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Abstract

Metali organic frameworks (MOFs) are a class of porous matgniafsared by the self
assembly of mtal ions or clusters with organic ligands. The unique characteristics of MOFs,
including structural tunability, high surface areas, low densities and tailored pore surface
functionalization have made them leading contenders as-pijformance porous materials,
alongside the established zeolites and activated carbons. Consequently, the permanent
porosity of MOFs has been extensively exploited for gas capture and separation and catalysis.
In recent yearsthe field has been expanded towangsv applications andchany studies of

MOFs are venturing into unexplored avenu&darge number of studies have been focused

on photoluminescent, upconversion luminescent, and nonlinear optical MOFs fmaéipps

in areas such as whitight emission, bioimaging, sensing, and photocatalysis. Within the
first half of this tutorial review, we present the fundamental principles of luminescence,
including detaiéd scientific discussions on the luminescencaiorof different materials

such as organic dyes, transition metal complexes, quantum dots, and lanthanide compounds.


mailto:ngoctu.nguyen@epfl.ch
mailto:kyriakos.stylianou@epfl.ch

Principles and important parameters for the applications of luminescent MOFs are
introduced, followed by a summary of recent interestiniglipations for each application. In

the second half, wmtroducenonlinear optical effects including second harmonic generation
and twephoton absorption, and upconversion of luminescence, followedddtgied
examples of MOFs that exhibit these phenomehinally, insights about the remaining

challenges and future directions are discussed.
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1. Introdudion

Light is anelectromagnetic radiatiomith wavelengths in the optical range (1@®7 1 mm)

of theelectromagnetic spectrum. Visib{¥is) light has wavelengths between 400 and 700

nm and can be seen by human eyes. Light with wavelengths shorter than 400 nm falls in the
ultraviolet (UV) region, which is further divided into U¥, UV-B, and U\VC ranges.
Similarly, light with wavelengths longeéhan 700 nm are infrarg¢R) radiations; this region

is also subdivided inttR-A, IR-B and IRC ranges.

What happens when light interaetith matter? The amger to this questionlepends on the
nature of the material and the wavelength of the light. For examptes atirface of a rough
wall, light is scattered; through a green leaf, light is partially absorbed and partially reflected;
whilst through a interface between twivarsparent medi such as glasand water light is
refracted. Light with shorter wavelengths are scattered much moréhehkght with longer
wavelengthsThe blue color of the sky is a typical example of light scattering, mainly for the

shorter wavelength&Vithout the scattering, the sky would appear black to our eyes.

Some materials not only absorb light but also emit light with a longer wavelength; this
phenomenon is callegphotduminescence. There are also materials thlasorb long
wavelength light an@mit light with a shorter wavelengttue to nonlinear interactions with

light or the upconversion of luminescenc&hese light-emitting phenomenaare quite
fascinatingand the materials emitting light can be employedumerous applications such

as in lighting, imaging, sensingr solar light harvestingVhile photduminescence is more
popular and can be observed in many organic and inorganic materials, in proteins and
guantum dots,upconversion of luminescence is mthrare and mainly observed in
lanthanidedoped nanoparticles. Recently, there is a growing interest in studying these light
emitting phenomenan a relatively new and unique class of materials: metgénic

frameworks (MOF}s



MOFs are a class of crystalline microporous materials that were initially introduced in the
1990s[1], which comprise metal ions or clusters linked by organic ligarasoordination
bonds forming 4, 2- or 3-dimensional networks. MOF materials often exhibit high porosities,
with several MOFs displaying the highest volume and surface area, and the doysésit
density among all porous materials knowndate [2, 3]. Another fascinating feature of
MOFs is their high structural tunability, i.e. by changing the mietaland/or the organic
ligand, different structures with a variety of propertezsbe synthesizd [4, 5]. This makes
MOFs strikingly different from other porous solids such as zeolites, silica, or activated
carbon, and allows them to be used invide range of applicationf6-8] Besides being
excellent candidates for gas capture, storage and sepdi@tidih, MOFs have also been
employed in areas such as catalypl$-20], sensing[21-23], nonlinear optics[24],
ferroelectricity[25], magnetism[26], electrical conductivity27-30], and drugdelivery[31-

34]. In recent years, ligigmitting MOFshave been in the limeligh#nd in fact there hae
alreadybeenmany greateviews orphaoluminescent andonlinear opticaMOFs[24, 35-39].
While these reviewdhave excellentlyprovided thecurrent status of the research light-
emitting MOFs we believe that autorial review providing fundamentaphotophysical
principles of luminescena@ndnonlinear optical effecind focusing on mechanistic aspects of
each applicatiorof these materialsvould be valuable to a general audience and will be an
important addition tahe other reviews.In the following sections, we discug detail the
mechanismsand important parameters of photoluminescence and nonlinear, ojbt&cs
appliations of lightemitting MOFs andthenconclude withour visions about the field in the

near future.



2. Photoliminescent Metabrganic Frameworks

2.1 Photophysics oPhotouminescene

Luminescehmaterials are compounds thenit light mostly in thevisible and near infrared
(NIR) regions,through the conversiownf the excitation energy intcan electromagnetic
radiation.The light emissioncan be caused byany types oexcitationenergiesuch aghe
energy ofa chemical reactior(chemiluminescencglhe energywhen passing an electric
current through a substan¢electroluminescencgjhe energyas a result of a mechanical
action (mechanoluminescence), othe energy due to absorption of photons
(photoluminescence).In this section we will discuss photoluminescence(hereafter
luminescence)and photolumnescent(hereafter luminescentnaterialsbased onorganic
transition metalnd lanthanide compoun@sd quantum dotslthough photoluminescence
has also been observedn proteins[40] and inorganic pigmentf4l]. For an exhaustive
technical description obthertypes ofluminescencereaders are directed to several articles

that have been authored on the tdgiz-44].

Luminescenceas often divided into two categori@dluorescence and phosphorescénce
depending on the nature of the excited sféit® mechanism of these two phenomena can be
illustrated by a Jablonski diagram showrFigure 1 Fluorescence occurs when efecis in
excited singlet statel$:) return to the ground staf{€o) via photon emissianSinceboth the
excited state and the ground state have the sametBpiprocess is spin allowedcording to

the spin selection rujgnence fluorescence occunapidly with the tyical lifetime in the ns
range. Phosphorescence involves the relaxation of electrons from triplet excitedTs)ates
which can be populated viatersystem crossinfgjom the singlet excited stateBransitions
between states with different spiage spin forbiddentherefore phosphorescence lifetimes
are typically in the range ofns - ms and evenup to s or minutes Accordingly,

phosphorescence continues even after the radiation causing it has deasedition,
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phosphorescence emission fromig generally shifted to longer wavelengths (lower energy)
relative to the fluorescencg-igure 1). It is interesting to note that several luminescent
compounds were misleadingly named; for example, white phosphofiaus which the term

A p hos ph o orgisatlyederived does not actually exhibit phosphorescence, its ability
to exhibit greenglow in the dark upon exposure to oxygen is due to a chemiluminescent

mechanism.
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Figure 1. A Jablonski diagraitiustrating light absorption and emission proces3é® rate
of excited state decay is of 80 10° s! for fluorescence and ¥0- 10% s! for

phosphorescence.

The important characteristics fluminescent materialiscludethe quantum yield /), molar
absorptivity (H (also called molar extinction coefficientlyminescencdifetime (3, and
Stokes shiftQuantum yield is the ratio of the number of emitted photons to the number of
absorbed photondn other words, quantum vyield gives theeasure of theefficiency to
convertthe absorbeghotonenergy into light; thereforet has beera keycriterion for the
selection of luminescent materials many applicationsuch as laser and lightin@irect
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measurement of quantum yielss an absolet quantity can be obtained by using an
integratng sphere but this methodis often challenging and require sophisticatd
instrumentsthe morecommon methodbut less reliablefor determination of quantum vyield

is by comparison with a standard of knogumantum yield e.g. quinine bisulfate, fluorescein,

or rhodamine 6GThe quantum yields of these standards are mostly independent of excitation
energy hencethese compounds can be used in a wide range of wavelengths as long as they
have effective absorption.Most materials exhibit ugntum yield smaller than unity due to
nonradiative transitions e.g. internal conversionsintersystem crossingand vibrational
transitions(Figure 1), which compete witlthe radiativetransitionsandgive upenergyto the
surroundingsThese nofradiative transitions can be very sensitive to the local environment;
therefore,the quantum yield can sometimes be used as a probe of environment near the
luminescent moleculesSeveral organic compounds such as rhodamindsBODIPY dyes
exhibit neafunity quantum yields and are very bright luminophofdest quantum dots
display high quantm yields of ~ 50 %, wheredsminescenttransition metalcomplexes
exhibit lower quantum yields, e.g. the quantum yieldRui(bpy)]?>* ( b p y -bipyrline? o6

in agueousolution is ~4.2% [45]. For lanthanide congqunds the total quanim yield varies
depending on the nature of the lanthanide ions; furthermbrie strongly affected by
multiphonon relaxatios) particularly for those eitting in the NIR regionand theefficiency

of the energy transfer process between the organic ligands and the lanthanidedmens (

infra).

Molar absorptivitymeasuresiow well a luminophore absorbs a given wavelength of light
and is one of the two factoeong with quantum yieldontributing to the luminescence

intensity of the materiaDrdinary (onephoton) absorption follows theambertBeer law



(equation 1), which relates theabsorbancef the material sample to itsolar absorptivity,
concentration, and thickness,

0 ae—C a0 (1)

where A is the absorbance of the sampleand| are the intensity of light entering and
emerging from the sample, respectivdtifs the molar absorptivity; is the thickness of the
sample and C is the sample concentratioft. is worth noting that deviations from the
LambertBeer's law can occur in solutions of aggregates or macromolecules due to light
scattering.Most organicdyes and luminescent transition metal complexassorb light
efficiently, with Hin the range of 10- 10° M* cmr. The molar absorptivity of quantum dots

is also in the 10- 10° M* cmi range but it isstrongly dependent on the size of the particles
[46]. On the other hand, lanthanide ialemselvesare poor absorbers, witdoften lower

than 10 Mt cm?, resulting in low luminescence intensity. When a chromophtiea high

molar absorptivityis attached to the lanthanide complex, the photon energy abszabdu
transferred from the chromophore to the lanthanide ion, which significantly improves the
overall brightness of these complexes. This phenomenolid acad t he fAantenna

will be discussed in the following part of this section.

Luminescenceifetime is theaverage time the luminophore stays in its excited state before
emitting aphotonand is mathematically expressed as the time required for the luminescence
intensity to decay to 1/e (~37%) of the original intengityuation?),

N NG T (2)

where |y and lo are luminescence intensity at time t and t = 0, respectvagdU i s t he
lifetime. In practice, lifetime can baeasured by either a tintomain or a frequenegomain
technique with the former ofterproviding the estimate ofJwith lower uncertainty[47].

Generally, fluorescence lifetimes of orgambromophoresare < 10 ns e.g. fluorescein



isothiocyanate has a lifetime of 3.9 ns at pH.2, with several exceptions such as pyrene
and coronee displaying lifetimes > 100 nQuantum dots display lifetimes of dozens of ns
while lanthanide comgundstypically exhibit much longe lifetimes in thens ms rangedue

to the forbidden nature offftransitions.Luminescentransition metal complexesf o, o,

and d° metals are anothetass of longifetime emitters, which cadisplay lifetimesof few
hundredsg48, 49. Similar to quantum yieldthe lifetime of a luminophore highly depends

on the local environment big independenbf its concentration; therefore, measuriting
lifetime can provide a sensitive measure of local conditions, especially for uses when
luminophores might not be eventystributed, e.g. ifbiological cells or tissued-or practical
applicationslifetime is an important characteristid luminescence materials as it determines
the timescaleof experiments. For examplie, conventional fluoroimmunoassays, background
fluorescence from serums, solvents, cuvettes, and the sample has been one of the major
problems.When a longlived luminophores usedto illuminate cells or tissuedy delaying

the measurement of fluorescanafter a flash excitation of the sampie. timeresolved
experiment, all background fluorescences excluded andhe only background signal
observed is due to nonspecific binding of the tracer

Stokes shift, named after the physicist George G Stakdise difference between the peak
excitation and the peak emission wavelengths of the same electronic tranitibe.
excitation and emission of the material are not from the same electronic transition, the shift is
called pseudo Stokes shifth ordinary caseswith onephoton absorptianthe peak emission

is almost alwaysat longer wavelength (lower energy) than the ohexcitation.Organic
compoundgypically display small Stokes shif{s 100 nm) e.g. cyanine dyes such as Cy3
and Cy5 can bexcited at wavelengths of 550 nm and 650amd emit fluorescence &70

nm and670 nm respectively In addition the magnitude of theseganicfluorophoreStokes

shifts also depends dhe polarity of the solvent; the more polar solvent often leadsge
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Stoke shiftsdue to theability of these solvent molecules teorient themselves in the
proximity of the fluorescent molecule® compensate for the dipole moment of the
fluorophoreafter photoexcitatiorand as a consequendkjorescence emits from a state of
lower energyLuminescentransition metatomplexedisplayrelatively largeStokes shift,
e.g. [Ru(bpyj]?* can be excited at 450 nmand emits phosphorescence at ~ 620[&6}.
Lanthanide compundsexhibit large pseudo Stokes shidtg. Ef' ion displays NIR emission
at ~ 1550 nm, hence the Stokes shifdfis- 1100 nm if the compound is excited at 400 nm.
For quantum dotsthe emission wavelength depenénton thedimensionsof the particles;
therefore theilStokes shift can be tuned byoatrolling the size of th dots. Stokes shifis
important not only for luminescentmeasurementssince the redshift allows the use of
appropriateoptical filtersto block the excitationight from reaching the detector so that
fluorescence detection is measured against a very low backgrbundalso for many
practical applications For example, fluorescenbrganic dyeshave been utilized in
luminescent solar contract¢b.SC) to produce electricity from solar radiatiobyes with
large Stoke shift are ideal for this application sitlee reabsorption of the emitted light due
to theoverlap of absorption and emissisignificantly limits the light collecting efficiency of

thedevice[5]].

Among the luminescent materials, organic dyes gpeobably the most widespread
fluorophores and many are commercially availaldeganic dyes can be divided into
resonant dyes and chartyansfer(CT) dyes, of which the fluorescence emissmiginates

from an eleabnic state delocalized over the whole chromophore for the former and from
intramolecular charg&ansfer transitiongor the latter.CT dyes often exhibit lower molar
absorptivities and fluorescence quantum yields compared to resonant dyes, andalisplay

strong solvenpolarity dependence of their photophysical properties in solufibe. most
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common resonantorganic fluorophore families are fluoresceins/rhodamir@SDIPYs,
indocyanines, porphyrinesand phthalocyanineqd52], whilst coumarins and dansyl
fluorophores are representatives for CT dy@sspite the great availabilitypoderateto-high
guantum yields, and large molar absorptivity, organic @ydsbit severalseriousdrawbacks
compared toquantum dots andransition metal and lanthanide compounds. Besides the
abovementioned short lifetimes and small Stokes shifthich often requiressignificant

efforts to disentangle thabsorption and emission processepractical applicationsmany
organic dyes exhibit fast photobleachiogused by the cleaving of covalent bonds or-non
specific reactions between the fluorophore and surrounding environment leading to the
complete loss of fluorescence in a short period of .tishough me organic dygsuch as

the Alexa dyes have been designed to enhance the photostability in comparison to- the first
generation fluorophores such as fluoresi&dh ther usesare still limited to applications

with low excitationlight intensities and in short termsnifade reageist can be used to
reduce photobleaching and preserve the fluorescence signal intensity overperigd of
time[54]; however this extra step isatherinconvenient fopracticalusags. For applications

in biological fluorescent imaging, due to the high hydrophobicity of most organic dyes,
chemical modificationsto increase water solubilityare often needed; for example,
modifications with sulfonate or saccharide functions to improve water solubility have been

proposed55, 56].

Transition metal compoundsf d®, d® and d° metals exhibiting luminescencehave been
known since the 70 deginniod withtieel® conapexes of Btnt ur vy,
polypyridine, e.g. [Ru(bpy)®* [57]. In contrast to organic dyes, which are mostigglet

emitters and display fluorescence, these complexes exhibit phosphorescence emission due to

the metato-ligand charge transfg§MLCT) involving the oxidation of Ruto RU' and the
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reduction of the polyyridine ligand(Figure 2). Similar bpy-basedcomplexes with Jshave

also been extensively studig®8], which display lower emission energy and shorter
luminescence lifetime due to the lower energy gap between thea r df O amdt he ~ *
orbital of the polypyridine ligandRe tricarbonyl polypyridins, e.g. [Re(COYbpy)]*, are
another 8MLCT system thaattracts wide interest since these complexes display intense and
long-lived luminescencgs9-61]. Ir'"' polypyridinecomplexesarealso known for a long time
[62] but most studies on these complexes have exploited the catalytic actithigylof ion
rather than the photophysical property. Recemlymerousluminescent It polypyridine
complexes have been synthesized and stjéi@é5]. Interestingly,several I polypyridine
complexesemit phosphorescence naftiginated from theMCLT statesbut rather from
ligandto-ligand chargdransfer (LLCT) [66] and sigmébondto-ligand chargdransfer
(SBLCT) [67] stateghatwere observed in these systefRsr d® luminescent complexe8}!
terpyridines, e.g. [Pt(terpy)L]", have been extensively studied mainly dughiir potential
applications as biological probes and as antitumor d&®$9]. The nature otheligand L
significantly affects the luminescence emission of theiét; for example, the complex
[Pt(terpy)CI] is nonremissive in solution at room temperature due to the presence of a low
energy dd ligand field whereas the compkx [Pt(terpy)(@ C)" exhibit intense
luminescence in the same condition. In addition, the complexes with the elactroR
groups exhibit low emission eneigs while those with electrepoor groups display high
emission eneiigs which is consistent with th®1LCT mechanism[70]. Luminescent ¢/
complexes of CiuAg' andAu' have also been reported in the literati6g. The d° metals
particularlyAu', displaystrongnon-covalent metametal intgactions, i.e. aurophilicity71],

and often form complexesontining more than one metal atoirarge complexes suclas
dodecanuclear, and octadecanuclear sllfide clustes have been known to exhibit orange

to red luminescence, which is often attributed to the triplet ligamdetal chargeransfer
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(LMCT) states mixed with metalentered states modified by AuAu' interactiong72, 73).

Nearinfrared (NIR) luminescent emission waalso observed in Al selenide clusters
although the origin of such low energy emission is not ¢i&gr Overall, wth high quantum
yields andrelatively long lifetimes, luminescent transition metabmplexeshave enjoy
widespreadpromisingapplications in sensing/5-77], biological imaging[78, 79|, organic

light-emitting diodes (OLEDS)80-84], andrenewable energh85-91].

“*a(bpy) —— —

_t_l_ hn
.
-+H-

[Ru'(bpy)s]** [Ru'(bpy’q bpg)2]***

FET

Figure 2. Metato-l i gand c ha?Yy e(®t*upon phbtenrabsdrption.

Semiconductor quantum dat®Ds) are hanometescale particles, whictvere first reported
by Brus and coworkers in 19822]. QDs ®ntain atoms of group Il and VI elements (e.g.

CdSe, CdTe) or grouplland V elements (e.g. InP,As, InGaB with the size ranging from

2 - 10 nm. Due to the nancscalesizes,QDs possess properties between bulk materials and

molecules[93, 94]. When QDs are excited by photon enertfye separation betwedhe
excited electron and hole is smaller than their Bohr radieiscethe excitonis confined ina

small space withhigh energyleading to fluorescence emissio@onsequentlyQDs emit

intermittent fluorescence when absorbing photons with energies higher than the band gap.

The emission wavelength is dependent on the size of the QDs, with larger QDs exhibiting a

smaller energy bandap and red fluorescence, whersasller QDs emit blue fluorescence

(Figure 3). This efect allows for tuning the colo QDs by controlling their sizavith their
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emission oveling the spectral range from the ultraviolet (UV) to the infrared (IR)irfgav
been reported in the literatuf@5-97]. Although @s exhibit short luminescence lifetimes
(ns) like organic dyene advantage of using QDs is thesusceptillity to photobleaching
[98, 99]. For example, QDs have shown to be 100 times more stable and 20 timesrbright
than Rhodamine 6@GL00. However, due tdhe surface irregularitie®f the core structure,
emission irregularities like blinkingre often observedAnother significant drawback of
QDs, especially for those containing €ds their high reactivity and toxicitj101], which
might limit their practical applications. Capping the core of QDs withighrtbandgap
semiconducting materials, e.g. Zrcan improvetheir luminescence properties and decrease
the release of toxic ionsuch asCc?*, S& or Te" into the environmen [102 103. For
biological applicationsa second coating with siliced04], phospholipid micelle105, or

oligomeric ligandg10€ is required to ensure solubility and stability in biological media.

CcB = =
Band GapI F :Ii\
VB = =
-
Bulk crystal QDs

Figure 3.Schematic illustration of thealnd gap of bulk crystal ar@Ds

Luminescence emission frohanthanide compundshas been the subject of research for
nearly a century, with some of the early articles describing the complexity of lanthanide
optical spectr a[l0d.alamhanidenonst hve th8& @Qeheral electron

configurationof [Xe]f" (n = 0- 14) and the ionic radii decreaatong the seriefom La"
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([Xelf9 to Lu" ([Xe]f'4, which in some casdsads toa change in theoordination number
from ninein large lanthanide® eight in sma#r onesThe 4f orbitalsar&é i nner or bi t al
to the shielding by the Xenon core and the larger radial expansion of?8y# &isbshells;
therefore, 4f electrons are not involved in bonding anal danthanide ions in complexes
behave similarlyas free ions, whichis importantfor the spectroscopic properties of these
ions. Luminescence emission of lanthanide ions originates fréntrensitions(except for
ce'), which involvea rearrangement of tredectrons in the 4f subshelixcept for Ld' and
Lu", which have zero and completely filled f electrons and hencef taufisitions, all other
lanthanide ions are luminescent and the emission wavelength ranges from Uy t(Gd
visible (blue Tnl', green TH', orange SH, red EU') to NIR (P, Nd", Ef", Yb'"). Dy"
exhibits luminescence in both visible and NIR regions whilll @eninescence emission is
based on a 5df transition ands hence strongly affected by the environment arahedCé!

ion due to the strong crystfild effects on the Sdexcited stateSince ff transitions are
spinparity forbidderac c or di ng t o t h displayéaiptontensiiedszegliginlel e, t h
Stokes shifts, longjfetime emission, sharp emission lines, and insensitivity to the
environment around the lanthanide iohhe lastthree characteristis make lanthanide
luminescenceasily recognied and therefore lanthanide ioage ided candidates for optical
probes the first two characteristics can be significantly improved by employingahienna
effec. To increase luminescenagensity, lanthanide compoundan be modified with one
or several organic chromophoyeghich often havdarge molar absorptivitie@) > 10° M
cmid), to play the roleof antennas for the lanthanide ions. These antenaa efficiently
absorbphotonenergy and transfdo thelanthanideemitting states to induce luminescence
emission The overall mechanism of lanthanide luminescetiverefore involves light
absorption, energy transfer, and light emission procedsesré¢ 4) and become quite

complex with several mechanisms and energy lewssociated108. The main energy
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migration path after light absorption is believed to involve an intersystessingfrom the
singlet excited state13o thelonglived ligandcentered triplet stat€;, from which energy
transfer occurgFigure 4, righf). The direct energy transfer from tl$e state is also possible

but with lower probability due to the shditetime of S. Two mechanismof energy transfer

were proposednd theoretically modele@ doubleelectron exchange (Dexteahda dipole-

dipole (Férster) mechanismil09. The former occursvhen the chromophore ligandsein
closedistanceto the lanthanide ionwhile the latteroperates even with the distance between
them of upto ~10 nm, i.e. thoughspaceenergy transfeiThe efficiency of thé-0rsterenergy
transfer is inversely proportional to the sixth power of the distance between the
chromophores and the lanthanide ions. The overall luminescence quantum yield of a
lanthanide compoundepend on the efficiencies of thmtersysterrcrossing and the energy
transferprocesses, and on the intrinsic quantum yield of the lanthanide ion, as shown in
equation3,

fh hf (3)

where f andf are the total and the intrinsic quantum yields, respectiaglgt7 and
h are the intersysterorossing and energyansfer efficiencies, respectivelit. is worth

mentioning that besides the increasing of luminescence intensity, figsgado Stokes shifts

are also observed #% consequena# the antenna effect

Nonradiative multiphonon relaxation ¢dnthanide luminescence caused by the presence of
high-energy GH, O-H, and NH vibrators near by the lanthanide jos a major concern in

the design of highly luminescemdnthanide cmpounds[110-117. Coordinatingsolvent
moleculessuch as KO and MeOH significantly quench luminescent emisssaaling to low
guantum yields and short lifetimeparticularly for lanthanideons emitting in the NIR

region. Besides efforts to design lanthanide compounds that do not contain coordinating
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solventssuch as a recent report by our gr¢up3, atempts to minimize the & quenching

in NIR lanthanide complexes by utilizing fully fluorinated liganaere also performdd 14

114. Ligandto-metal distance is another parameter that needs to be optimized since a too
short distance can give rise to luminescent quenching while a thstance leads tpoor
electron transfer and redutkRiminescent intensitySeveral recent studies demonstrated that

by placinga lanthanide ion within diamagnetic metallacrowns, the lanthanide centeilis w
protected from coordinatingolvents while athe same time the ligands aatan optimum

distance to the lanthanide iteading to high quantum yieddnd long lifetims [117-12Q.

Energy Transfer
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Figure 4. Mechanism of lanthanide luminescer(tsft) and asimplified Jablonski diagram
illustrating the electronic states, the enetgnsfer pathways, and the transitions within
Eu'" complex (right)

2.2 Applications ofLuminescent MetaDrganic Frameworks

MOFs exhibiting luminescenaae promising for a wide range applicatons such as white

light emission,biological fluorescentimaging, optical thermometry and chemical sensing
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Development of MOFs as solgtate luminescent materials takes advantage of their structural
predictability, high crystallinity, highporosity and reusabilitycompared to #aditional
luminescent compound&uminescentMOFs can be designed by tailoring their structures
with fluorescent organic ligands or lanthanide ions, or by introdugiregtmoleculessuch as
organic dyes,transition metal complexesor quantum dotdnto their frameworks This
synthetic flexibility of theorganic and inorganic componentse host frameworkand the
voids within MOFs offer ample possibilities for tuning their photophysical properfles.
complée list d luminescent MOFs haseen provided in several previous review artif8ss

38, 54, 121-127]. The scope of thisectionis not about giving a summary of all reported
luminescent MOFs but tdiscuss theotential applications of luminescent MOW&th the
focus being the fundamentarinciples and some recent interestingstudies in each

application. The list of MOFs reviewed in this part is provided@dhle 1

Table 1.Structural information and photophysical properties of luminescent MOFs.

MOF Organic PhotophysicaProperties Ref
Luminophoré (Year)
Ligand

White-light Emission

1 | [Cd(tzphtpy)] 2ex =386 nm [12§

Htzphtpy = 4(tetrazot5-yl)phenyt 0 = 2 .x33286nn() & (2016)

2, 2 g-terpyniding @ (=9.89ns|3=8.26 ns

CIE coordinates: (0.33, 0.36)

CIER.a=77,CCT =5328K

2 | [PbL] coo® v?i ax = 300, 350, and 400 nm [129
HaL = 2,5-bis((2hydroxylpropyl) \A /<>/ a =i 3% (2012)
€]
thio)-1,4-benzene dicarboxylic acid o €00 CIE coordinates: (0.27, 0.30);

(0.25, 0.29); (0.24, 0.28) for
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respective excitation wavelength

[AgL] 0 C &ex = 349 and 350 nm [13Q
HL= 4-cyanobenzoate (3 N 0 = 10 ..&8849m) ( & | (2009)

CIE coordinates: (0.33, 0.34) an

(0.31, 0.33) for respective

excitation wavelength
Eu-doped [In(BTB)3(OA)(DEF)/2 oX_o aex = 350, 360, 380, 394 nm [13]]
HsBTB =4 , 4-bgnz4neing,5 O 0 = 4330 nmp (2012)
triyl -tris(benzoic acid) O CIE coordinates: (0.369, 0.301),
H-OA = oxalic acid ° oo O ’ (0.309, 0.298), (0.285, 0.309),
DEF = diethylformamide 90 [0} and (0.304, 0.343) for respective

OHOQ excitationwavelength

CIERa =90, CCT = 3200 K
[Euo.3Th2 ABDC)a 3874L)0.1124S)l o© 0 3ex =304 nm [132
H.BDC = terephthalic acid 0)—@%0 CIE coordinates: (0.302, 0.342) | (2016)
HoL= 2-(pyrenel-carboxamido) o a
terephthalic acid O
S= solvent CO

O
O~
d o

[(EuxTbyDy1.xy)(HL)(H20)(DEF)] © o 2= 336 Nm [133
(1) x=0.0667, y= 0.0667, z= 0.866 (1) CIE coordinates: (0.32, 0.2} (2017)

(2) x=0.0666, y= 0.4667, z= 0.46€
HiL = p-terpheny2 . 2 &, 4, 4

tetracarboxylic acid

at 100 K, (0.30, 0.32) at 50 K
(2) CIE coordinates: (0.31, 0.2}

at 200 K, (0.30, 0.30) at 150 K
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C460@ 06 o ex =325 nm [134
[(EUo.05Tho.95) (BTP)(DMF)2(H20)s] 0 =43.32% (2019
HsBTP = bipheny3,495- 0 CIE coordinates: (0.32, 0.34)
tricarboxylic acid CIE Ra=90, CCT = 6034 K
o O o | LER=7.9Im/W
Oe O@
oo
RhB@[AI(OH)(DBA)] o_0o° ex= 3% nm [135
H.DBA = 9,10-anthracendibenzoic O 0 %2% (2017)
acid CIE coordinates: (0.32.30)
RhB =Rhodamine B OOO CCT = 6085K
)
(o] o
H;:acjd l 0. 'l(jI/N(CH:: 3
DSM/AF@[Ins(BTB)4](Me2NH2)3 2 _o &ex= 365 nm [134
DSM =4-(p-dimethylaninostyryl)} 0=174% (2015)

1-methylpyridinium
AF = acriflavine
HsBTB =4 , 4 fgnZeh8NB,5

triyl -tris(benzoic acid)

CIE coordinates: (0.34, 0.32)

CIERa=91, CCT =5327 K
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10 | R/G/B dyes@ H H Ay = 365 Nm [137]

~—_7

[Zn(L)(BDC):(H20)s.5 0 =26% (2017)

X =4

L=1,2-bi s -pydidyimethylamino) ‘ N Sy ‘ CIE coordinates: (0.31, 0.32)

ethane CIER,=90, CCT = 6638 K
(o) 06

H2-BDC = terephthalic acid
)
(0) (0]

11 | [ir(ppy)2(bpy)I'@ o= 370 Nm [139
[(Cd2Cl)a(TATPT)4][(CH3)2NH2] 15 0 =204% (2013)
Hppy = 2phenylpyridine CIE coordinates(0.31, 0.33)
bpy = 2,2-bipyridine CER.= 80, CCT =
HeTATPT =2,4,6tris(2,5
dicarboxylphenylamino)l,3,5
triazine

12 | Alg3@[(Zn4O)s(TPA)(TDA)3 3x=370 Nm [139

X o X
(H20)e][(Zn40)(TPAY]> L ‘ | P o = 11.4 % (2016)
g i
HsTPA = 4ifrikbtdbentdcd o [\0 CIE coordinates: (0.291, 0.327),
N
acid | h CCT =7796 K
/

H,TDA = thiophene2,5

dicarboxylic acid

Biological Fluorescence Imaging
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13 | Gd-pDBI-2 Y@( @ﬁ 2= 300400 nm [140
(chemical formula was no &em=415nm (2016)
determined)
pDBI = 1,4bis(5carboxylH-
benzimidazole2-yl)benzene

14 | NCP-2 dem= 630 nm [147
(chemical formula was no a = 0.8 % (2011)
determined) U 167 ns
L = [Ru{5,5N|CO2)2-bpy}(bpy)]

15 | [Yb(PVDC)s2(DMF)] aex = 450 nm [142
H.PVDC = 4 ,-{2/8iDimethoxy 2m= 980 nm(Yb) (2013)
1,4-phenylene)dR, 1- 01(H0)=(1.0+0.3)x16; ;=0
ethenediyl]bigbenzoic acijl 7.01 N 9=D051+ @&

DMF = dimethylformamide ps
0, (Hepes)k (5.2 £ 0.8)x 16;
U= 4.6 R(p=0.041 0.0
us

16 | BODIPY -grafted [143
[Fes(us-O)CI(H20)2(NH2-BDC)] (2009)

H.BDC = terephthalic acid
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17 | [Ru(bpy)]?* am= 621 nm [144
@[Zrs04(OH)4(BPDCY] (= 203.9 ns (34 %) (2017)
H.BPDC =2,2Q -bipyridine5 ,-5 ¢ (3=808.7 ns (66 %)
dicarboxylic acid u = 5.5 %

o] — — 0@
®0 \ N/ \N / (o]
Luminescent Sensing
Temperature Sensing

18 | [(CH3)2NH][ZN(BTB)2(ATZ)] R _o aex = 330 Nnm [145
HsBTB =4 , 4-b§nzéreiN\g,5 O aem= 377, 477, 510, 544 nm (2016)
triyl -tris(benzoic acid) O a = 22.11 %

ATZ = 5-aminc1-H-tetrazolate ’ oo O ! ’
-
HON— NN
H

19 | [MeaNH][EuxThy.«L(H20),] \ t 2ex=335nm [146]
Hil = 2,64i(2 a-, 4 °eo 0 I | aem= 612nm(Eu), 542nm(Th) | (2017)
dicarboxylphenyl)pyridine

20 | [(Ndos77Ybo.429 e o 3= 808NM [147]
(BDC-F4)3(DMF)(H20)] E E am= 980 nm (YB, 1060nm (Nd) | (2015)
H.BDC-F, = tetrafluoroterephthalic

y F F
aci e
21 | [Dy(cpia)(DMFY)] Q aex = 324nm [148
©]
Hscpia =5-(4-carboxyphenoxy) o /©)\ ° 2&m= 455nmand 485 nn{Dy) (2017)

isophthalic acid
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22 | perylene o o° aex =388 nm [149
@[EWw(QPTCA)(NQ)(DMF),] © O © am= 615nm (Eu), 503, 473 and| (2015)
HQPTCA= 1, 1Nj: 4N;j, O 450 nm(perylene)
quaterphenyB,3NjNjNE, 5, 5 NjN a = 13.12 %
tetracarboxylic acid O

o O o
0@ Oe
40
-
pH Sensing

23 | 1-Methylindole grafted 0o o aex= 350 nm [15Q9
[Zrs04(OH)4(NH2-BDC)] o : O | &m= 428 nm (2014)
NH2-H:BDC = aminoterephthalic N//N
acid @

o N—

24 | [Al30(OH)(H.0)2(NH2-BDC)3] o 0@ dex = 396nmM [157]
NH2-H,BDC = aminoterephthalic NH, &em=451nm (2016)
acid

810

25 | [Tha( @ OH)sL3(H20)7]%* 09 o ex =336 Nm [157
Clo.6{NO3)a.37 2em=542nm(Th) (2015)
HoL*CI = 1-(3,5-dicarboxybenzyh o
4, ANpipyridinium chloride N o

Z® | O
x

7z

\N |
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26 | Eu" @[ZrsOs(OH)4(bpydc)] ax= 336 Nm [153
Hzbpydc = 2, Npipyridine-5,5- &m= 615 nm (Eu) (2018)
dicarboxylic acid

27 | [Cd15(EDDA)]'H3O* (g (g 2ex =310 Nnm [154
H,EDDA = 5,3Njethanel,2- o o | @m=350, 410 nm (2016)
diylbis(oxy))diisophthalic acid

[o

(o]
o o
S) ©

28 [EUZXsz.zx(fU m)z(OX)(H20)4] o@ x = 340 nm [155_|
Hxfum = fumaric acid ONO 2em= 618 (Eu), 545 (Tb) nm (2017)
H.ox = oxalic acid O@

0@ o}
(0] O@
Sensing of Metal lons

29 | [Me2NH2][Mgs(ndc) s(HCOs), 0 ° 2ex =317 nm [156]
(Hz0)] aem= 410 nm (2014)
Hondc =1,4- OO

naphalenedicarboxylic acid

(010
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30 [Zraos(H20)3L4] o 09 ax = 330 nm [15ﬂ
HoL = succinamidep ,-p a O &m= 390 nm (2014)
terphenyldicarboxylic acid

(L1
L/YO
N
H
l OH
©
0~ o

31 | [Me2NH][Th(bptc)] ° © aex =310 nm [159
Hasbptc = biphenyltetracarboxylic o O o dem= 545 nm(Th) (2016)
acid

o O o]
&® o

32 | [Ln(L) (BPDCh/2(NOs)] aex (32-Eu) = 338 nm [159
Ln = Eu @2-Eu) and Th 82-Th) &em(32-Eu) = 618 nm (Eu) (2017)
HoL = 2,5 di(pyridin-4-yl) Ua n d (3%Eu) = 32.88 and
terephthalic acid 112.29 ps, respectively
H.BPDC = bipheny4 ,-4 Nj 2x (32-Th) = 327nm
dicarboxylic acid 2em (32-Th) =545nm (Th)

o _0° e 5
Ua n d (32JTh) =709.02 and
O 1201.01 ps, respectively
S)
o~ o
33 | QDs&CDs@[Zn(mim}] N &ex = 370nm [16Q
A
Hmim = 2methylimidazole [@ 2em= 430 and 62Gim (2017)
N
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34 | [Al(OH)(bpydc) ax =390 nm [16]
Hbpydc =bipyriding-2 ,Nf &m= 545 nm (2014)
dicarboxylic acid U = 8.19 Os

a = 31 %

35 | [Znz(dbtdcQ)(tppe)] &ex = 365 nm [162)
H.dbtdcQ = dibenzolb,d] &em= 464 nm (2016)
thiophene3, 7-dicarboxylic acid
5,5-dioxide
tppe = 1,1,2,2etrakig4-(pyridine-
4-yl)phenyl)ethane

36 | [ZnsL2(bpy)] o ax =375 nNm [163

™
HsL = 4',4™ 4" nitrilotris(3- S 2em= 482 nm (2017)
methoxy[1,1-biphenyl}4- 1 O "’ O t1=0.23 ns (48%),, = 0.84 ns
o 2 1 O
carboxylic acid ° o ¢ | (38%), andts = 2.80 ns (14%)
37 | [Coz( dmimpym)(nday] N/ﬁ f\N 2x=290Nm [164
\ N N/
A
dmimpym = 4,6di(2-methyl- 7/ m \( &em= 398nm (2017)
~NF
imidazot1- yl)-pyrimidine o 0 E5%
(0] 0}
Honda= 1,4
naphthalenedicarboxylic acid OO
)
(o) (o}
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38 | EU@[AI(OH)(Hzbtec)] OH o© aex = 254 nm [165
Habtec = 1,24,5 o 0 | a&m=614 nm (Eu) (2014)
benzenetetracarboxylic acid ° © OHO U=0.31ms

a = 6 %
Sensing of Anions

39 | 381 [[Cds(L)(bpy)2(DMA) 4] 5 é aex = 324, 290, and 301 nm for | [166
38-2 [Cds(L) 2(bib)2(DMA) 4] 4\@ ﬂﬂ “ﬁ Q* 381, 38-2, and38-3, (2015)
38-3 [Cds(L)(tib)(DMF)] ? § respectively
HeL = hexa[4 T oem= 427, 364, and 375 nm for
(carboxyphenyl)oxamethy] . /N'< - 381, 382, and38-3,
3-oxapentane acid "‘// O /éL respectively
bpy =bipRiding g S A
bi b <di(lH-imidazotl-yl)- o
1, -Aighenyl
tib = 1,3,5tri(1H-imidazol 1-
yl)benzene

40 | [Ln4(OH)4BPDC)(BPDCA) 5(H2 3ex =300 nm [167]
O)6]ClO4 &em= 544 nm (Tb) (2014)
H.BPDC = 2,2dipyridine-3,3N;j
dicarboxylic acid
H.BPDCA= 1,1*biphenyt4,4-
dicarboxylic acid

41 | [TbaZn(L)3(H20)4(NO3)2 3ex = 343 nm [168
HoL =2 , -dipyridine4 ,-4 q &m= 545 nm (Th) (2015)

dicarboxylic acid
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42 | [Eux(bop)(H20)] HO\B/OH aex = 275nm [169
Hzbop = 5boronoisophthalic acid &m= 366 nm (bof) and 6251m | (2017)
(o) O | (Ev
06 O@
Sensing of Gases and Organic
Molecules

43 | [Zny(bpdck(bpee)] °M° 3ex = 280NmM [170
Hobpdc = 4,4biphenyldicarboxyt ° O O B &m= 460 nm (2017)
acid NQ—\_GN
bpee = 1,2bipyridylethene N

44 | [Eux(bpydcy(H20)3] mo@ aex = 395 Nnm [171]
H.bpydc =2,2-bipyridine-5,5- & WS Y &m= 557 nm (bpydk), (2016)
dicarboxylic acid 614 nm (Eu)

45 | [(CHa)2NH,]J[Eus(g >-OH)s(BDC- ° o | @x=370nm [177
NH.)s(H20)e] O%Q_{Oo &m= 615 nm (Eu) (2018)
H.BDC-NH; = 2- aminoterephthalic NH,
acid

46 | [(Ag12(SBu)s(CFCOO)(bpy)s)] 3ex = 365 nm [173

&m= 507 nm (2017)
a = 12.1 %
U =ps0. 2

47 | [Zns(DpImDC)(DMF)4(H20)3] © L aex = 325nm [174
HsDpImDC=2-(3,5 O\_ /7 ° 2em= 366 M (2018)
Dicarboxyphenyh1H-imidazole HN N
4,5dicarboxylic acid

o> o°
o] o]
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48 | (Me;NH2)[In(BCP)]2.5DEF 2= 300NM [175
H4BCP =5-(2,6-bis(4 2%m= 372 nm (2018)
carboxyphenyl) pyridir-yl)
isophthalic aciyl

49 | (MexNH2)of[CeV(TPTC) s aex = 316NM [176]
[Ce"(TPTC)b.g am= 380 nm (2017)

H,TPTC = 1,14, 'terpheny} U=2.14ns (TPTE)

2',4,4" S'tetracarboxylic acid =0.84 ns (Ce)

50 | [EUp.1ThodBTC] ° o aex = 287nm [177
HsBTC =1,3,5 0 0° | @m= 547 nm (Tb), 619 nm (Eu)| (2018)

benzenetricarboxylic acid

2.2.1 White-light Emission

2.2.1.1Fundamental principles

White light is the type of light with the most universal applications, both indoors and
outdoors.Nowadays, the majority of whiigghting devices are incandescent and fluorescent
lamps. An incandescent bulb produces light by heatngungsten filament to high
temperature, which emits white light leks than %46 efficiency[178. The remaining energy

is converted into heaA fluorescent lamps normally a long narrow glass tube that is filled

with a noble gas andow-pressuremercury gas When a high voltage is applied to the
electrodes at the ends of the tube, some electrons are accelerated, collide and transfer energy
to themercury ators, whose electrons apgomotedto an excited state. When these excited

electrons return to the ground state, the transition produces a UV light of 254 nm, which is
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further used to excite the phosphor powder coated on the infiacesaf the fass tube and
eventually producea near white lightAlthough fluorescent lamps amnore efficient than
incandescent lamp®r converting energy into useful lightheir efficiencies are still quite
low, of ~ 20 % In addition, fluorescent lamps contaireraury, which complicates their
disposal.ln recentyears white light emitting diodes (LEDs)which are typically made from

a blue LED with part of its light converted to green and red by utilizing one or several
phosphor compoundbave been developed@ihey have advantages over the traditional lamps
such as small size, lonifetime, and high efficiengyhowever one of th& remaining

disadvantagess the lack of high white light quality.

In general, alight source for lighting is evaluated based three main criteria: the
Commission internationale de I'éclaird@dE) coordinatesthe luminous efficacyof the
radiation (LER) andthe color quality The CIE coordinatesra calculated from the spectral
power distribution of the light souressingthe CIE colormatching functions, and are used to
determine the color of the light based on the chromaticity diagram, as shdwguie 5
High-quality whitelight illumination requires a source with CIE coordinates of (0.333;

0.333).
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09:--ceen. D Ry e
Approximate Color regions on

CIE Chromaticity Diagram

Yellowish
500 nm [__orange

Figure 5.A typical CIE-1931 chromaticity diagram. The region of all perceptible colors is
encompassed by a horsestsb@ped curve contain the spectral cold®eproduced with

permission from referendé29.

LER (Im/W) is a parameter describing the brightness of the radiation perceived by the

average human eyand can be obtained from the emission spectrum, as shawnation4,

00OY o ye—— (4)

wherels and Vs arether adi ometri c power and the eye sen
respectively.The theoretical limit of LER (683 Im/W) is obtained from a monochromatic
greenradiation at 555 nmwhich has themaximum spectral sensitivity of the human eye

under daylight coditions.For white light,which primarily requires the combination of green,

red, and blue lightsthe LER value is lower than 683 Im/W. The LER of a typical
incandescent, fluorescent, and LED bulb is of 2V, ~ 80Im/W, and ~150 Im/W,
respectively{179. A good light source should have not only a maximum LER but also high

color quality, which is characterized by the color rendering index (QR8.concept of CRI

is based on comparing the color of test objects to the colors of thestsaltluminated byan

infinite number ofreference sourse At first, the spectrum of the test light source is
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compared to the one of a black body radiatowing for determination of itcorrelated
color temperature (CCTJFor light sources with CCT above 5000ile, cod light, a standard
daylight spectrum of the same CCT is uysetlereas for those with CCT below 5000ile,
warm light,the reference source is a black body radialtve general color rendering index

Rais calculated am equatiors,

Y pnmi® -B YO (5)

wheren is the number of test objects, usually  8E; is tlze difference between the color of
the test object illuminated with the test and reference light sourtle theoretical TE
Ravalue is 100, and would only be givém a source identical to standardized daylight or
ablack body Normally, light sources witlCIE R, above 95 are regarded as giving high color

rendering quality.

2.2.1.2 Whitelight emitting MOFs

White light can be obtained from materials that exhibit multigéor emissions, e.ga
combination ofred, green, and bluemissionswith proper proportions between theran
give white light MOFs emitting white light can be designed bylizing intraa and/or
interligand charge transfer, ligatotmetal charge transfer (LMCT), metalligand charge
transfer (MLCT), doping with lanthanides, or by encapsulating luminescganhic dyes and
metalcomplexesAn example of a liganthased lumingcent MOF emitting white light based
on intra and interligand charge transfers was reportedLibgt al [12§. The Cd MOF (1:
entry 1 in Table Llwas synthesized based on the ligarghtpy (Htzphtpy = 4(tetrazol5-
yl)phenyt2 |, 2 a-terpymiding) dwhich coordinates to C'dions through one N of the
tetrazole group and one N from the terpyridine gromgenerate a 1D peankcklacelike
chain. The supramolecular 3D framework is formed through i nt er acti ons

adjacent 1D chaind.uminescence studies dnat room temperature revealed that M@F
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displaystwo broad emissioneentered att54 and567 nm whenexcited at 86 nm, with their
respectivelifetimes of 8.26 and 9.89 ns typical for fluorescence. The intensities of both
emissions are comparable when varying the excitation wavelengths between 286 and 386
suggesting that the dual emissions originate from diffdugninous centers. Densiyf-state

(DOS) calculation showed that £abns make little or no contribution the absorption, and

the emissions ot stem fromligand-centeredransitions.In addition, the emission spectrum

of Htzphtpy in MeOH shows only one emission band centered at 422 nm suggesting that the
lower emission band at 567 nm in the solid state origirfades interligand charge transfer
associ at eid winttle r tewded theolb shaibd¥hite-light emissionof 1 was
obtainedwhen the MOF wa®xcited at 326 nm(Figure 6) with CIE coordinats of (0.33,

0.36), aCIE Ra of 77, a favorable CCT magnitude of 5328dfda relatively lowquantum

yield of 2.3%
A /nm
44 “ex
| =460
2 1——440
2 3]=—1413
S |——39
» =386
=2 ]—356
&% |—326
2 |——286
[<P]
El

400 500 600 700 800
Wavelength (nm)

Figure6. Emission spectraf the Cd MOHK1). Inset: the CIEL931 chromaticity diagram and
optical images of the powdered samplesloReproducedvith permission from reference

[128].

He et al. reported a Pb MOF2] that emits white light based on both ligatehtered and
LMCT emissions[129. 2 was obtainedfrom a solvothermal synthesis usir&y5-bis((2

hydroxylpropylthio}1,4-benzene dicarboxylic acid’he structure builds on a rgmacking
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motif with the Pbcarboxylate rods linked by the aromatic moieties into a 3D framework.

Under UV radiation aroom temperaturethe solid sample of exhibits a bright, white
luminescence with a high energy band maxima at 459 nm and a weaker low ene&rgy ban
tailing into the red regiotbeyond 600 nm, which was attributezithe LMCT between the
aromatic °~ systems 'axenters.tTheguaptumeeffidiencyaisiratherof t he
low, of 23 %; the CIE coordinates are (0.27, 0.30), (0.25, 0.29), and (0.24, 0.28) with
excitatiors at 300, 350, and 400 nm, respectively. These coordinates are all falling within the

white gamut of the CI8931 olor space chromaticity diagram.

Wanget al. utilized 4cyanobenzoate ligand to construct a R MOF (3) that emits white

light based onthe combination of intraligand and MLCT emisssofiit3(. The 2D
frameworks stack in parallel without interpenetration to generate the 3D structure, in which
Ag---Ag interactions and-" stacking interactions are present among the layers. The solid
state sample 08 displays broacemissiors centerecat D427 andD566 nm when excited
under355 and 336nm UV radiation While the high energy emission has a lifetime of 0.87
ns typical for fluorescence amdhsassigned to thé-"" intraligandtransition the low energy
emission exhibits a long lifetime of 2.60 ms suggesting a phosphorescence characteristic.
This emissionwas explained by the presence of a MLCT transition betwien Ag 4d
electrons and the* orbitals of the ligandWhen adjushg the exdation light to349-350 nm,

the emission peaks at 427 and 566 nm are comparable in intensity, which resusitis

light emission with a quantum vyield of 10.86%he CIE coordinates are (0.31, 0.33) and

(0.33, 0.34Yor the excitation at 350 and 349 nragpectively

Doping with lanthanides emitting in visible regions is a common and efficient method to tune

luminescencemissiors to obtain white lightSavaet al. reported an In MOF4( alsoknown
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as SMOF1) synthesized from a solvothermal reaction utilizitgnzenel,3,5triyl
trisbenzoatdBTB*) and oxalate as ligand$31]. Luminescence studies revealed thamits

a ligandbased emissionentered aB90 nm afteibeingexcited at 330 nnand abroadband
emissionwhenthe materials excitedbetween 350 and 380 nwhich was attributed to the
BTB*Y In'"" LMCT. This results irdirect whitelight emission withCIE Ra valueswithin the
range of81i 85, but with very high CC$ (21642 33290 K) To improve the color properties,
the authors dopediwith EU" in different amounts reachirig % of the totamol of In'". The
10 % Eudoped material ensthigh-quality white light with CIER. D 90 and CCTD3200 K.
The CIE coordinates vary witexcitation wavelengths; en the sample is excited 380,
360, 380, and 394 nm, the coordinates are (0.369, 0.802D9, 0.298), (0.285, 0.309), and
(0.304, 0.343), respective(yigure 7). A modest quantum yield of 4.3% was obtaiméten
the sample was excited at 330 nm; however, the material exhibits a fairly long lifetime of 600
us due to the londjfetime characteristic of thEu" ion. It is worth noting that doping ligard
based luminescent MOFs with more than one lanthanide ion Ht@ining white light
emission is also possible. An example was the workibgdal et al. whoreporedthe coe
doping of both Ell and TH' into a Znbased zeolitic imidazolate framework (ZIF)8d,
which exhibits white emission. However, tlgiantum yieldwas not reported for this

material.
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Figure7. Emission spectra df0% Eu-doped4 at different excitation wavelengths. Ins€lE

chromaticity diagramReproducedvith permission from refereng¢é&31].

Parket al. designed amixed lanthanide MOHR®5) incorporated witha small amount ofhe
blue-emitting 2-(pyrenel-carboxamido)terephthalate ligan@.?>) to obtain white light
emission[132. The authors presented a nice and systematic procedure tddéraptimal
amount of each component the MOF, i.e. Ell, Th", andL?" responsible for the red,
green, and blue color emissionko find the optimized amount of 2l for effective blue
emission, a series of GahalogMOFs [Gd3(BDC)s . {k)x(S)] with various BDC ": L2
ratios were preparedrhe ratio of 0.975 : 0.025 was found to display the highest blue
emission. Similarly, to find the optimized amount of the lanthanide iores series of
[Eus 1 Thy(BDC)4.5(S)] MOFs were investigated by varying the ratios Bf" : Tb'"'. The
ratio of 0.1: 0.9 gave the ideal yellow emission, which in theory can combine with the blue
emission from L?" to give whitelight emission. The excitation of the MOF
[Euo.3Th ABDC)a.3s74L)0.1124S) at different wavelengths in the range of B800 nm led to

emissions with CIE coordinates changed from (0.341, 0.400) to (0.223, 0.223). The
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coordinates of (0.302, 0.342yhich areclose to those of pure white light (0.333, 0.333),

wereobtained with tk excitation at 304 nm.

Gai et al.demonstrated whitbght emission from a threlanthanide MOKG6) prepared from
p-terphenyl2 . 2 G-tetracarbakylic acid (kL) anda mixture ofsulfate saltof Eu'', Dy,

and TH' [133. By varying the ratio of the lanthanide ions, the mixadthanideMOFs,
[EwThyDy: x y(HL)(H2O)(DEF)] show emission peaks withtensitieschanging as the Hy

To", and DY' concentratioa changed. The main emissions are from the emissive states of
EU" and TH' ions together with arelatively weak emissioand around38a 450 nm
stemmingirom theHL ligand. The optimized MOFEuo.06671 bo.066DY0.8664 HL)(H20)(DEF)]

does not exhibit whitéight emission at room temperature; however, when the temperature is
decreased to a value betwed0 and 50 K, themission possess€dE coordinatesf (0.32,

0.25) at 100 K and (0.30, 0.32) 3@ K that are very close those of the pure white light
(0.33, 0.33). Similarly, the MOF [Euo.0s66T bo.466DY0.466{HL)(H20)(DEF)] also exhibits

white light emissiorwhen the temperature varibsetween R0 K and 150 K, witithe CIE

coordinates being (0.31, 0.2&()200 K ad (0.30,0.30)at 150 K

The encapsulatin of organic dyesn lanthanidebased MOFs is another method for tuning
the emissionin orderto obtain white light. Songet al. demonstrated this sitegy in a
EU"/Tb"-mixed MOF(7) that encapsulatebe bluelight emitting dye coumarin 460 (C460)
into the pores by the situ synthesis[134. The optimized ratio of Eli and TW' in the
[(EuxTb1x)(BTPU(DMF)2(H20)s] MOF was found to be 0.05 : 0.8% give a yellow emission
when excited under U\ight. The composit& with different conterg of C460 was subjected
to emissiormeasurements, which showed thet broad emissn band of C460 around 460

nm was enhanced with the increase in dye content, whiléentbasity of the characteristic
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lanthanide ion emissions waeduced.The composite of 1.02 wt% of theoumarindye
exhibits an emission with the CIE coordinates of (0.32, 0.34), which is very close to those of
ideal white light (0.33, 0.33). Moreover,possesses a quantum yield of 43.42%,|1B Ra

value of 90, and a CCT of 6034. Khe authors went further to fabricate the wit-
emitting diode (WLED) by coating the composit@n a commercial 365 nm UVED chip
(Figure 8). The prototype WLED emitted bright white lightth a LER value of 7.9 Im/W

when a 3 V bias was applied

Figure 8.Photographs of a prototype WLED fabricated witlvhen it was turned ofright) and

off (left). Reproducedvith permission from referen¢é34].

For MOFs formed from metabns other than lanthanideutilizing luminescent emissi@n
from ligandsand encapsulateatganicdyesor luminescent transition metal complexealso

a feasible approacto obtain whitelight emission.Recently,Wang et al. reporteda dye-
encapsulated MOF8) to build a warmwhite-light emitting diode for fast whitéght
communication [135. 8 was synthesized based orthe employment of 9,10
anthracenedibenzoic acigH.DBA) and hence the MOHself (Al-DBA) exhibits a blue
emission originated from the DBAligand, with a maximum wavelength at 468 nm.
Encapsulation of RhB leads a material that exhibits both RhB yellow and blue BBA

emissions, with the ratio between the two depending on the dye loading level. At 0.019 mol
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% loading,warmwhite emission was achieveudth the CIE coordinates of (0.32, 0.30), a
CCT of 6085 K, and a quantum yield of 12 Since he RhB emission decays back to the
ground state with a/ of 5.4 nswhich ismuch faster than that tiie yellowY 3AlsO:2:Ce**

(YAG-Ce) phosphor8 is ideal foruse in whitelight communication.

Similarly, Cui et al. presented @awo-dye-encapsulated MOK9) for warmwhite LED with
high JE Ra value[136. The MOFitself (called ZJU28), formed by using! , 4-bgnz&n€jN;j
1,3,5triyl-trisbenzoate(BTB*), exhibits a blue emission centered at 415 nm that was
attributed to theemissionderivedfrom theligand. Encapsulation of the DSM and the AF
dyes led to composites that display red and green colors, respectively. Thehef@ahors
utilized both dyes fotuning the emission of the composifEhe optimal whitdight emission
was realizedwhen the concerdtion of DSM and AF was adjusted to 0.02 wt% and 0.06
wt%, respectively High-quality light was achieved; the CIE coordinates of (0.34, 0.32), a
CCT value of 532K, a CIERavalue of 91, and a quantum yield of 17.4% were repoAed.
WLED devicewas fabricated by simply coating tlmempositeas phosphor at theurved
surface of thaJV-LED chip. The resultant devicexhibits bright white color when the chip

wasconnected to thelectric sourcef 3.8 V.

The encapsulation olip to three organic dgewithin a MOF (10) for white-light emission
was also reported[137]. 10 (also called HSBN1) is a Znbased MOF and comprises two
ligands: BDC and 1,2-bi s -pyfidyjmethylamino)ethan€lL). The MOF is featured by its
high accessible void db5.4%andeasy encapsulation of linearganic dyesWhenthe three
dyes includingDCM (0.03 wt%) C6a (0.02 wt%), and CB$27 0.02 wt% were combined
and inserted into the MOF, and excited at 365 nm, the resulting matespddyed wite

light, with CIE coordinate®f (0.31, 0.32),CIE Ra of 90, a CCT value 06638 K, anda
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guantum yield 026.0%. Interestingly, the method is quite versatile as changing dyes such as
DSM for DCM, C6 for C6a, or KSN for CB$27 still leadso materials that exhibit white

light emission A WLED wasalsofabricaed by simply coatinghe solid of dyedoped10 on

the surface o commercially available ultraviolet LED chip (3 mm, 365 niif)e resultant

WLED device emitted bright white light atvaltage of 3.8 V.

Deparing from the organic dye encapsulatioBunet al. reported the whitdight emission
from a Cd MOF {1) that encapsulates an iridium polypyridine comp[é88. 11 was
synthesized using the ligand 2,4(8(2,5dicarboxylphenylamine},3,5triazine (TATPF)

and it emits a blue emission at 490nm. The formed MOF, with the formula of
[(CH3)2NH2]15[(Cd2Cl)3(TATPT)4], contains ammonium counteations that can be
exchanged with positivelgharged metal complexes. The author chiosencapsulate aln'"
complex, [Ir(ppy}bpy)]’, due to its strong yellow emission originating from its
characteristic3MLCT. The compose samples maintain their crystallinity with the
concentrations of encapsulatet! lcomplex reaching 8.8 wt% with respect to"CHor the
sample of 3.5 wt% encapsulated" lcomplex, the emission obtained at an excitation
wavelength of 370 nm has théECcoordinates of (0.31, 0.33). A CI& value of 80, a CCT
value of 5900 K, and a quantum yield of 20.4% were also obtained for this sample. WLED
assemblies using the composite were fabricated by coating the sample eitheran U\

LED or an InGaAsNchip, which proves the potential use of this composite for practical

lightning applications.

Xie et al. utilized the same approach as fbt but using a yellowemission mairmetal
complex, Alg3 (tris(8ydroxyquinoline)aluminium), as the encapsulant since it is much

cheaper than the "lr complex [139. The blueemitting MOF (called NENk521) was
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synt hesi z e ditrilotebenzante @TPA) andtdiaphene2,5-dicarboxylate (TDA)

as the ligands. Similar to TATPTmentioned above, the TPAigand also emits blue light at
~450 nm ensuring the blue emission of the MOF. The compt2if@&Ig3@NENU-521)

with different concentrations of Alg3 exhibitanable fluorescence emission from blue to
greenyellow. At the optimal concentration of 4.14 wt%, the emission possesses CIE
coordinates of (0.291, 0.327), a CCT value of 7796 K, and a quantum yield of 11.4%. WLED
assemblies were fabricated by coatinig tmaterial over ultraviolet LEDs. White light was
observed at a voltage of 3.8 V; more interestingly, the WLED can maintain illuminating

bright white light when continuously turnea for one month.

In all examples mentioned above, the white light emitdbased on a single MO®hich is
chemically modified by doping and encapsulating components that exbibitnensurate
colors of emissionFang et al., howeveutilized a simple mechanical mixing approach in
which two MOFswere employedo form a twecomponent whitdight emitting material
[181]. The blue phosphodD-Cuwl2(tpp)2(bpp) (tpp = triphenylphosphinebpp = 1,3-bis(4
pyridyl)propane) was blended with either the yell@w orangeemitting Culs-based 2D and
3D compounds to produce compositeat emit white emission with very high quantum
yields ranging from 70 82%. Theephosphors auld also be deposited on a thin resin film
which was then coated onto the inner surface of a UV lamp to maketotype lighting

device.

In summarya large number of MOBased white light emitting materials have been reported
in recent years. Compared to tkemmercially availableWLEDs, which display low
quality of white light (CIERausually <75), the MOFbased compoundsften have quite

higher CIERavalues. However, the white light emitted from the M@#&sed compounds
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is still limited to cool light(CCT > 5000 K), which isot idealfor indoor illumination.In
addition, most studies do not investigttie luminous efficacyf the prototype MO¥fased
WLEDSs, which is an important parameter for the practical applications of these WLED
Nevertheless, we believe that M@ased WLEDsare still in their infancy, ash with
further development they mightave the potential to replace the current commercially

available WLEDs in the future.

2.2.2 Biological Fluorescence Imaging

2.22.1 Fundamental principles

Biological fluorescence imaging is a qualitative sensaahnique that utilizefluorescege
microscopes to visualize biological objects such as cells and tissues. These objects can be
imaged by utilizing the autofluorescence exhibited by themselves, whkmirsdue to the
presence of aromatic compounds sueiNADPH, collagen, riboflavin, or amino acids, or by
tagging with exogenous fluorescemgrobes. A suitable probe fdriological fluorescence
imaging should be conveniently excitable and detectabled should exhibit high
luminescence intensityCultured cells and tissues require physiological environment, e.g.
mammal cells need to be preserved in a buffer solution @ amrd pH = 7.4; therefore,
fluorescent probes used for imaging of these cells and tissues need to be stable in such
conditions. Additionaconsiderations include the possibility to deliver the probes into cells
and their potential toxicity, e.g. for imaging of live cells, the probes masnhtain the

physiological and structural integrity of the cell; in other words, they must béoxam

Fixed-cell imaging normally involves five steps: i) fixing and permeabilizing the cells of
interest, ii) labelling, iii) detecting, iv) protecting, and v) imaging. The first step is used to

protect and stabilized the cell structures and is often qpeeid by utilizing a fixative agent
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such as formaldehyde to lock the cell, followed by using detergents to remove cellular
membrane lipids to allow large fluorescent probes to get inside the cell. Labelling cells with
the fluorescent probes allows for deiteg the fluorescence signals in cells and sepsrate
these signals from the autofluorescent background. In some cases, when the fluorescent
probes are prone to photobleaching leading to fast decreasing of fluorescence signals,
antifade reagents can be ugedrotect the photostability of these probes. The final step of
imaging involveghe use oh fluoresceoce microscope to capture the images of the céle

most commonly used fluoresa@n microscopes arehe epifluorescene and confocal
microscopes, with the latter being more advanced due to the employment of point laser
illumination and a pinhole in front of the detector to blaek-of-focus photons; therefore,

their optical resolution and contrast is significantly inceglasompared to the epifluorescen

ones.

2.2.22 MOFs for biological fluorescence imaging

Luminescent MOFs in the namegime can be an effective agent for biological imaging
applications. Several advantages of nanoparticles over -smddcule imaging agents
include th& high payloads, tunable sizes, tailorable surface properties, and irdprove
pharmacokinetic§182. Recently, Kundu et al. reported a'tdased MOF GgDBI-2 (13)

for the potential application askamodal imaging agentl40]. The motivation behind this
work is to generate a MOF displaying fluorescence emitted by the organic ligand in
combination with the magnetic resonance imaging (MRI) property of tHei@d 13 was
formed from the reaction between the fluorescengarid 1,4bis(5-carboxylH-
benzimidazole2-yl)benzene (pDBI) and Gd(OAg)n an open conical flask at 12C for 3
hours. Due to the very small sizes of the crystal$3pfthe singlecrystal structure was not

determined; however, the PXRD patternl8fwas obtained to confirm the high crystallinity
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of the sample. The SEM and TEM images displayed spiildigparticles with dimensions of

~1 pm in length and ~0.3 um in width. The MOF can be dispersed in water without affecting
its stability, as verified ¥ PXRD and FTIR studied.uminescent studies showed tHz&t
exhibits a blue emission centered at 415 nm when excited under UV radiation; the maximum
emission intensity was obtained with the 340 nm excitation light. Prior to bioimaging
experiments, an MTT ssay of13 on MCF7 cell lines was performed giving the cellular
viability of 88%, which confirmed the low cytoxicity of the sample for imaging purposes.
When MCF7 cells were incubated witB and observed under a confocal microscope, most
of them exhibitedoright bluecolored fluorescence at an excitation wavelength of 405 nm
(Figure 9, c). The merged imageFigure 9, b) indicated the presence a8 within the
cytoplasm of the MCF7 cells. It is worth mentioning that althoi@hlso displays a modest
longitudinal relaxivity T for the MRI application, the smadjuantity leaking of Gd ions in an
agueous solution observed by the inductively coupled plasma optical emission spectrometry
(ICP-OES) analysis showed that MOFs with highstability are needed for practical

applications.

Figure 9. Confocal microscopic images of MCF7 cells incubated W#hat an excitation
wavelength of 405 nm; brigtiteld image @), merged imagebj, fluorescence imagec)

Reproducedavith permissiorfrom referencg14Q.

Liu et al. reported a coordination polymet4) constructed from the reaction between ZrCl
and the phosphorescent ligand [Ruf§{50;).-bpy}(bpy)] in a microwaveheating
synthesig141]. 14 is amorphoudased on PXRD studieSEM and TEM images showed
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that the spherical particles have an average diameter of 85 nm, which agfte¢he sizes
obtained from dynamic light scattering (DLS) measuremddtgexhibitsa quantum yield of

0.8% and an average luminescence lifetime of 107 ns. Due to the instabili iof
phosphatéuffered saline solution at 3AT, the authorsdeveloped a method tooat the
particles with a thin layer of silica to improvkeir biocompatibility. Silica coatings also
provide surface silanol groups for further functionalizations; therefd@SiC, samples
functionalized with polyethylene glycol B%) and anisamidBEG (AA-PEG) were also
prepared. Anisamide is a targeting ligand that has moderate affinity for sigma receptors;
therefore its attachmentanimprove the delivery of the particles to prostate and lung cancer
cells [183. Incubation of H460 cells witH4@PEGSIO, and 14@AA-PEGSIO; for 24

hours did not lead to appreciable cell death. Confocal fluorescence migrostapes
showed that phosphorescent signal was observed in the image of H460 cells incubated with
14@AA-PEGSIO; whilst the signal ol4@PEGSIO, was seen not only in the cells but also

in the media as expected for the ftargetedl4@PEGSIO,.

FoucaultColletet al.designed a nanoscale Yased MOF 15) exhibiting NIR luminescence

for imaging of living cells[142. The nanoparticles were synthesized based on the reverse
microemulsion method using4 , -[42]$tdimethoxyl1,4-phenylene)dR,1-ethenediyl]bis
benzoate (PVDE) as the ligandSEM images stwed thatl15 appears as block micro
crystals with dimensions of 0.5 (NO.3) &m
nm (thickness). The bulk material was also obtained for sigigal Xray studies. The
secondary building unit is an infinite @im of YO" ions, which are octacoordinated with six
carboxylates from three ligands and two oxygen atoms from two DMF molecules.
Photghysicalstudies gave the quantum yield valuesi®of (1.0 + 0.3) x 10*in water and

(5.2 + 0.8) x 1% in 0.1 M Hepes buffer (pH 7.3) when the samples were excited at 450 nm.
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These quantum yields are quite low, probably due to the exchange of DMF solvents by water
molecules that quench the luminescence through 4pladthon processes. Nevertheless,
photobleching tests in combination with PXRD and SEM studies indicated.$hatstable

in these solutions and also in cellular media. In addition, cytotoxicity &r HeLa and NIH

3T3 <cell l i nes was investigated andthea eveal
nanoparticles give the cellular viability of 90 %, thus it can be used for bioimaging of these
cells. Emission signals in the visible region originated from the chromophore PYBXCin

the NIR region stemmed from VYbwere clearly observed by djpiorescence microscopy

(Figure 10), which supports the argument of the authors that using a MOF system to

maximize the number of chromophores and lanthanide cations can reduce the negative effect

of the low quantum yields.

Figure 10 Visible and NIR microscopy images 8 in HelLa cells {op) and NIH 3T3 cells
(bottom) (=840 nm). Brighffield (A), PVDC* e mi S Sek=0 N3 7( 7o/ %n0= 44650 o
nm) B), and YB' e mi s sd o n 3 T &/ 5MA= longrpass&F7dm) (C) images are

shown.Reproducedavith permission from referend¢é42.

Taylor-Pashow et al. reported a nanoscale dbased MOF (called MH101(Fe))
functionalized with amino groups to covalently graft the BODIPY dye througiost

synthetic modification[143. The BODIPY-loaded pdicles (16) can have dye loading

48



reaching 11.6 wt %16 is nonremissive due to luminescence quenching by therdnsitions

of the paramagnetic Becenters. However, when these particles are put in a biological
media, the BODIPY dye is released due to the degradation of the particles and the solution
exhibits a fluorescence signal characteristic of the BXMCBODIPY species. The rate of

this releases quite fast, with ai2 of D2.5 h in 8 mM PBS buffer at 37 °C. To reduce this
rate,the author coated6 with a layer of silica; theesulting16@silica has the BODIPY
release it of D16 h in PBS buffer at 37C, which is long enough for biological imiag
experiments. Confocal microscopy images of-28I human colon adenocarcinoma cells
incubated with particles di6@silica showed fluorescence signals that are attributed to the
BDC-NH-BODIPY dye slowly increasing its conugation in the cellsinterestingly, control
studies with the BDENH-BODIPY dye itself without the MOF particles showed no
fluorescence, presumably due to its inability to cross the cell membrane. Therefore, the

nanosized particles db areefficient carries for deliveringa fluorophore in vitro.

Encapsulation of phosphorescent metal complexes within MOFs can lead to luminescent
composites for optical imaging. Chem al. reported the preparation of Ui€¥-type MOF
nanoparticleg17) via a solvothermal reaction that cancapsulate [Ru(bpy)?* complexes

up to 13.85 % of their weightl44. SEM and TEM images of the MOF itself showed
spherical nanoparticles with an average diameter of ~ 92 nm. Incorporation of the Ru
complex inside the pores of these nanoparticles does not significantly change thelihazes.
compositel7 exhibits a broaduminescent emission centered at 621 nm, which is- blue
shifted from that (631 nm) of the free Ru dye probably due to the interaction between the dye
molecule andthe MOF. The quantum vyield af7 is twice as high compared to value
measuredfor [Ru(bpy)]?*, which was attributed to the large separation of the dyes within the

MOF and the constraimmf molecular motions that effectively decrease the quenching effects.
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Interestingly,17 displays twephoton luminescence whes excited at 880 nm. The MMT
essay was performed to examine the cytotoxicity/obn A549 pulmonary cancer cells. The
NPs show good biocompatibility at low concentrations; therefore, they were subjected to
biological imaging experiments. Confocal laser swag microscopy studies showed that the
cells incubated with th&lPsof 17 display clear red fluorescence when excited at 880 nm,
while those without théNPs only exhibit blue fluorescence. This result suggests tthat

composite can be used for tpbotan luminescent imaging of biological objects.

2.2.3 Luminescent Sensing

2.2.3.1 Fundamental principles

Luminescent sensing is based on changes in photophysical properties of the sensor, which
plays the role as a fAsignearl imlgiondiinngo tthatt p
interest or after a change in a physical parameter such as temperature or pressure. The most
commonly observed change is the luminescence intensity, although IlHedised sensors

have also been reportebh fact, the measement of changes in luminescence lifetime is

more robust since it does not depend on the concentration of the luminophore used in the

sensor; however, the instrument needed for lifefrged sensors is often more complicated.

Three important parametenf chemical sensors are the limit of detection, selectivity, and

time of response. The limit of detection (LOD) is the lowest quantity of the analyte that can

be distinguished from its absence, i.e. the blank value, with 99% confidence. It is thenfunctio

of both signal strength (sensitivity) and signal stability, and is frequently used
interchangeably with sensitivity. The LOD value can be determined from the equation: LOD

= 30/S, in which 0 is the standarbyadmei ati o

number of measurements of luminescence intensity in the absence of the analyte, and S is the
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slope of the calibration curve. The LOD/sensitivity of a sensor strongly depends on its
affinity to the analyte. Selectivity is the ability of a sensbmeasure a concentration of an
analyte in the presence of other interfering substances. Time of response is the time required
for a sensor output to change from its previous state to a final settled value within a tolerance
band of the correct new valui fast response time is required for a sensor to have a practical

application.

Temperature luminescent sensors are often designed to have either a single or a double
luminescent center. The former approach is based on the decrease of the luminescence
intensities and lifetimes when the temperature is increased (or the increase of luminescence
intensities and lifetimes upon cooling). This is due to the Boltzmann distribution, as at higher
temperatures more vibration levels are available and hence momadiative decaysan

occur. The thermal quenching effect can be applied to almost all luminescent materials.
However, the disadvantage of having a single luminescence cettiat tise dependence of
luminescence intensity on the probe concentratexgjtation, or detection efficiency and
hence leading to poor accuracyhe latter is based on the principle of ratiometric
luminescence that often involves an energy transfer between the two luminescent centers and
has been demonstrated as the superiopragch for luminescent thermometers. A good
temperature luminescent sensorowd have: i) high sensitivity, i.ea large change of
luminescence intensity or lifetime with temperature and ii) high thermal stability and photo

stability for longterm uses.

Luminescent sensors for analytes can be based on either quenching or enhancing of the
| umi nescence iIinteonfsfid yaondeadengot®, iteasmect

cases, the quenching or enhancing effect can be attributed to the electtanécafighe
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analyte being detected. Paramagnetic metal cations such?§sF&li, or Mré* are welt

known quenchers for luminescence since they can induce LMCT or MLCT processes, which
allow nonradiative relaxation of the excitation energy. Elecipmororganic molecules such

as nitro explosives are also strong luminescence quenchers since their low energy unoccupied
"* orbitals have high electron affinity | ea
and hence decreasing the density of excitedt®ns without luminescent emission. On the
contrary, electromich molecules can sometimes enhance luminescence due to their ability to
donate electrons to the excited statoeno of t
sensors can be designbdsed on the photaduced electron transfer (PeT) effect. These
sensors are also termed fAreactive probeso s
reactions between the sensor and the targeting analyte. These reactive probes often exhibit
higher sensitivity and selectivity compared to sensors based orcovalent interactions

owingto the structural changes from the chemical conversion

2.2.3.2. MOFs for luminescent sensing

2.2.3.2.1MOFs as optical thermometers

Temperature sensors are among thest common sensors used in both scientific and
industrial fields. MOF thermometers have been fabricated based on the principle of
ratiometric luminescence. These MOFs exhibit dual emission from the combination of two
organic luminophores or two lanthaaidons or by encapsulating organic dye molecules
within lanthanide frameworks. Recently, Zhawt) al. reported a Zfbased MOF 18)
constructed fromthe mixture of two ligands, BTB and ATZ (5amino1-H-tetrazolate)
[145. 18 displays temperaturgependent emission behavior under Addrexcitation, with

LLCT emission bands of the ATZ ligands at 477, 510, and 544 nm appearing while the ILCT

emission band of the BPBligand at 377 nm maintains its intensity when lowering the
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temperature to 10 KF{gure 11, top). A linear relationship betvem the intensity ratio and
temperature from 30 K to 130 K was established: T = 10,89I¢) + 11.52 Eigure 11,
bottor). In addition, the absolute and relative sensitivities, definéd as —andY

—7
——, are 0.0926 K and 5.29% K at 30 K,which arequite high,indicaing that18 can

be used as a luminescent thermometer for the cryogenic temperature rahge K30

\ \ HE = Foab e HE

AAAAAAA

10h Linear Fit

1LJ, /au.

! y=0.09261x - 1.06726
3
R' =0.9956
0 i A A L 1 M
20 40 60 80 100 120

Temperature / K

Figurel1ll. (Top) Emission spectra di8 recorded between 10 and 130uKderexcitation at
330 nm. Inset: the temperateslependent integrated intensity of the HE and LE emissions.
(Bottom) The linearfitted line for the temperatur@ependent intensity ratio of the HE and

LE transitionsReproducedvith permission from referee[145.

Yang et al. designed a doped EIbix MOF (19) that was formed from the use &6

d i ( -2icarba@xgphenyl)pyridindor temperature sensir[d46. With low concentration of
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EU", (x = 0.0066 and 0.0089), the emissiamensity of TH' at 542 nm decreases
dramatically while that of Eliat 612 nm increases significantly at the same time over the
temperature range of 77 450 K. A linear relationship between the temperature and the
emission intensity ratios was estabked, to/lev = 13.5161 0.0319T andt/leu = 9.1077
0.0207T for x = 0.0066 and 0.0089, with the corresponding relative sengfiat 450 K of
3.76 % K! and 2.71 % K, respectively. Although these values ag¢ excellentthis work
illustrated thepotential of 19 as aluminescent thermometer for a pretty wide range of
temperature, including the cryogenic region (1ZEB K), the physiological temperature
(298 320 K), and the high temperature range {380 K). Interestingly, the authors also
investicated the ternary mixed lanthanide MOF by doping with' Gthe doped MOF with

the ratio of Eu : Tb : Gd of 0.013 : 0.060 : 0.927 display the maximum relative sensitivity of
6.11 % K! at 430 K. Thisrelatively high sensitivity suggests that tertiary leantide MOFs

might be the future targets for ratiometric luminescent thermometers with high performance.

Lian et al. adapted the concept of using mixed lanthanide MOFs as luminescent
thermometers but employed NIR lanthanide ions in place of the commole Visitinescent
EU"/Tb" ions. Optical thermometers based on NIR luminescence will be practically very
useful because NIR emission will have high permeability through biotissues and no
competing fluorescence from the backgro{ibdl7]. The MOF Q0) was prepared by reacting
Nd(NGs)3:6H20 and Yb(NOs)3-5H20 with tetrafluoroterephthalic acidHeBDC-F4) to obtain

the product with the formula o{Ndo.577Ybo.4292(BDC-F4)3(DMF)(H20)]- DMF. The mono
lanthanide MOFs [Ndz(BDC-F4)3(DMF)(H20)]-DMF  (20-Nd) and [Yb2(BDC-
F4)3(DMF)(H20)]-DMF (20-Yb) were also obtainedJpon laser pumping at 808 ni20-Nd
exhibitsemissions aaround 890 nm, 1060 nm and 1340, mamich are theharacteristid-f

transitions of N§. 20-Yb does not absorb light at 808 nm and therefoveemissiorwas
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observed. The mixed lanthani®OF (20), however, displaygmissions ofooth Nd'" and
Yb'", implying that energy transfer from NY to Yb" occurred (Figure 12). When
temperature is increased from 293 to 313 K, the intensity of the 980 nm emissid of Y
(%Fs/2 - 2F712) also increases rapidly while the intensity of the 1060 nm emission'b{1Re
- Y1117 remains the same until 308 K and then slightly increases afterwardisedx
relationship between the Nd/lyp ratio and the temperatureras found T = 434.67 -
143.27kd/lvb, and the maximum relative sensitivitis of 0.816 % K' at 313 K. The
calculated temperature resolution is 0.029, Kuggesting the potential use @0 for
biomedical diagnosis since the temperature difference betpaghnlogical celland normal

surrounding cells is arour@l5 3.3 K[147].
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Nd Yb”*  HBDC-F,
Figure 12. Energy transfer from Ndo Yb" upon laser pumping at 808 nieproduced

with permission from referen¢é47].

Although mixedlanthanide MOFs such d9® and 20 are good candidates for luminescent
thermomety, Xia et al. argued that these MOFs will lose the sensing abdityelevated
temperatureslue to the saturation of the energy transfer between the lanthanidd 4&hs

They proposed that dual emissions can be generated from the two thermally coupled energy

levels (TCELS) of a single lanthanide ion. Abgsed MOF Z1) was synthesizeddm the
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reaction betwee-(4-carboxyphenoxy)isophthalic acid 4¢pia) and Dy(NOs)3.6H20 via a
solvothermal methad21 exhibits main emissions at 487, 574, and 661 nm which are
characteristid-f transitions of DY. Upon increasing the temperature, thetensity of the
transition at 455 nm*(s2 - ®Hisp) increased while the intensity of the emission at 485 nm
(*Foi-®Hisp) slightly decreasesBased on the TCEL theory, in which thepulation of the
two TCELs is governed bthe Boltzmann distributioriaw, the relationship between the
intensity ratio of thduminescence originating from these two TCElsd temperaturés
given bythe equationli/l> = 4.65 exp{1837.1/T) + 0.091The absolute sensitivities are
found to be2.02x10* K at 298 Kand7.85¢<10* K at 473 Kwhilst the maximum relative
sensitivity is 0.42 % R at 473 K. Although these sensitivities are pretty low, the author
demonstrated the repeatability 21 as a luminescent thermometer for at least 12 heating

coolingcycles Figure13), which is not often seen in other repdd4§.
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Figure 13The reversible emission intensity ratio of fiw - °Hisi2transition tathe *Foy -

®H1s/2 transition between 298 K and 473 Reproduceavith permission from reference

[149.
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Deparing from the use ofmixed lanthanide MOF< ui et al. employed theencapsulation of
theorganic dye peryleneithin a Eubased MOF to obtain a duainitting composite42) for
temperature sensinl49. The MOF (also called Z}88) was formed from the use of

1, 1 Nj: 4 NgudtekphignyB INjISj NMNENRcBIhoxyldiéljBs the ligand. The compo&ie
features a regémissionof EU" at 615 nm and a blue essionaround 473 nm of perylene
dyes when excited at 388 nm. The emission peak profile of perylene @gdsrsimilar to

that of the perylene solution big significantly different from the one in the solid state,
suggesting that the dye is distributed ire thoid channels of the MOF as free isolated
molecules. Wher22 is subjected to the variable temperature luminescence measurement in
the range of 2@0°C, the luminescence intensity at 473 nm of the dye substantially decreases
while the intensity of the @L.nm emission of Eliincreases. This can be attributed to the
energy transfer from the dye molecules to th€ Eans, as evidenced from the concomitant
increase of the luminescence lifetime of thé'Hons and the decrease of the luminescence
lifetime of the perylene dye withi&2. A linear relationship between the temperature and the
emission intensity ratios at 615 nm (Buand 473 nm (perylene) was establisied, 57.53

T 7 &idl@slwith the maximum relative sensitivity of 1.28 %@t 20°C. Although the
working temperature range is rather narrowj ZD °C, the authors suggested tt2& might

still be useful in the biomedical diagnosis due to its low toxicity and good biocompatibility.

2.2.3.2.2MOFs agpH meters

The measurement of pthlue is crucial in a wide range of applications from environmental,
industrial to biomedical fields, especially for monitoring pH changes in biological
environments. Different from electrochemical sensors, luminescent pH sensors are non
destructive to céd. They often contain a weak acidic or basic group that undsregeersible

changes in the optical properties upon protonation and deprotonation. For example, Aguilera
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Sigalatet al.realized that thevell-known MOF UiO-66-NHa, which is formed by linkingrs
clusters with theligand 2-aminoterephthalate (NBDC), displays the pHiependen
fluorescence up to pH = Jhis pHdependenfluorescence is due to the easy pronation of
the groupNH: to TNHs". To increase the MOF stability in the basic media, dbéhors
partially incorporated indole moieties (~70 %) into the framework by post synthetic
modification via diazotization of the amino grou@8)([150. 23 exhibitshigh stability and
maintains itcrystallinity and porosity up to pH = 12, which were attributed to the extended
delocalization of the arylazo group. Fluorescence measursmevgaled that the intensity

increases with increasing pHi@ure 14) allowing 23to be potentially used as a pH sensor.
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Figure 14 Normdized fluorescence emission @8 vs. pH. Inset: exponential correlation
between the fluorescence respons@dd nd pH 8 B0 emp 428 nne.Reproduced

with permission from referen¢é&5Q.

Xu et al.employeda similarstrategyas abovéy usingAl-MIL -101-NH: (24) for sensing pH
in aqueous environmenf&51]. 24 exhbits good stability in water and remains intactioth
basic and acidic agueous solutiollghen excited at 396 nm, the crystalline powdel#f

di spl ays a br i ghet=4b1nmewhithicanialeoebe abservedavheh these
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powder samples amdispersed in NaOH or HCI aqueous solutions with pH ranging from 7.7
to 4.0. The fluorescencentensity rises along with phhcreag and a linear relationship
betweenthem were established = 2.33pH + 26.04 The author also investigated the
possibility of using 24 to measure the pH of phosphate buffered saline solutions and of a
water sample obtained from a nearby lake. A ggddHfluorescence intensitylinear
relationship was observed for the former case suggestin@4hiat promisng for uses in
biological samplesHowever, in the latter case, no good relationship was obtained, which
was attributed to the presence of metal ions such '4sNV#e'', Cr' in the lake water sample

that can bind to theNH: groups of the MOF and alter its fluoresce property.

Lanthanidebased MOFs are often quite stable in aqueous solutions; therefore, they are good
candidates as pH sensois. et al. utilized the organic ligand derived fror-(3,5
dicarboxybenzyh4,4Npipyridinium chloride (HL*CI") to synthesize a luminescent -Based

MOF (25) in which the pyridyl nitrogen atoms can undergo protonation under acidic
conditions[157. 25 remains intact in aqueous solutions with pH ranging from 2 to 7;
therefore, the powdered sample2biwere subjected to the examinationpdf influences on

the luminescence intensity. The sedithte emission of the aeiteated samples gradually
decreased in intensity when lowering the pH, with a linear response | = 0.0596xpH + 0.5871
being observedvithin the range of pH = 2 7. The luminacent sensitivity to the pH was
attributed to the change in the electron withdrawing ability of the pendant viologen group,

which may be responsible for the decrease of intensity of luminescence at low pH.

Incorporating a lanthanide ion intoveaterstable MOF is another strategy to construct pH
sensors. Zhangt al. reported the formation of a Eu@U&Y-bpydc MOF 26) by simply

heating the mixture of Ui@7-bpydc with ENOz3)3.6H.0O in MeOH at 6(°C [153. A smalll
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fraction of the bipyridine groups coordinates td"Eans; the remaining bipyridines are free
and can be protonated in acidic solutioRgy(re 15). The crystalline powder d26 exhibits
luminescent lines characteristié the EUY' ion, and the luminescence intensity is strongly
correlated with the pHalue of the solution that is dispersed in. Similar to the above
examplesthe most acidic solutiofpH = 1.06)gavethe weakestluminescencewhile the
highest intensityis obtained with pH = 7.6 solutionThe author also performed the MTT
assay by incubatingheochromocytomé@PC12 cellswith 26 at doses ranging from 5 to 100
pg/mL for 24 h In all casesthe cell viability is still above 80%ndicating the potential &6

for pH sensing in biological sargs

Figure 15.The postsynthetic EtY functionalization of UiG67-bpydc, and protonation and
deprotonation processes of nitrogen involved in 48iGbpydc framework in experimental

acidic and basic medi&eproducedvith permission from referen¢é53.

Wang et al. suggested that pH probes utilizing the changes of the intensity of a single

emission have low accuracy due to the environmental interferences such as fluctuations in the
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