes of PCAR3(fb) as a function of pH

pH Short component,: (ns) Long component;> (ns)
(% contribution) (% contribution)

3.5 - -

4 - -

5 - -

5.5 - -
5.75 - 8.75° 0.14

6 - 8.99° 0.28
6.5 - 9.04° 0.48

7 - 9.01° 0.26
75 - 9.23° 0.69

8 - 9.26° 0.78
8.5 9.19° 0.32
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Chapter 4
Energy Transfer in Metal-Organic Frameworks

4.1 Background information about energy transfer

In order to create technologies based on excitation energy transfer (enhanced photovoltaic
cells, more efficient photocatalytic reactors, etc.), one must first have a firm understanding of the
underlying quantum mechanical mechanisms. In other wordsdbew energy in the form of an
initially excited chromophore (donor) transfer to a different chromophore (acceptor)? To answer
this question, it is helpful to first consider this as a simpleswoa t e mo the It .i a@ stt lad enf
the donor is excitedand the acceptor is in its grousthte:S0°00 | nfi h Ak s@that e o,
acceptor is excited, while the donor is now in its ground sg®‘a This is represented
schematically in Figure 1. Assumi n glectramie chr o
coupling between the states is static (be.,d@0s@ ® 0 ), the excitation energy will simply
oscillate between the two chromophores at a frequency determined By &aththe energy gap

between the states, ‘O O¥o. The exactsolution to the timalependent Schrddinger

equation is trivially obtained, and the functional form illustrates the oscillatory behavior

- A coa | ;
0 o LOEI — gc‘J (1)
9] TS T 2

whered ¢ is the timedependent praibility that the system is in stag€®>3
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Figure 1. Schematic representation of the initial state and final states of a chromophore dimer. Note, that the actual
symmetry adapted combinations of the single particle excitatiane been neglected for graphical clarity. The

HOMO and LUMO orbitals on Donor and Acceptor are labelled by the letters, i, a, j, and b, respectively.

4.1.1Coupling Regimes

In reality, these two electronic states are not completely insulated from the rest of the molecule.
As time =evol ves, so too do the chromophores:
interactions between the electronic and nuclear degrees of freedamcorporate this nuclear
motion, one usually categorizes a problem as existing in one of two limiting cases: 1) strong

chromophore coupling, and 2) weak chromophore coupling.
4.1.11 Strong Coupling:

For very strong chromophore interactiotis the osilations occur very quickly, much quicker

than the heavy nuclei move, and we say that the excitation energy transfers coherently. This
language implies that it is more appropriate to describe this system as existing in coherent
superpositions of thgQands@states. As such, thgands@states are quantum mechanically
entangled, and thus behave somewhat like aléwel system (at least at very short times), with

populations oscillating quickly between the two chromophores. As a result of lieeend
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superposition of states occurring at different positions in space, the strongly coupled regime leads

to states which are delocalized in space. In order to model the time evolution of both the electronic

and nuclear degrees of freedom, density maipproaches are often usttand one attempts to

numerically integrate the Louisvileon Neumann equation.

4.1.12 Weak Coupling:
In contrast, if the couplindpetween the two states is weak such that the rate oftststate

oscillation is slow compared to the nuclear motion, we can assume that the vibrational state fully
relaxes between excitation energy transfer events, and we label this excitatpntemsfer as
incoherent. The metal organic framews(MOFs) discussed in this chapter are found to exist in

this regime, and thus incoherent mechanisms will be solely discussed. In order to make progress
towards understanding excitation energy transfenenateakly coupled regime, we will make use

of the fact that V is small and then employ perturbation theory. Applyingofidgr perturbation

theory to the timalependent Schrédinger equation, one finds the probability of populating the
final state 54 to be:

X . TR
U O
97

i "QQTo i
)
which is a direct simplification of Equation 1.

This rate does not yet include any coupling to the nuclear motion, which has the effect of
Asmearingod out the state energies. ¢Dhasthe conse
opportunity to transfer to an effectively different final state (since the nuclear motion continually
changes the electronic environment). This probability becomes sharply peaked around values
where the initial and final states are degeneratdy that if the longtime limit is consideredthe

probability of the system transitioning to the final state is onlyzem when the two states have
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equal energy. The equation which summarizes thisis thetstat¢ at e f orm of t he f

golden wlet:

0 o f)—gim 0 050 3)

In this form, the delta function, is the resonance condition. And the rate, of this process is simply

the time derivative of Equation, 3

Q g—gbs‘] o © 4)

Note that one of the key features of Fer mi 0:s

function of time. In order to obtain the actual rate from this equation, one must of course be able

to compute the electronic matrix elemait, 60 @ This is the topic of the next section.
4.1.2Coupling Mechanisms

If we take Figure 1 literally and assuhieh at each chr omophoreds exc
a pair of symmetry adapted excitations between a single occupleal gingle virtual orbitathe
two states very simplgan be written

@ Lg & sa ®)
nq

s g @ goa ©
78

where, the bar above orbital indices denote electronsiwigipin. For positive and negative
superpositions (spin singlet and triplet states, respectively), the Hamiltonian matrix elements are:

! This assumption is only used to simplifiscussion, and is not needed in a full treatment. However, if natural
transition orbitals (instead of the canonical HarFeek orbitals) are used to define these orbitals, then this minimal
picture becomes much more realistic.
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N0 ¢ofPd OO0 Singlet Coupling 7)

N 0Q O Triplet Coupling (8)
These two distinct types of electron repulsion integrald®cand ¢ ¢Q @re associated with
the conceptual mechanisms illustrated in FigurBr@m here, it is clear that singlet states have

two distinct mechanisms of energy transfer, Forater Dexter, while triplet states have only one

mechanism, Dexter.

4.1.2.1Distance dependence of coupling mechanisms

As illustrated in Figure 2, the two types of integrals coupling the excited states have different
gualitative interpretations. Forster type coupling involves only 4clr@mophore electron
transitions, whereas Dexter type coupling has only {citeomophoe electron transitions.
Intuitively, we should then expect to see different behaviors between the two mechanisms when
the chromophorehromophore distance changes. This is indeed theTdaséistance dependence

of the Dexter and Forster integradl be inspected in the following two subsections.

D" A D A
Singlet
Singlet = (ablji)
&Trlplet [ _ 1 Dexter

Figure 2: Connection between the conceptual transfer mechanisms and the mathematical description present in the
electron repulsion integrals of the Hamiltonian matrix elemerig@ contribute to Forster type coupling between

singlet states, whiled> §Q @ontributes to Dexter type coupling between both singlet and triplets.
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4.1.2.2 Dexter type integral, =|= To understand the nature of the Dexter (or exchange)

interaction, we write out the integral explicitly:

HEQ. A %l Kol %ol ol ©

The only time that the product of molecular orbitéds,i %0 i or%. i %o i , can be non
zero is if there is spatial overlap between the pairs. Note, that this is not a statement about orbital
orthogonality, as all orbitals are assumed orthogonal. Since oilatads are on the donor, and |
and b on the acceptor, this requities two chromophores tee close to one another. Because of
the exponential decay of the wavefunction in free space, the overlap between these orbitals decays
exponentially. Consequently, the Dexter type interaction also decays exponentially with igcreasin
inte-chromophore distance. This means that at long distances, only singlet states can undergo
excitation energy transfer, since the Dexter (or exchange) pathway is closed. However, through
indirect coupling with intermediate states, more complicatediddegpathways can also exist,
which relax this constraint somewkatThe shorrange nature of Dexter type interaction makes
it strongly sensitive to the chemical structure hestwthe chromophores and may potentially be
helpful in directing energy into spatially localized energy transfer conduits or pathways. One
dimensional1D) energy transfemetworks maybe particularly desirable for solar energy capture
and conversion becagighey can direct energy in a specific direction towards a catalyst. Fine
tuning the directionality of such energy transfer pathwaysmlayipulating the intervening
molecular structure and intehromophore distances can enable the design of smart energy

collecting material$.
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Figure 3: lllustration of the coordinate system used for expressing the two electron repulsion integrals as a dipole

dipole interaction

4.1.2.3F0rster type integral, =|= -H- For theForster (or coulomb) term, the explicit forms of

this integral is
HERH A D %o i %ol ii%oi %o i (10)

Unlike with the Dexter integral, the orbital products occur between orbitals on the same

chromophore, and so no overlap dependence arises. To understand the distance dependence of this

integral,it is helpfulto focus on the— part. Referring to Figure 3, the following substitutzam

be maddo remove the explicit integlectron coordinate:

v (11)

where,b P P8

Consideringthe fact that the intechromophore distance is typically much larger than the

fluctuations of the electrons about each chromophore, leading to a binomial expansion,

p | (12)
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This expansion is rapidly convergent (only a femalues needed) wheoalL p, which happens

to be true in our case since,

1 cpt'y (13)
@ Y
and'Yis much larger than. Using this expansion, we obtain
p p bit® bidO obtd i b s o s A e s (14)
— 5 N v (ECEDBAO OAOI

where,® is the unit vector pointing alony. It is easy to see that, because the molecular orbitals

are orthogonal, the first term does not contribute to dhg®dintegral.
GEOGN G D %o | %o i %%oi % |
QA %o i %ol QA %ol %o i

v

T T Tt

The same is readily seen for the second etelen. One then finds that the first nparo term

<o <1

is the thirdorder term, which decays with,

. 9ie 0 td @ i o ws s A A st (15)
LOT === (ECEABAO OAOIO
where definition of théransition dipole momen® or'® hhas been introduced,
(16)

® Q% i %1 B8
Thus, the Férster type integraky §®¢) has anR® dependence on thiater-chromophore

distance. This allows this mechanism to occur at rather long distances. For convenience, one often
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defines a unit vectap in the direction of the dipole transition moment such'®at S %, to

isolate all the orientational dependemu® a single constani,

I &t o&dHte &i® h (17)
which leads to,
oo $E 9 (18)
Y
Substituting this into Fermi 6s GoY dlistanceRul e,

dependence of Forster energy transfer,

E g_/s si sllj o 08 (19)
%
X X ¥
time

Figure 4: Cartoon representation of the time dependence of the Donor and Acceptor excitation energies.
Resonance transitions only occur when the energy gap goes to zero, highlighted in grey.

This, howeveris not the typical form of the rate expression used. Because the energy transfer
can only occur when the energy gap ‘O goes to zero, a system in sté@must wait until the
thermal motion creates a curve crossing between the chromophore energies, as shown in Figure 4.
Thus,thelong i me probability of making a transition
of the two chromophores is. Correlatiométions are the mathematical way to quantify this

Acorrelationo. By using the integral definit.i

(20)
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to define a time propagator and thermally average over final states, one can transfabovie
rate expression into one which depends on the product of transition dipole moment correlation
functions on the donor and the acceptor. Then, taking into account that the absorption or
fluorescence spectrum is simply the Fourier transform of @msitton dipolemoment correlation

functions, and using Parsival és theorem, one

the experimentally available normalized absorption and emission spgctra, ?:

g s¢ ¢l , (21)
Tov 11

This is the equation typically used for determining the Forster rate, and wieatplsyed

?’QE

throughout the rest of this chapter. As can be seen fromiB@dt, optimizing the rate ofdfster

energy transfer in materials like metal organic frameworks will require careful attention to the
choice of chromophore and framework symmetry as welltlasr gparameters like fluorescence
guantum yield and chromophore oscillator strength. The key challenge is that all of this must be
performed without sacrificing the integrity of MOF structure or introducing defects that may

unproductively trap excitors.

4.2Why MOFs

MetalOrganic Frameworks (MOFs), sometimes referred to as poroudication polymers,
have wideranging applications in lightarvesting, luminescence, artificial photosynthesis,
photocatalysis and photovoltaic as hybrid matefidisUnderstanding the exciton transport
process within weltlefined 3D solid phases will aid in the design of novel materials for highly
efficient directional energy transport. MOFs offer a rich diversity of unique platforms to study
energy transfer (ET). Hidighted by highlyordered crystal structure and synthetic tunability via
crystal engineering, MOFs allow for precise control of distances and angles between

chromophores and their alignment by judicious choice of ligands and metal nodes. The main ET
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pathways observed in MOF matrices could occur between different ligands, from ligand to metal
centers (or metal to ligand), metal to metal nodes and guest to MOF skeleton, as shown in Scheme

1_14

metal-to- ¥
. metal

Scheme 1A schematic representation of different gfbcesses which could occur in a MOF matfix.

The aim of this chapter is to give a comprehensive overview of MOF materials for energy
transfer. Because the composition of bridging linkers and inorganic nodes can significantly affect
the ET preaess within MOFs, herein, we will discuss ET mechanisms and structural motifs in
MOFs based on different types of energy donor/acceptors. In general, four scenarios can be

distinguished in reported studies:

1. MOFs containing lanthanide metal ion, eitlasrthe metal nodes of the framework or trapped

in the MOF pores as guest cations.

2. Doping wellknown transitioametal complexes, Ru(bpg}/Os(bpy}?* as the chromophores in

Zn/Zr based MOFs.
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3. MOF materials constructed from porphyrins and metalloporphyrins as crystalline powders

thin films.
4. Using organic chromophores as bridging linkers to prepare designed MOFs.
In summary, to construct a MOF system to probe ET, several criteridonbedatonsidered:

1. The chromophores should have intense absorption and emission bandsvis kivige
and relatively long emission lifetimes in order for the photoexcitation and estaésl
dynamics to be easily probed.

2. Good overlap between the emission spectrum of the donor and the absorption spectrum of
acceptor are necessary to favor the ET process.

3. The energy transfer efficiency depends on the donor/acceptor ratios and highly efficient
and rapid directional ET is desd for further applications.

4. It is advantageous to choose w&lldied molecular chromophores, in which the
photophysical and photochemical properties in solution are well established in order to
model the more complicated schithte photodynamic progges and ET mechanisms in a

MOF matrix.

4.3 Lanthanide-based Luminescent MOFs

Luminescent lanthanideased materials have been widely used in-ahitting systems and
biological, environmental and clinical analysis owing to the unigque luminescenceshks from
intra-4f transitions of LA*. Characterized by sharp emission bands, long exsttad lifetimes
and large Stokes shift8 Ln®* ions provide sufficient band gapstiveen their 4f states. &dan
emit in the UV region, S&i, EC*, Tb**, Dy** and Tni* are useful luminescence centers in visible

light range, while N&f, Yb®*, E?* and to a lesser extent3PrSny*, Dy**, Ho®**, Tn**in near
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infrared regiont® Although the photoluminescence of lanthanide ions is an efficient prauteas,

4f transitions are fALaporte forbiddeno, and
weak and results in low intensity luminescehté’ This problem ca be overcome in Libased

MOF systems, where the organic ligands can be utilized as antennas for the metal ions. The effect
that the organic chromophores absorb the light and funnel the excitation enerdyitoknown

as antenna effect or sensitizatibaorthermore, ET processes from metametal in heterometallic
Ln-MOFs can be used to tune the photoluminescence properties. Overall, two strategies have been
used to probe ET in BAMOFs: (1) MOFs with LA*metal nodes and (2) MOFs with encapsulated

Ln3*in the pores.

Table 1. Summary of chromophores in lanthaniolessed MOFs

MOF Chemical Formula Ligand Structure Guest Ref
Ln(llN) -L Gd(L)1sDMF-H0 L= D1= [18]
(Ln=Gd,Eu,Yb) —
S Nt e
Hooc: O = Q.Q = Q COooH —
CgHq3 CoHis D2:
N
Lnz(L1)s:(DMF)x-(H20)y | Eu(L1)ys (DMF)1.1:(H20)1 7 Holl = [19]
(X,y=1'2) o
(Ln=Gd, Eu, Yb) S
waae- O~ -~~~
Eu-MOF Eu-L-5H,0 L= [20]
|
o
HOOC—/ :<< \—cooH
|
Ln-MOF [EwL3(H20)4]-3DMF Hol = DMF (MOF 1) [21]
\ H.O (MOF 2)
OO0
e} OH
(0]
\
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LnL Lnde]_-xL L = [22]
(Ln =Tb, Yb) 050'*
(0]
O\);/O
[e) o
Ln-MOFs {[Ln 4( #OH)4«(BPDC) BPDC = [23]
(BPDCA).5(H20)g] X
ClOs-5H,0}p LN
(Ln=Tb ,Gg HOOC
NZ - COCH
. |
BPDCA =
HOOCCOOH
Ks[Lns(IDC)4(0X)4] IDC = [24]
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H
N OH
Q|
N OH
o)
Ox =
o}
HO
\[HJ\OH
o)
Ew(FMA)2(OX)(H20)a- FMA = [25]
4H,0 o)
(0]
Ox =
o)
HO
o
o)
{[Tbs(es-HPyIDC)4 HsPyIDC= [26]
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H
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N/ A |
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[(TbixEw)-(DPA)- [(Tbo.esE 0.0 (DPA) H.DPA = [27]
(HDPA)] o (HDPA)]» o) o)
[(Tbo sEw 5)(DPA)- N
(HDPA)]» HO™ | OH
X
?[Ln2Cls(bipy)s] o ’[Gda xyEuThyCle- bipy = [30]
-2bipy (bipy)s] o-2bipy 7\ —
(0 x,y 0.5) N \ N
LnL {[Ll’l 2(L)2]-(H 20)3- Hal = [31]
(Ln=La, Ce, Pr,Nd, Sm (MezNH2)2t o o) (o)
Eu, Gd, Tb, Ho, Er) HO)KQAKOH
o
HO\”/gj\H/OH
0 o)
Ln-Zn {ILnOH(H 20)g¢] 4-Hjtbca = [32]
(Ln =Eu, Tbh) [Zn2Lna(H-Htbca)-(4- H
tbcap(H20)12} o - 6NHO \hl
N-N
HOOC
Ln-DMBDC (EuTbry)2 DMBDC = [33]
(Ln = Th, Eu) (DMBDC)3(H20), 0
-DMF- HO ')
HO ~
OH
o
6]
LnPIA (EuThix) HoPIA = [34]
(Ln = Tb,Eu) (PIA)(HPIA)(H20)2.5 NZ 0
x OH
®) OH
[Ln(hfa)s(dpbp)h [Tho.eE W .01(hfa)(dpbp)]e hfa = [35]
(Ln = Tb, Eu) O O
e A,
dpbp =
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Eu(I11)-MOF (1) [EU(triCBNTB)] triCB-NTB = [36]
Eu(l1)-Zn(I1)-MOF(2) "DMACc-4H0 (1) HOOGC Q
[EuzZn(triCB-NTB) Q/N N
(H20)(Cl)z]- 2DMAc-H,0 j
@) Ne r@A)OOH
¢
i N- { >
HOOC
2-Ln-Ag [LnAgs(3-TPyMNTB), TPyMNTB = [37]
(Ln=Gd, Eu) (H20)(MeCN)](CIOy)s-
4MeCN
Ln=Gd, Eu NN
N\j/\Nj/ ’/O
O
-0
N
[NH[ZnL]-6H-0 L= Ln = EG, B> [38]
0] (0]
HO OH
HO OH
0] O
Ln*@bio-MOF-1 [Zns(ad)(BPDC)O- ad = Ln=Tb, Sm,Eu, Yb [39]
Ln=Tb, Sm,Eu, Yb 2Me:NH2, 8DMF,11H0] NH,
N
oy A
N N
(0]
BPDC =
HOOC Q O COOH
Ln®*@zn(Il)-MOF {[Zn2(1)-H20]-3H.0- = Ln=Tb,Eu [40]

Ln=Thb,Eu

3DMAC-NH2(CHs)2} o

HOOCQ/OQWQ

COOH

COOH

COOH

4.3.1Energy transfer in Ln-node based MOF

The longrange ordered organization of photophysically active units at supramolecular level

on naneto micrometer scale is important in enetggnsfer processes in photosynthetic systems,

as well as electronic devices based on organic compoundss®sifbly provides an efficient and

inexpensivevay for assembling large numbers of molecules into structures that can bridge length
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scales from nanometers to macroscopic dimensions. Two examplesnoidenbased MOFs
constructd by seltassemblyexhibited eficient lighth ar vest i ng properties
conjugated ligand with high fluorescence quantum Vyi&ld.In these MOFs, ligantb-ligand
energytransfer (LLET) was exploited to extend the absorption spectrum of the MOFs and tune the

emission properties.

Uvdal and coworkers prepared MOFs that display 1D channels through tassatibly of
“-conjugated dicarboxylate linkers (L) and Ln(OAGLn = Gd, Eu, Yb) in DMF® These
nanoscale MOFs have #metal clusters that can bind to solvent or small anions when the main
ligands do not saturate the high coordination number of the lanthemmddhis results in a
negatively charged local environmenband the metal node. Therefore, cationic guest molecules
such as trand-[ 4NN- diethylamino)styryl}N-methyl pyridinium iodide (D1) and methylene
blue (MB") (D2) can be encapsulated into the MOF channels and the loading amount can be
controlled by reetion temperature. For example, in the Gd3MOF, the guest loading amount
based on ligand L can be up to ~6.7 mol% for D1 and ~2.8 mol% for D2 at 140 °C. More-interest
ingly, the guest encapsulated in MOFs at 140 °C can be released gradually at rperattemin
DMF and this process is reversible (Schemé& BPhotoluminescence and fluorescence lifetime
decay studies showed that the-IDdded MOFs exhibit efficient light harvesting with ET from the
framework to the guest molecule. As shown in Figurth® emission peak of L has large overlap
with the absorption spectrum of D1. When L mixed with D1 in a homogeneous DMF solution at
a molar ratio of 1:2, the ensi®n of L was quenched but no ET could be observed (Figure 5, curve
b). The authors postulatbat this was due to favorable collisional electron transfer and/or the
formation of nonemissive aggregates. With the addition of Gd(©&w] MOF seHassembly,

emission from D1 at ~580 nm appeared upon MOF excitation at 365 nm, which is optimal
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excitation of L (Figure 5, curves ¢ and d). TherefoMOF incorporation and chrombore
isolation led to efficient ET between the donor L with the acceptor D1, not observed in
homogeneous solution. It is important to note thahis case the Gddid not play aractive role

in the ET chain. The main role of the ¥avas to organize and isolate the chromophores in 3D
space, thus preventing electron transfet/ar the formation of nonensive aggregates.

Scheme 2Schematic illustration of the lightarvestinganthanide MOFs with L that exhibit reversible temperature

dependent encapsulation antkese of acceptor molecules E1.
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Figure 5.PL spectra of L (a), L + D1 (b), and L + D1 + Gd(OAp)epared at 20 °C (c) and 140 °C (d) in DMF. All
of the samples hathe same concentrations of L; samples b, ¢, and d have the same concentration of D1. The dotted
line is a U\tvis spectrum of D1 in DMF. Inset: photo images of samples (a) and (d) under UV light (36% nm).

LLET is not only limited in the hosguest systm, but also can be observed in the frameworks
with mixed ligandCompared with encapstilan, which occurs by weak noncovalent interactions,
strong coordination between metal and ligand can preferentially orient the linker components to

enhance ET efficiecy. Stable 3D networks were constructed by lanthanide ions (Ln = Gd, Eu,

Yb) and a s e rconpgatecbdicartibxylatd ligands mith different sadhain lengths
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Figure 6. Chemical structures of the ligands with differectinjugation lengths and differing side chals.
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Figure 7. Synthesis and light harvesting study of multicomponent nanoparticles: a) lllustration showing the
preparation of GAL1i L2 multicomponent nangpticles. b) Schematic repregation of the energy transfer in long
range ordered MOFs. c) Normalized absorption and emission spectfalodihtl HL2 in DMF. d) Emission spectra
of Gdi L1, Gd L1 mixed with 2 mol% GdL2, Gd (L1+2 mol% L2), and G2 nanopdéticles. The gray curve is the
excitation spectrum of GdL1+2 mol% L2) nanoparticles; inset (from left to right): phattages of GdL1, Gd L2,
and GdL1i L2 nanoparticles in daylight (upper row) and under an ultraviolet lamp (365 nm; bottom row). e) Time

resolved fluorescence decay ofi&d, Gd L2, and Gd(L1+2 mol% L2). Inset: photimage of Gd(L1+2 mol%

L2) nanoparticles under excitation by laser (370 #Hm).

(Figure 6)'° The long alkyl chains in the ligand prevent aggregation of the nanoparticles, while

the absorption and fluorescence of the MOFs can be tuned by using different monomeric units.
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The structural similarity in the main chain of the ligands ensured that thesfdetween
dicarboxylate linkers and Ln metal ions are approximately similar and lead to the same crystal
structure for designed MOFs. Dopingli2 into Ln-L1 MOFs afforded efficient Forster resonance

ET (FRET) from L1 to L2 within the framework, and didt alter the MOF structure (Figure 7).

The excitation spectrum and timesolved fluorescence decay of -GH-L2 nanoparticle
dispersions in DMF confirmed the ET from L1 to L2 under the pimo&dliation at 365/370 nm.

The ET from L1 to L2 is evidenced Itlye apparent quenching for strong emission ofLGa@nd

the concomitant increase in the acceptor emissiort BB@nm when excited at the 366 (the
absorption maximum of donor L1) (Figure 7d). Similar FRET process from L3 to L4 can be
observed in Gd.3-L4 system where 1% mol of;:H4 was doped in G#3 MOF. Moreover, very
efficient sensitization of Eu(lll) has also been observed by replacing Gd with Eulif GIDF,
characterized by the efficient emission quenching of L3 by Eu(lll). In a model MOF, Yaeklll
Eu(lll)0.0s-L31.47L40.03 the acceptor ligand, L4, and the®Eion can be cesensitized by the same
donor, L3, revealed by multiband emissions which covered the characteristic emission band from
Eu’"and L4 under the excitation of L3. The multicasngnt naneViOFs could potentially be used

for barcodes and FREBased sensors.

To further enhance the efficiency of LMET, photophysical properties can be modulated
through the heavy atom effect (HAE). To briefly intduce this concept, the spin configuoa
of ligand and LA" excited states must be considered. Upon the irradiation of light, organic
chromophores form singlet excited states. The excited states’ofolis are formally triplets.
Therefore, to promote efficient ET between spamserved stas, the organic chromophore must
first intersystem cross (ISC) to its triplet state. When the energy gap between singlet excited and

triplet excited states of the ligand is greater than 5000, d¢he ISC process will beffective in
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accordance with Reithu dt 6 s empi ri cal r u-brieit.coufling detwednEhe e n h a n
singlet and triplet states. Therefore, ISC is favored in the presence of heavy atoms, such as iodine

or bromine. Jayakannan and coworkers investigated the HAE concept usirgubstinited

carboxylic ligands to build 1D and 3D MOFs with¥# Close packing of the bisiodo ligand in

the solid istateactkkhmguglestricted vibrational r
through S1 to SO transition and promoted the populatfaniplet states by ISC, which further

facilitated LMET from the ligand triplet excited state (T) to the metal iory (BDEU*) in the Eu

MOFs (Figure &

S
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Figure 8. The HAEassisted ligand to metal energy transfer (LMET) con€ept.

The efficiency olLMET in Ln-based MOFs could be modulated by small guest molecules and
ions in the pores of the MOF matrix, leading to the change of its luminescence properties, making
these materials promising platforms for sensing applications. The interaction bete/agresh
molecules with the ligand could either enhance or quench the luminescence of the MOF, which
provides a significant difference for desired detection. Song and coworkers prepared a luminescent
lanthanide MOF, which can selectively detect DMF vapbie 3D MOF [EuL3(H20)4]-3DMF
was synthesized by heating of 2bis(methoxymethyH1,1":4',1*terphenyl}4,4-dicarboxylate
and Eu(NQ)s in DMF/H20.2t As shown by Xray crystal analysis, DMF is located in the solvent

channel along the-axis intheframework, which can be replaced by watefioton an isostructural
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MOF. The MOF with HO in the pores exhibited fast response rates to DMF, revealed by the
significant increase of luminescence intensity. This DMF sensitization is caused byidgié
interactions that presumably shift the energyelenf excited ligand and facilitates the LMET
process. Similarly, a family of l-MOFs can effectively sense acetone molecules based on
fluorescence quenchirt§. Ln-MOF {[Th4( £OH)4((BPDC)(BPDCA).5(H20)s]ClO4-5H.0},
where BPDCG* = 3,3-dicarboxylate2,2-dipyridine anion and BPDC#A= biphenyt4,4-
dicarboxylate anioncould sensitively detect small molecules and ions especially benzene,

acetone, Cti and CrQ?'> An anionic MOF K[Tbs(IDC)s(0x)s (IDC, imidazole4,5

dicarboxylate, ox, oxalate) had a selective response with enhanced emission when*guest K

exchanged with C4%® Qian and coworkers reported a microporous luminescent MOF,
Ew(FMA)2(OX)-(H20)s-4H20 (FMA, fumarate; OX, oxalate) that exhibited highly selective and
sensitive sensing of Glin aqueous solution (Figuré.% Zhang and coworkers @pared Tb(l1))
based MOF using a blue emitting digd 2(4-pyridyl)-1H-imidazole4,5-dicarboxylic acid
(HsPyIDC), which showed good selectivity and sensitivity towartt Fewater?® Finally, as an
example of competitive absorption, a family of-MOFs has been shown to effectively sense
acetone molecules based on fluorescattenuation caused by the okegr absorption between

acetone and the ligartél.

Synthetically, it is easy to get isostructurathased MOF using mixed lanthanide metal ion.
Therefoe, metalto-metal energy transfer (MMET) has been widely used to tune the emission
color of designed MOFs without altering the structure, especially the MMET betwééarith
Eu’*. The emission color can be quantitatively characterized by using the caalirates

according to the Commission InteafdTheCiEal e
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XYZ color space was derived from a series of experiments done in the late 1920s by AWilliam

and Johff, and the coordinates x and y representaratigreen color components, respectively.

Figure 9. (Left) X-ray single crystal structure of MOF EEMA)(OX)(H20)s-4H:0. (Right) The luminescence
change after the addition of §10?M) on MOF under UV ligh#®

Rodrigueset al. reported a complementary experimental and theoretical investigation of the
ET mechanism between Y E &' in two isomorphous 2D heterometallic lantharadganic
framworks?® [(Tbo.esEo.05)(DPA)-(HDPA)] » (1) and [(Thy sEw 5)(DPA)(HDPA)] » (2), where
H2DPA is pyridine 2,6dicarboxylic acid Steadystate emission spectra of both MOF samples
showed the high quenching effect on®*Tbmission aused by Eif ion indicating arefficient
To3Y E & ET. TheTb*'Y E d' ET rates Ker) for (1) and (2) and rise ratesrjkof the Ed*ion
for (1) were investigated at different temperaturesamd ler for (1) were on same order of
magnitude, indicating that the sensitization of thé& FDo level is driven by the ET frorPD, of
Tb* ion. TheT**Y EG*ETe f f i cdrand R yalues in (1) varied between 67~79% and in
between 7.15~7.93 A, whereasfarY t he ET o0c c uranddof 924vandca.ge Wi |
31 i, respectivel y. The role of the dipoleildi

guadrupole (gTqg), and exchange (Ex) mechani sn
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model. ET ratevalues for a single TY E 8" process ardower than those experimentally
obtained; however, it may be justified by the fact that theoretical model that does not consider the
role of phonon assistance in the *ThE d* ET. The ET processesinvestigated were

predominantly governed by did and diqg mechani

In a series of isotopj@D MOFs [Gdo-x.yEu ThyCls(bipy)s] o-2bipy (Figure 10A), where 0x,
y 0.5, bipy = 4,4bipyridine, the emission color ibetween green and red can be tuifed.
Specifically, 4,4bipyridine functions as an antenna, providingtfé # f L ME ¥ and ®5*, E u
giving a red luminescence for Band a green luminescence for’Trespectively. Since th®x
excited states of Btiand T are very close to the; Btate of the ligand, efficient ET from To
°Dx through norradiative relaxation significantly reduced the energy Haamhksfer(Figure 11).
Different ratics of EL?* and TB* can be incorporated into the MOF by mixing their metal salts with
GdCk under solvenfree melt conditions of 4 4ipyridine. The introduction of Gd into the
MOF matrix hindered back energy transfer duéhlarge energy gap between the excited state
and ground state of Gt(Figure 10B & C). The combination of Ewand TE* lead to MMET

from TB**Y E &', which could tune the emission color (Figure 10D).

Zango6s group synt hes inhanide MOFss Ik (Lne=d a, Gd, PrjiNd,0 st r u
Sm, Eu, Gd, Th, Ho, Er), under solvothermal conditions using flexible multicarboxylic a¢id (H
= 5-(3,5-dicarboxybenzyloxyjsophthalic acid). Efficient ET from the ligand to>ftor EL** was
observed! The emission from the Blicenter was further sensitized by*Tland the colors can
be controlled by adjusting the molatio between them. White light emission was achieved by
combination of the blue emission of the ligand and the intense emissions of lanthanide ions (Figure

12). The corresponding international commission on illumination (CIE) coordinates of the MOFs,
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(0.3, 0.334) and (0.332, 0.338), fordatlbo.1da0.6s- and Ew.16Tbo.1d a0.63-, respectively, are

very close to the coordinates for ideal wHight (0.333, 0.333).

‘—‘_1 v ’-'J 15 Gd,, Gd,, Gd,,
R Tb Tb TH.
: Bipy ~ Bipy
ki WA W
QA Bipy+ Gd EuTb —Bipy AN
x| \ /I \

S = L PR

Figure 10.A. Depiction of the connectivity in the 2D layer structuregjf.n.Clg(bipy)s]-2bipy. B & C. Schematic

depiction of the energy transfer processes between metal ions and ligands. D. Photoluminescence of the series of solid

solutions of [GdxxyEwTh,Clg(bipy)s]o 2 bi py under UV¥® | ight (& = 302 nm).
Similarly, two novel isostrucatral Ln-Zn (Ln=Eu and Tb) heterometallic frameworks have

been prepared by-@H-tetrazot5-yl)-biphenyt3-carboxylic acid (4H.tbca) under hydrothermal

conditions®? Both EuZn and ThZn MOFs showed characteristic red and green luminescence,

respectively, due to antenna effect from the ligand. Remarkably, the photoluminescence spectra

indicated that, not only can the ligand in-Zb MOF transfer energy to Fhcentergo emit green

light, but it can also maintain effective blue luminescent properties of 4Hgthda ligand.

Therefore, additional doping of &tinto Tb-Zn MOF can tune the luminescence from green to

red towards white. The CIE coordinates of the emissp@ttra of 0.4% to 1.5% Eudoped TB*

MOFs fall in the whiteregion. When the doped ratio of Eis 0.5%, nearly ideal white light
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emission with the CIE coordinate of (0.331, 0.328), a high color rendering index (CRI) value of

81.7 and a favorable cotaged color temperature (CCT) magnitude of 5562K was achieved.
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Figure 11.Excitation and emission process between metal ions and ligaf{@xdin.yEuTb,Cls(bipy)s] - 2bipy °
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Figure 12.( a) PL emission spectra of t367 enm, Balid Jatmples).o(lp) €E L a
chromaticity diagram for Eii7Tbo.1d-a0.6d- (A) and Et.16Tbo.1d-a0.es (B).3*

Mixed lanthanide MOFs can also a&d luminescent thermometer since some of those
frameworks exhibited temperatudependent luminescence. Qian, Chen and coworkers reported
two isostructural 3D MOFs FBMBDC and EuDMBDC using 2,5dimethoxyl,4-benzene
dicarboxylate (DMBDC) as the orgarinker.3® Owing to the sensitization effect from DMBDC,
LMET to Tb** lead to green emission at 545 nm and LMET té'Eead to red emission at 613
nm. By increasing the temperature from 10 K @0 X, the emission intensities gradually
decreased due to the thermal activation ofraghative decay. Intriguingly, the mixed doped MOF
Ewo.o0e9Tbo.993:rDMBDC exhibited unique temperatudependent luminescence behavibat
differed from TeDMBDC and Ex-DMBDC. With the increase of temperature, the probability of
To3*Y E & ET was significantly enhanced. Therefore, at 10 K, the emissiors ol and
Th®* have comparable intensity, while at 300 K, the emission &f &minates the overall
luminescene color. Additionally, a linear correlation between temperature and emission intensity
ratio in Euw.oos9l D0.003rDMBDC was observed from 50 to 200 K, which indicated that the MOF is
an excellent candidate for se#fferencing luminescent thermometers (Feg3). A follow up
study reported TdpEw.1PIA (H2PIA = 5(pyridin-4-yl)isophthalic acid) asa luminescent
thermometer whose sensitivity is more than nine times higher thasHilno.003rDMBDC in an
even boarder temperature range of 100 to 300 K,tdubke higher triplestate energy of the
ligand3* Similarly, Hasegawa and coworkers reportedo[dBuo.oi(hfa)(dpbp)h ( d p b p-: 4,
bis(diphenylphosphoryl) biphenyl) as a novel thermosensor over a wide rarg@adb 500 K

with high sen$3®tivity (0.83% eC

96

c

[o

(@}



A B CIE 1931 Chromaticity Diagram
. = Euy 0959 Thy.993,"PMBDC
1.0 = 4 Tbh-DMBDC 1.0
A = P
- =
_BJ A : g
s s
— a—n 4 A £
3 . ta — T
S 05) , . R [ X5
g =i \ 4 - TE!
Tt = a [ ]
CH s
4 J "o 4
TS0 100 150 200
Temperature (K)
00— g
0 50 100 150 200 250 300
Temperature (K)

Figure 13. A. Temperature dependence of the integrated intensity ratio 6f(3#5 nm) to Eé& (613 nm) for
EUo.0069T b0.093r DMBDC (black squares), and temperature dependence of integrated intensity @blnm) for Th
DMBDC (red triangles). (Inset) Fitted curves of the integrated intensity ratio fojdsibo.99srDMBDC from 50 to
200 K. B. CIE chromaticity diagram showing the luminescence color @bokslibo.gesrDMBDC at different
temperature&

The twophoton (TP) sensitization in lanthanide complexes provides opportunities to develop
better bioimaging materials. This technique uses the lewergy excitation in the nearfrared
region (708900 nm) to emit higheenergy photons with shorter welength in the visible region.

Su and coworkers synthesized lanthanide homometallic dnkdeterometallic Eu(lilbased
MOFs containing a functionalized tripodal ligand, triCBB (4,4',4%(2,2',2"nitrilotris-
(methylene)tris(1Fbenzofimidazole2,1-diyl)tris(methylene))tribenzoic acidf. Due to the
norrinversion symmetry imposed on the central Eu(lll) and the large polarizability of the ligand,
onephoton (OP) luminescence, based on the ET from ligand £ & twoephoton (TP)
luminescence, based on the hypersensitive transition @&tftigons are observed in the MOFs.
As shown in scheme 3, for OP luminescence, the ligand absorbs the UV liglstabeSand then

populates T state through ISC. LMET forms the excited state of*Hg@Dg) and the OP

luminescence is observed when¥Beconverts tdFo ground state through radiative decay. While
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for the TP process, the ground stdfe of EL?* absorbs two photons and is excited to the
hypersensitive transition stat®, which is sensitized in reported two MOFs due to their spatial
and electronic structas. Then, the energy is relaxed to the emittigstate and finally returns

to the ground statdo, characteristic red emission is observed. The parallel study from same group
synthesized a singlghase EvAg MOF that exhibits dual emissidh.A bifunctional NTB
(tris(benzimidazeR-ylmethyl)aminejtype ligand, containing coordination discriminable tripodal
benzimidazolyl and monodentate pyridyl groups, tris((pyrBlylmethyl)benzoimidazep-
ylmethyl)amine (3TPyMNTB), was used to assemblei 48l heterometallic Hreedimensional
MOFs in a stepwise method. In the-Based MOF, the ligand acts as an antenna to transfer
absorbed energy to the Ewenter, resulting in characteristic red luminescence. Remarkably, in
heterometallic MOF EwAg, the ligandcentered em@&@on was resensitized by Agons to
generate dual emission, resulting in wHight emission from a single crystal (Figure 14). The
heterometallic MOF material showed a new design strategy for the multicomponentigttite

materials.

4.3.2Ln@MOF

The luminescence intensities of lanthanide cations are often limited in aqueous media due to
the low quantum yields. MOFs provide a rigid scaffold that can serve as the host for protecting the
Ln cations from solvent quenching. Therefore, encapsulation of lbinWWOFs is an alternative
strategy to probe the ET process forM®Fs. Moreover, the trapped Ln cations in the porous
framework could enhance the biocompatibility of lanthanide molecular complexes, which further

extend their biomedical applications.

Luo et al. prepared microporous MOF [NH[ZnL]-6H20 (L = 1,2,4,5benzenetetra

carboxylate) with regular one dimensional channels, which were occupied hy*[bidinter
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ions3 The lanthanide (lIltrapped MOF can be simply generated by using lanthanide ions replace
counter ions in water. It is interesting that the original blue emissitinedOF can be easily
tuned by doping the framework with Ear Tb** to prodice red or green emission, respectively.
Different transitioametal ions have a range of effeoh the luminescence intensity, in particular,
Cu**and Cé*showed significant effects on the¥and T5*doped MOF, respectively. This result
indicated thathe lanthanideencapsulated MOF provides a highly selective and sensitive method
for CL?* and CG&* detection in aqueous solutions.

Rosi, Petoud and coworkers prepared a porous anionic MOM®F 1 with the structure
[Zns(ady(BPDC)O0 A 2 ME,, 8DMF,11H0] (ad = adeninate; BPDC = biphenyldicarboxylate;
DMF = dimethylformamide), that acts as a scaffold for hosting and sensitizing several visible
(Sme*, Th*",E?*) and neainfrared (NIR) emitting (YB") lanthanide cation®. The loading of
lanthanide cations into the pore of #MOF-1 can be achieved by a simple cation exchange
process and is confirmed by the luminescence properties of the resultingubassimaterials
(Figure 15 A, B and C). The powderrdy diffraction (PXRD) showed that LH loading did not
impact the crystalline integrity of biMOF-1 (Figure 15 D). Excitation and emission spectra of
Ln@bio-MOF-1 revealed the energy migration from MOF chromophoric structure (BPDC based)
to Ln** guest cation under irradiah at 340 nm (Figure 15 B). Although water is a highly
guenching solvent for the emission of lanthanide ion, thévidd~-1 coul d serve as a
protect the lanthanide cations and enhance their luminescence in water. Moreover, the preliminary
O, detection experiments using Y@ bioMOF-1 demonstrated that Ef@ bioMOF-1
materials can potentially be used as versatile high surface area sensors for small molecules, such

as dioxygen.
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Figure 15. Bio-MOF-1 encapsulation and sensitization of lantdancations. (A Schematic illustration of L3
incorporation into bieMOF-1 and subsequent Ehsensitization by the framework. (B) Excitation and emission
spectra of S# @bio-MOF-1 (i), Th* @bio-MOF-1 (i), and E&* @bio-MOF-1 (iii). (C) Samples of L# @bio-
MOF-1 illuminated with 365 nm laboratory UV light. (D) PXRD patterns of'Ll@bioc-MOF-1.3°

Zang and coworkers reported a 3D MOF structure, {[@nH20]-3H.0-3DMAC-NH2-
(CH3)2tp (Zn(I)i MOF), which was prepared from sH (3,5-bis(1-methoxy3,5-benzene
dicarboxylic acid)benzoic acid), DMAY(, Mitnethylaccetamide) and ZnGinder solvothermal
conditions?’® The zn(IliMOF is anionic and contains 1D nanotubular cteds with
dimethylammonium cations. Pesynthetic exchange the dimethylammonium cations witH Ln
ions can trap the Btiand TB* into the pores of MOF materials, which induced interesting
luminescence properties. Again, variation of the dopant amouis*vénd TB* could tune the
emission bands of MOF materials, which resulted in white light emission. The best combination

of EW* and TB"* concentration in the L¥-exchanged materials for white light emission is
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EW¥0.12/Tb%0.43@ZNn(INiMOF (the quah um yi el d i s 30gkdTE108@EN(ll)ia n d

MOF (the quantum yield is d = 8%) with the

and (0.339, 0.327), respectively; both are very close to the coordinates for idedighh(i@.333,

0.333),according to the 1931 CIE coordinate diagram (Figure 16).
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Figure 16. (a) Emission spectra of 0.127&(0.432TE*@2Zn(ll)i MOF and 0.183E/0.408TE*@2Zn(l1)i MOF
excitation at 359 nm. (b) CIE chromaticity diagram for the 3glib**@2zn(Il)i MOF monitoredunder 359 nm ((A)

x = 0.127, y = 0.432nd (B) x = 0.183, y = 0.408}.

4.3.3Summary

Lanthanide MOFs provide a versatile platioto exploit different ET proesses to tune the
resultant luminescent properties. Indeed, ET tuning has led the demongsifdtreMOF utility
in sensing, luminescence thermometers, and -stditt lighting. Key findings are summarized

below:

 LLET, LMET, and MMET have been demonstrated inMOFs.

1 The weltknown HAE is transferrable to MOF systems and can enhance the effigén

LMET in MOF constructs.

Eu
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1 Near ideal, whitdight emission can be achieved through a comitioa of ligand based

sensitization of Ln3+ ions (antenna effect/LMET and MMET).

1 Encapsulation of Ln3+ ions can attenuate the effect of sebas#d luminesence

guenching and opens Ln3+ materials to application in aqueous media.

4.4 Ru/Os based MOF
Ru(bpy}?* and Os(bpy* (bpy = bipyridine) are ideal photoactive compounds to dope into a

MOF matrix due to their relative loAged excital states and redox activity. The photochemical

and photophysical properties of Ru(bggyjpnd Os(bpy* have been well established in molecular

systems. The wellefined crystal structure of the MOFs allows for precise control of

interchromophore distancasd angles via crystal engineering. Based on the utilization of different

MOF matrices, current studies have focused on the incorporation/encapsulation of Ru/Os

chromophores in Zmode or Zmode based MOFs. The reported MOFs containing Ru/Os

chromophoreare shown in Table 2.

Table 2. Summary of MOFs containing Ru/Os chromophores

MOF Chemical Formula Ligand Structure Guest Ref
MOF-1 [ZnL1]-2DMF-4H,0 Li= [45]
COOH )
7 ‘ T
HOOC._~_ Ny, A
‘ /N\' ‘\\\\N F
oM
sehe
HOOC™ | NS
Z
COOH
M=Ru or Os
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MOF-2 [Zn(H:L2)]-3H.0 L= [46]
COOH
M =Ru or Os
MOF-3 [Zns(L3)2: (LOH)- Ls= [47]
(HCOO)-DMF-2H0]-
6H,0 2+
7 ‘ COOHj
O
HoOC /N\,\‘A\\\“‘CEN
HOOC. -~ "l\c\
~ N -
\
Z > CooH
M =Ru or Os
MOF-4 | [M(bpy)s*][Zn2(C204)3] Oxalate = [48]
o}
HO
MOF-5 | [M(bpy)s*][NaAl(C204)3] \[HJ\OH
o}
RU@IRMOF | Ru(bpy)(dpbpy)@ZnO Bpdc = [49]
10 (bpdC)g HOOCCOOH
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RUDCBPY- | ZreOs(OH)(RUDCBPY) Bpdc = 53]

Uio67 (BPDCh HOOCCOOH

RuDCBPY =

COOH 2+

RuDCBPY- Zrs04(OH)4(RUDCBPY) DCBPY = (54]

Uio-67- DCBPY =
DCBPY ( . HOOCQ—(\N}COOH

4.4.1Ru/Os in Zn-node based MOFs
Energy flow from polypyridybased metatio-ligand charge transfer (MLCBXxcited states of

Ru(ll) to OZll) has beenstudied in a variety of systems, such as ligahridged complexes,
supramolecular assembli#golymerd? and crystalline molecular solid$**in order to elucidate

the energy transfer dynamics. The LindaMeyer groups first observed this classic-tB«Ds
energy transfer process in MOFs using the derivatives of Ruthi®3(bpy)?* as the building
units and Zn clusters as metal centers to construct a 2D bilayer stiesrehown in Scheme

4, the phosphorescent M&based on Rui)(bpy)(4,4-dcbpy) (L1-ru), where 4,4dcbpy = 2,2
bipyridine-4,4-dicarboxylic acid) building blocks, has strong absorption in the visible region and
can easily be excited to the lotiged triplet metaito-ligand charge transfetNILCT) states. Upon
doping the Os(ll) (bpy)(4,4cbpy) (L1-os) into the framework structure, the mixetetal MOF

1 was obtained with 0.3, 0.6, 1.4 and 2.6 mol % Os loading.-Tésaved emission studies were
performed with a twgphoton excitation at 850 nm and energy migm from photoexcited Ru to

Os trap sites was observed (Figure 17a). The lifetimes of Ru(ll) excited states decreased
progressively with the increasing doping of Os from 0.3 to 2.6 mol % (Figure 17b). The

sensitization of Os loading was proposed to ow@ia Ruto-Ru energy hopping followed by Ru
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to-Os energy cascade due to the lower enesgg sff Os acting as a trap gjiggure 17c)Analysis
of the crystal structure indicated that the quenching radius of an Os trap site is around ~40 A, based

on the assumption of 3D migration pathways.

1.0+ 4
a) b) ~——2.6% Os 620 nm
— La«Zn 620 Nm

% oo 2.6% Os 710 nm
308 A | ——1.4% Os 620 nm
; ——1.4% Os 710 nm
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=
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=

04 4

o

@
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@
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Figure 17.(a) Transient emission decay profiles fafland Los MOF-1 monitored at 620 and 710 nm respectively
following two-photon excitation at 850 nm. (b) Transients for 1.4 and 2.6 mol $4oPsd MOF1 at 620 and 710

nm with emission at 620 nm dominated by Ru(ll)* and at 710 nm by Os(Il)*. (c) Schematic depicting the hopping of

the Ru(ll)*bpy excited states in MGE*

Following the energy migration studies, Lin, Meyer andhvmokers used redox luminesnce
guenching to probe the charge separation ability of M@Rd MOF2, which are built from a

similar rutheniurrbased bridging ligand flru = Ru(4,4'dcbpyy»(CN)).*® The quenching
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experiments were performed with std suspension of the MO#icrocrystals in degassed

acetonitrilein the presence of an oxidative quencher-ffedzoquinone, BQ)r a reductive

Zn(NO3),
———————— 3 [Zn(Ly)]-2DMF-4H,0
DMF/H,0
MOF-1

M =Ru (Lyry) or Os (Ly.0s)

Zn(NOg),
3 [Zn(H,L)3H;0
DEF/H,0

MOF-2

M = Ru (Lz.ry) or Os (L2.0s)

WC=N Zn(NO3),
[Zns(L3),* (u-OH)-(HCOO)-DMF-2H,0]-6H,0

T
HoOC ST DMF/H,0
AN - 2
\N Cn MOF-3
N S
Z > COoOH

M = Ru (L3.ry) O Os (L3.0s)

i N

O OO 0, OO

BOQ TMBD mB* mvZ*
Scheme 4.Synthesis of phosphorescent MQFMOF-2 and MOF3 and chemical structure of various redox
guenchers.
guencher (N,N,N',Ntetramethylbenzidine, TMBD). Both MOFs showed that the extent of Ru(ll)*
emission quenching increases as the quencher concentration is increased. Up to 98% quenching
was achieved for KF2, with either BQ or TMBD, as a result of rapid energy migration over
several hundred nanometers followed by efficient electron transfer quenching (Figure 18). The
guenching process was proposed to take place at the MOF/solution interface as the iM@Is cha

are too small to allow the diffusion of quencher molecules. Another study from the same groups



demonstrated an amplified luminescence quenching for #@#th methylene blue (MB as
quenchef’! Strong norcovalent interactions between the MOF surface and cationic quencher
molecules coupled with rapid energy transfer throtighMOF microcrystal lead to a 708@ld
enhancement of Steidimer quenching constant comparseith the ligand (k-ru) in solution. It

is important to mention that the rate of energy transfer through MOF plays a very important role
in changing the quehing efficiency. MOF3 was synthesized withslru by changing the Ru(44'
dcbpyp(CN)2 in MOF-2 to Ru(5,5'dcbpy)(CN)2, resulting in a thredimensional framework.
Although similar ionic interaction between the quencher and MOF surface would be expected,
emission quenching efficiency saturates at 80% with methyl viologert M MOF-3, mainly

due to the competition between excisdte decay process with energgnsfer via hopping
mechanismHowever, for MOF2, the intraMOF ET is more rapid thaMOF-3, so that the
complete emission quenching was achieved witi?MVhese results highlight the effect of 3D
structure on ET efficiency. The chromophores in MD&nhd MOF3 differ only in the position of

the carboxylic acid unit®lthough the ET effitency is drastically different, which may be in part

due to the change in angles between interacting chromophores.

Due to their porosity and aperture size tunability, photoactive Ru/Os polypyridyl complexes
can also be encapsulated into the MOFs as guastalies to probe energy transfer. The Lin and
Meyer groups synthesized two nrporous MOFs with caged Ru(bg$yOs(bpy}?*
chromophores, [M(bpy}1@[Zn2(C204)3] (MOF-4) and [M(bpy}?*]@[NaAl(C204)3] (MOF-

5).“8 Long-lived 3MLCT excited states with lifetimes of 760 and 1305 ns were observed-in Ru
MOF-4 and RUMOF-5, respectively, under anaerobic conditiom¢ith the presence of trace
amount oxygen, the lifetimes were significantly shortened to 92 ns for-#are 144 ns for

MOF-5, due to energy transfer from Ru(ll)* to,OSimilar to MOF1 and MOF2, Os(bpy)?*
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could act as energy trap sites at doping level ofl00%0.Kinetic studies showed that the entrapped
chromophores in thregimensional frameworks MG& and MOFS5 provides a network for rapid
excited state energy transfer migration among Rupypits, ultimately, finding an Os(bpyff

trap site.
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Figure 18. (a,b) Steadystate (black) and timeesolved (red) Steftvolmer quenching analysis &OF-2 with BQ

\

(&) or TMBD (b). (c) Schematic showing the lighdarvesting process in MOF microcrystals as a result of a rapid

energy migration over several hundred nanometers followed by efficient electron transfer quexichieg

MOF/solution interfacé®

Theoretical analysis was performed on ET in MDBnd MOF4 to show how the MOF
structure influences the pathways for exciton ffoVihe analysis showed that the exciton states

are localized on single Ru(bp¥) or Os(bpy}?* sites and the ET is dominated by a Dexter
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mechanism. Both MOFs indicated ~ 10 ns exciton hopping times between adjaqahyBRudyl

sites separated by® A. The excitons can makes3hopping steps (~ 360 A distances) within

their lifetimes, depending on the dimensionality of the hopping network. The computed Dexter
couplings in the MOFs showed that the exciton transport alkes ina 1D network in MOF1,

while ET in MOF4 occurs through a 3D network. The kinetic analysis allowed direct comparison
of ET efficiency between the two MOFs and indicated that the higher dimensionality coupling
pathways weakly enhance the quenchefficiencies. In summary, the dominance of the weak
Dexter coupling interactions leads to ET that is highly sensitive to metil distance and to the
existence of localized excitons and of hopping transport. One possible approach to improve the
speed DET in the Dexter coupling mechanism is to enhance Dexter coupling interactions by

constructing MOFs with shorter intermetallic distances or more highly conjugated bridging units.

Yan and coworkers reported the encapsulation of Ruff@pldpy) (dpbpy = 4*-
diphosphonat,2-bipyridine) into the biphenybased MOF (refered to as Ru@IRMQB)*°
The designed material exhibited wdkfined blue/red luminescence at the crystal interior and
exterior as detected by 3D confocal fluorescence microscopy. By controlling the amount and
location of the Ru chromophores, the intensity ratio of blue to médseon can be varied at
different regions within the MOF crystal. Specifically, at a low loading percentage of Ru@MOF
(2.25%), the crystal interior exhibited blue luminescence, which was assigned to ROIOF
emission, while the surface of crystal exhidiggmission at 600 nm, which can be attributed to the
luminescence of the Ru chromophore. Those observations indicated thaifaym distribution
of Ru complex within the nanochannel, which is consistent with the gradual diffusion process of
the Ru(bpy)(dpbpy) molecules into the MOF matrix. Moreover, the decrease in the intensity ratio

of blue to red emission in the selected region close to the MOF surface suggests the occurrence of
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energy transfer between the MOF host and Ru chromophore guest. A hagheation of

Ru(bpy}(dpbpy) molecules close to crystal exterior leads to more efficient energy transfer from
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the MOF matrix to Ru chromophore compared with that in the center of MOF. The energy transfer

processes from host to guest molecule anditbt@molecular MLCT process were further
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confirmed by DFT calculations, which were consistent with the experimental results. Upon
attaching on the rutile Tifnanoarray, the Ru@MOF system showed enhanced incident photon
to-current conversion efficiency (GE) relative to the pristine Riobased complex directly
anchored to the semiconductor surface (Figure 19). Therefore, by the appropriate choice of MOF
and photoactive complex with suitable energy levels and luminescence, thgubsist

photofunctional matéails have potential applications in luminescent and optoelectronic materials.

4.4.2Ru(bpy)s** doped zirconium(lV) MOFs

UiO-67 is a watestable framework containing e{f13-O)4(i3-OH)s nodes connected by twelve
4,4-biphenyldicarboxylat¢BPDC) linkers (Figure 20AY° The structure contains pores with two
distinct geometric environments: an octahedral pore of 23 A diameter and a tetrahedral pore of
11.5 A diameter (Figure 20B}. UiO-67 provides a unique platform for incorporation of
organometallic photosensitizers, such as [Ru(dcbpy)ffoyJRuDCBPY), by the simple
replacement of onthe bipyridine ligands with 2 Bipyridyl-5,5-dicarboxylic acid (DCBPY$?
(Figure 20B) Lin and cavorkers were the first to report this rexdmatch synthetic strategy to
dope different transitionahetal molecular catalysts, including RuDCBPY, into the 480
framework®? The dependence of the photophysical behavior on Rufddgrding was later
probed by the Morrigiroup®*>* The changes in excitestate lifetimes and spectral differences
observed with incasing dye concentration were attributed to digbfmle homogeneous
resonance energy transfer (RET) and loadiegendent differences in incorporation/

encapsulation environmentdde infrg).5*%*

The photophysical properties of RUDCBRNO-67 were first probed as a function of the
doping concentrationsThe steadiystatediffuse reflectance of th&uDCBPY-UiO-67 powder

showed arabsorptionmaximumat 455 nm, which was attributed tosanglet metatto-ligand



charge transfet{ILCT) characteristic of Ru(bpyj* and its derivatives® >°This absorption band

broadened with increased loading percentadpde the absorption maximum remainszhstant
9 A
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Figure 20.A) Crystal structure of Ui@b7, Zrs(us-O)a(ps-OH)a(BPDC)i2, where BPDC = biphenyldicarboxylic acid:

black, carbon; red, oxygen; cyan, zirconium. B) Octahedral cavity (lefttethehedrakavity (right), RuUDCBPY
(middle) %

at all doping concentrations. However, the energy of the emission maxima and -staxted
lifetimes were found to be quite sensitive to the concentration of RUDCBPY incorporated into
UiO-67. At low doping concentrations (0 @ | & , the exciteestate properties of RUDCBPY in

the MOF deviate markedly from those in aquemadution, but resemle those in DMF.
Specifically, the emission maximum centered around 630 nm, was slightly bathochromically
shifted relative to RUDCBPY in DMF (625 ni?9)The emission decay can be adequately modeled
using a single discrete exponenti al decay fun
longerthan that ofRUDCBPY in DMF (890 ns). This increased lifetime is due to the fact that
vibrational decay pathways are hindered when the chromophore is in incorporated into a rigid
matrix. Interestingly, at highedoping concentrations (p & | & , the emission spectra
demonstrated a bathochromic shift relative to the low doping materials, dispayiegission
maximumaround 650 nm. The observed emission decays at high loagergbiphasic with a

concentratiordependentlong lifetime component tD165210 ns) and a cwentration
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independent short lifetime componeb2é ns) resembling the lifetime of RUDCBPY in water (~

38 ns).

A two-statemodel was proposed to explain the biphasic nature of the decay at high doping
concentration (Figure 21). At low doping concetitnas, RUDCBPY was said to preferentially
occupy the larger octahedral cages of 8iDby incorporation into the backbone of the cage. As
a result of residual solvothermal reaction solvent (i.e. DMF) in the pore, this population
experiences a dimethylformmade (DMF}like solvation environment. However, at higher doping
concentrations, in addition to the RuDCBRNcorporated into the backbone of Ui®7,
populations of RUDCBPY were found to bacapsulatedn separate octahedral cavities of the
MOF (Figure 21). Encapsulation is assumed to restrict the solvent (DMF) occupancy within the
pore and the 4O and tOH bridges of the Znodes were thought to impose a polar wéker
dielectric on RUDCBPY so thatdtsolvation environment resembles that of bulk water. The result
was emission spectra and lifetimes dominated by wikiphotophysical properties. RuDCBPY
has shorter emission lifetime (~38 ns) in water than in DMF, mainly due to the sensitivityetat solv

(particularly solution pH) arising from preferred localization oft&CT on the DCBPY ligand.
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Figure 21. Two-statemodel of concentration dependent RuDCBPY doping behdvior

The concentration dependence of the long lifetime component obseniRdD&BP Y-UiO-
67 was attributed to RET between RUDCBPMLCT states. The emission lifetime data for
RuDCBPY-UiO-67 at the doping concentration betweenr® amd 21 nm was fit to the Inokuti
Hirayama function, which lead to iMistancedependencdor the enegy transfer rate. This
suggests a dipoldipole RETprocesdying on a continuum between tRerrinweak couplingand
Forster very weak couplingegimes,which has been proposed by Kenkre and KifoXhis
indicates that the framework imparts a stronger dipole coupling between the incatporat
RuDCBPY chromophores. The RUDCBPY incorporated in the MOF are locked into a specific
geometry dictated by the crystal structure of the UiO framework. Such preferential orientation of
chromophores enables dipole alignment, stronger diiplee couplingand longer range energy

transfer.

RuDCBPY-UiO-67-DCBPY was prepared by @ostsynthetic approach in order to
incorporate the transition metal complex directly into the backbone 6B@iRIOFin situ.>* The
emission decay of RUDCBRWYIO-67-DCBPY can be fit in a more general model, suggested by
Klafter and Blumen, which indicates concentratt@pendent dimensionality of RET. Confocal
fluorescence microscopy was used to study the bulk distribution of RUDCBPY centers within MOF
crystalites as fractalike so that the rate of energy transfer would depend on the fractal dimension
L. Detailed fitting showedm®&ETwasconalinheosermhl,at g o f
concentrations betwedd10 andD50 mmthe RET was twalimensional, anet a concentration

above which a percolation limias metthe RET washreedimensional. (Figure 22)
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Higher Doping

Figure 22. The assumption of FRET mechanismdapendence of RUDCBPY loadiffy.

4.4.3Summary

The excited state behavior of Ru/Os polypyrigyiotosensitizer immobilized in MOF
crystalline networks is unique and requires further study. Ru/Os based MOFs @epeeal
model to probe and explore ET in solid states. Understanding the ET process and meohanism
these MOFswould lead to thedesgn of MOFs as functional materials in the fields of light
harvesting, photocatalysis and photovoltaic devices. More importantly, figuring out the limitation

of ET inthese MOFsvould lead to the intelligent design @better generation in the near future.

4.5 Porphyrin and metalloporphyrins based MOFs materials

Porphyrins and their derivatives are a class of -wediwn molecular chromophores that
typically have strong light absorption in the visible region. Porphsointaining struts are the
primary building units used in MOFs that target solar light harvestifigble 3 summarizethe

porphyrinbased MOFs that have been reported in the literature.
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Table 3. Summary of MOFs containing porphyiirased ligands

MOF Chemical Porphyrin ~ based Ligan Co-ligand Ref
Formula Structure
F-MOF F-H.P = [57]
HoOC O O COOH
HOOC O O COOH
DA-MOF [57]
HOOC O O COOH
HOOC O O COOH
BOP MOF CrH49BF2NgOeZn TCPP = [58]
[ZnA(ZnTCPP) TCPP = BPMT= [59]
(BPMT)o.gs
(DEF).14




DBP-PI-1 [Zn2(ZnTCPP) TCPP =
(DPBBI)0.s{ DMF)1.14
-(DMF)s.8e(H20)20

[60]

[ZnA(ZnTCPP)
DBP-PI-1 6 (DPBBI)o.64DEF).3q-
(DEF)%.94 (H20)12.55

BI@2 Pby(TCPP)-4DMF TCPP = [60]

4.5.1Porphyrin -based MOFs as crystalline powder

In natural photosynthesis, energy (exciton) migration primarily occurs in highly ordered
porphyrinlike pigments (chlorophylls). Hupp, Wiederrecht, Farha and thewaters designed
two Zn-porphyrin based MOFs (DMOF and FMOF) to mimic the lightharvestig behavior of
natural photosynthetic systems (Figure Z3hotogenerated exciton migration was investigated
based on fluorescence quenching experiments and theoretical calculationsMOF,Fa
photogenerated exciton only migrates over a net distance up to ~3 porphyrin struts (8 hops) within
its lifetime. Remarkably, the exciton migrates up to ~45 porphyrin 2025 hops) in DAVIOF
with a high anisotropy along a specific direction. This implied that the molecular structure of the
porphyrins plays a significant role in exciton hopping. As shown in Figure 24, the addition of two
acetylene moieties in the porphyri mo | e c ul e -eomugationin®AH:R lipaad, Wwhich
leads to higher absorption aadredshifted Q-band, better absorption/emission overlap, greater
dipolar coupling and much faster exciton hopping compare wiZhfE. Under the excitation at

446rm, DA-MOF would generate a singlet exciton that can migrate bystgée hopping within
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the MOF until it decays or is quenched by electron transfer to the excited linker from an axially
ligand donor molecule (such as pyridglrocene, FcPy). If the qoeher is present at only low
concentration, rapid exciton migration results in amplified fluorescence quenching. The efficacy
of exciton migration relative to the nonreactive exciton decay can be determined by measuring the
extent of quenching with diffen¢ levels of FcPy incorporation (Figure 25). BAOF provided

the first example of long distance and directional energy migration in MOF materials and afforded
useful guidelines for the development of efficient ligdnadlvesting and energyansport

materids.

DMF, 80 °C

"% DA-ZnP

DA-H,P

Figure 23. Synthesis routes of thedstructual DA-MOF and FMOF compounds’
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Figure 25. (a) Photograph of a DMOF particle from which fluorescence is recorded based on laser excitation at

Exciton diffusion on 20~30 ps timescale

446 nm. Luminescence quenching measurements are conducted to probe the energy (exciton) migration dynamics

(b,c) Schematic representation of texciton migation and quenching process$és.
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Hupp and ceworkers incorporated boron dipyrromethene (bodipy) and porphyrin complexes as
complementary pairsf chromophores ipillared-paddlewheel type MOES As shown in Figure
26, BOB MOF was prepared via solvothermal methods in DMF using Z)H§N60, 1,4
dibromo2,3,5,6tetrakis(4carboxyphenyl)benzene and dipyridyl boron dipyrromethene in the
presence of HN©BOP MOF was synthesized using a tatep method, which relies on delaying
the addition of the dipyridyl strut until after the tetraacid porphyrin has begun to assemble the zinc
ions. The bodipy linkers absorb and emit in the green spectral region andaseavgenna
chromophores for the excitation of porphyrinic struts via RET. By incorporation of the porphyrin
units, the absorption of the bodipprphyrinbased (BOP) MOF crystals éxtendeceven further
into the visible range, so that the MOF crystalgesp nearly black compared to just the bodipy
only MOF material. As shown in Figure 27, excitation of bodipy in BOB MOF at 543 nm results
in typical bodipy fluorescence behavior with the emission maxima at 596 nm. However, excitation
of same strut in BOP MIF at 543 nm is emissive in the 6300 nm rangeandindicates that

sufficient energy is transferred from the bodipy strut to the@mphyrin within BOP MOF.

Zn(NO,),*6H,0,
DMF, HNO,/EtOH, 80°C

250 pm
BOB MOF

Zn(NOs),*6H,0

\ / COOH

v

DMF, 80°C HNO,/EtOH, 80°C

COOH 250 pm

L2 BOP MOF
Figure 26.Synthesis of the Istructural BOB MOF and BOP MOE.
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Figure 27.Confocal lasr scanning microscopy (CLSM) images of crystals of: (a) BOB MOF and (b) BOP>/OF.

After mimicking the light harvesting in the natural photosystem using highly ordered porphyrin
as chromophore in MOFs, the next challenge is how to direct exciatiengyfunneling along a
predesigned pathway. One attractisgrategy is to coordinatiye immobilize a photochromic
compaind as pillars inside porphyrmased MOF, which allowsontrol of framework emission
as a function of excitation wavelength. In that céise,photochromic diaryletherimsed ligand
acts as photswitching because of its two discrete states upon photoirraddt®mustova and
coworkers reported a 3D framewo{Zn(ZnTCPP)(BPMT).ss(DEF) .15, composed of bis(s
pyridyl-2-methyl3-thienyl)-cyclopentene (BPMTC) and tetrakis¢arboxyphenybporphyrin
(H4TCPP) ligands. The photochromic diarylethdrased derivative BPMTC maintained its
photoswitchable behaviornd can direct the excitestate decay pathway of the host after
coordinative immobilization in a MOF matrix. Specifically, the porphjpased linker acts as the
donor and transfers excitation energy to the acceptor BPMTC (Figure 28). Photoisomerization of
BPMTC resulted in the tunability of the MOF emission as a function of excitation wavelength. As

shown in Figure 28b, irradiation of the MOF at 365 nm led to the alfmgen of BPMTC, which



guencheshe photoluminescenad the MOF through FRET with agsimated R (FGster radius)
of around 30 A. Wen irradiated at 590 nrBPMTC isomerization to the open form successfully

eliminates the ET pathway and the PL response of the porphyrin was observed.

Harkening back to the bioinspiretture of porphyrin lighhawvesters, the Shustova group
extended their mixed ligand MOF studies to explore a MOF mimic of a highly efficient ET process
observed between green fluorescent protein and a-bammg cytochrome. Two approaches to
study ET in a MOF mimic were exploredcluding (1) direct incorporation of the donordan
acceptor species as the lgnk in a 3D framework and (2) the encapsulation of the donor in the
pores ofthe MOF, termed BI@2 (Figure R9Two unique MOFs with the donor (BI,- 4
hydroxybenzylideneimlazoinone) and acceptor (tatarboxyphenylporphyrin) incorporated into
the backbone were achieved upon changing the solvothermal reaction conditions,
[Zn2(ZNTCPP)(DPBBl)o.gs (DMF)1.14-(DMF)ggdH20)0 (1) and [Zn(ZnTCPP)(DPB
Bl)0.64DEF) .3 (DEF)s.94 (H20)i255 (INP® All three materials(1), (1)j and BI@2 showed
efficient ET indicated by the complete disappearance of donor emission. Combining the time
resolved PL studies with spectral overlap function calculations, quantitative values of ET
efficien ¢ yer, BT rate constanker, and the F°rster radius were
Table 4. Al though, the efficiency oB@Eves di d n
72%. There were slight differences between the photophysical behavidr) and (1)j which
was attributed to the differences in interlayer stacking observed via -siyglal Xray

diffraction.
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Figure 28 a) Forster ET between porphytrased ligand and photochromic BPMTC inside the MOF matrix. b)

Emission spectreecorded for the porphyrin photoswitch MOF, scaled to give inteng)tpf(IL.0 on the first scan at
2ex=590 nm. The inset shows the epifluorescence micro
Porphyrinbased donor and BPMTC acceptor (theelais shown in the open form). d) A simplified diagram

demonstrating the transitions respibie for fluorescence and FREY.

Table 4. The amplitudeve i ght ed av e n)a GTeratd dorfstantsiédn Edster (crifical radii (R, ET

efficiency (FET), and spectral overlap functions (J) for BB DPB-BI-1, DPBBI-1', Bl, and BI@2 samplées.

DPB-BI  DPB-BI-1  DPB-BI-1’ Bl Bl@2

(r,,) [ns]® 1.09 0.38 0.51 1.89  0.53
ker [x10'% 57 - 1.71 1.04 - 1.36
R, [A] - 23 23 - 21
Der [%] -~ 65 53 - 72
Jx10 " em’m ] - 6.25 6.25 - 4.57
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Figure 29. (top) Representation of ET between the two coupled chromophore cores of a green fluorescent protein
variant (EGFP) and the electrtransfer protein, cytb562.[19] (bottom) Approaches | and Il involved incorporation

of chromophores with HBland porphyrirbased cores inside the rigid scaffold. Approach | focused on coordinative

i mmobilization of both chromophores in crystalline scai

Bl donor in he porphyrirbased framework 2.
4.5.2Porphyrin based MOFs materials as thin films
The discovery of porphyribased MOFs materials with lightarvesting and rapid energy
transfer provides a variety choice of promising candgliatelesigning solar energy conversion
devices. Fabricating MOFs in thifilm form on desired substrates is an especially attractive
approach. Ideally, the designed MOF tfilms should meet certain criteria for practical

application:

1. The thickness of films should be able to be precisely controlled by synthetic approach.
2. Directedexciton migration should be achieved with high efficiency and fast ET rate.
3. The exciton propagation distance should meet or exceed the MOF film thickness in order

to move the exciton toward either an underlying electrode or external redox phase.
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Following the study oDA-MOF in the powder form, Set al. grew DA-MOF as thin films
on functionalized surfaces usirglayerby-layer (LBL) approaci! The thickness of the film
increased systematically with the number of assembly cydétetarization excitation and
fluorescence measurements indicated that the porphyrin units are preferentially oriented in the
MOF film. A far-red emitting squarine dye (S1), which exhibits a high overlap intergral with the
DA-MOF, was deposited onto therface of the MOF film. Exclusive emission from S1 was
observed following selective excitation of-porphyrin units in a 5ecycle film (Figure 30) These
results suggest that the films can be used as antennae for light harvesting and efficient Foster

energ transfer is possible within the film, considering the laligfance exciton propagatién.

(a) HOOC
(b) (c)
)
- —DAMOF DAMOF +S1  =='81 = .
g (excited at 450 nm) g ~ DA-MOF*Sj
= : 5 I\ {monitored at 780 nm)
g A% ARA
< AN e \
2z /7N ) f
B \ ] \ .
g / { \ \' .@ J \ ld-/
= [ .‘F ‘\\ = A o
E \'- E \“‘-.._,‘.—”“Jr.
f ] ! 4 O
e N2
610 640 670 700 730 760 790 440 490 540 590 640 690 740

Wavalength (nm)

Wavelength (nm)

Figure 30.(a) Schematic diagram of preparation of sensitizedND@F film. (b) Comparison of emission profiles of
DA-MOF (green solid), S1 (red solid), and BMOF sensitized with S1 (lighgreen dotted) upon excitation at 450

nm. (c) Excitati profile of the DAMOF+S1 film monitored at 780 nm, where the emisdiam DA-MOF is

negligible!
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In order to eliminate undesired exciton intralayer hoppthggHupp6s group conyv

pillared paddlewheel porphyrin containing 3D MOF thin film to a 2Z@mework by solvent
assisted linker exchange (SALE)As shown in Figure 31, the pillar ligand 4bipyridine has

been replaced by ndoridging ligand pyridine, leading to the collapse of the 3D MOF structure to

a layered 2D coordination polymer. Thetdnce between intdésyer chromophores significantly
decreased due to the structural change, which resulted in enhanced energy transfer through the 2D
MOF film. PdTCPP (P2) was used as an efficient, nonfluorescent energy acceptor (quencher)
sited at théerminus of the film. Steadstate emission spectroscopy combined with #resolved
emission spectroscopy indicated that excitons can travel through athdup®@phyrin layers in

the 2D films whereas, in the 3D films, exciton propagation only occuraghr68 chromophore
layers. Considering the effective elimination of void space between porphyrin layers by SALE,
one would expect a decrease in deacceptor separation distance, r, which should result in an
enhancement in exciton migration through tie MOF films, from the simplest Foster energy
transfer theory consideration. However, SAinguced MOF collapse is accompanied by the
lateral shifting of alternating 2D layers, which did not minimized the digigdele coupling
distance between the miryrin chromophores as expectdderefore, future direction for this
strategy should focus on extending exciton propagation by diminishing chromophore interlayer
spacing without also affecting the chromophore alignment and dipbpeole coupling as a

consequece.
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Figure 31. Freebase porphyrin P1 and linker L1 were used to fabricate N (number of cycles) cycles of MOF thin
films followed by N + 1 and N + 2 cycles by paliaoh porphyrin P2 and linker L%

Ideally, MOF thin films for solar energy conversioont only need directional ET in dh
efficiency, but also requirigh absorption which covers the visible light region as much as
possible. Parkt al reported the synthesis of M@ike thin films containing two perylenediimides
(PDICls, PDIOPR) and a guaraine dye (S1), using a laymy-layer assembly methdd As shown
in Figure 32, 1,2,45etrakis(4carboxyphenyl)benzene (L1) units as tetratopic linkers coordinate
pairs of Zn(ll) ions in paddlewheé&hshion, and either (or both) N;Ni(4-pyridyl)-1,7-di(3,5
ditert-butylphenoxy)j3,4,9,10perylenetetracarboxigl diimide (PDIOPh2) and N,Ndi(4-
pyridyl)-1,6,7,12tetrachlore3,4,9,10perylenetetracarboxylic diimide (PDWJIllinkers serve as
Zn(l)-ligating spacers/pillars between the-tiéfined layers. The thickness of each layer with
different building blocks aa be precisely controlled through LBL assembly. Interestingly, the
multicomponent MOHike films can absorb light across visible light region and slightly beyond
(350750 nm) based on the functionalized peryldimide- and squaraingype chromophores.
Due to the high spectral overlap and oriented transition dipole moments of the donon @1dIClI
PDIOPh) and acceptor (S1) components, directional {cargge energy transfer from the bluest

to reddest absorber was successfully achieved. The observed pamitrabsorption and
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cascadeype transport and delivery of molecular excitons over tens of nanometers to the film

exterior have significant implications for the application in solar energy conversion.

Figure 32.(a) Schematic diagram for sequential dgifion of the MOHike film via LBL assembly. Over N cycles,
the thin MOFlike film is formed on silicon platform functionalized withAPTMS. Introduction of Zn(ll) is followed
by L1, and then PDICI4 or PDIOPh2. Note that the bay positions of the PRIinateonalized with either chlorine or

3,5-di-t-butylphenoxyl groups. (b) Prepared thin M@ie films of film A, film B, film C, film D, and film D+S1%3

4.5.3Summary

The use of porphyrin linkers in MOF assemblred only mimics the molecular speciation of

natural systems but also provides a scaffold for 3D control of orientation similar to protein



