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Molecular dyes are popular in a variety of fields but present challenges that limit their use in a wide range
of applications. Recently, the combination of molecular dyes with metal-organic frameworks (MOFs) has
been considered as a promising solution to overcome these challenges, as the MOFs impart porosity to
protect the constituent molecules, rigidity that stabilizes their structures, flexibility in designing their
exterior and interior structures, and crystallinity that holds the molecules in a periodic arrangement.
In this review, we describe the rules for combining MOFs with molecular dyes via three different syn-
thetic approaches, and the roles of the MOFs in various applications, including sensors, light emission
lasers, and bio-related applications based on molecular dyes. In particular, the key features of MOFs,
namely, their porosity, designability, crystallinity, and robustness, are highlighted in conjunction with
their effect in each molecular dye-based application.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Absorption and luminescence of molecular dyes are achieved
through conjugation with chromophoric and resonance groups
[1-5], allowing a wide range of wavelengths to be obtained. These
dyes can be used in various applications that require tailored fluo-
rescence, such as light amplification by stimulated emission of
radiation (lasers) [6-10], light-emitting diodes (LEDs) [11-15],
dye-sensitized solar cells (DSSCs) [16-20], sensing agents [21-
24|, and bio-imaging agents [25-29]. However, their utilization
in practical applications presents several challenges. Molecular
dyes have specific luminescence properties based on the 1t-7 con-
jugation of their molecular structures, and thus, the modulation of
the m-m conjugation in the complex environments required for
most applications alters the original properties of the dyes
[30,31]. In addition, the use of bulky structures is inevitable to
achieve red-shifted emission, which has a variety of applications.
However, these structures undergo torsional motions that induce
non-radiative properties [32,33]. Moreover, molecular dyes gener-
ally show aggregation in the solid state, which diminishes their
luminescence via quenching. Therefore, it is necessary to develop
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molecular dyes that combine various supporting materials to over-
come these challenges for practical applications [34-37].

Among the materials that have been combined with molecular
dyes, metal-organic frameworks (MOFs) [38-40] have emerged as
a new option because of the following advantages: (1) porosity,
which protects the molecules inside the MOF; (2) rigidity, which
leads to structural stability; (3) flexibility in designing their exte-
rior and interior structures; and (4) crystallinity, which holds the
dye molecules in periodic arrangements [41-43]. MOFs are built
by joining metal clusters and organic ligands in periodic arrange-
ments, forming porous structures with large surface areas. The
sizes, shapes, and chemical and physical properties of MOFs can
be controlled via the design of their constituents [39,44-46]. In
particular, controlling the structure and functionality of the ligands
within MOFs allows diverse physical and chemical properties to be
achieved without sacrificing the strength of the MOFs [47,48].

Combining molecular dyes with MOFs provides many advan-
tages from the application point of view. The photoluminescence
properties of the molecular dyes can be further tuned over a wide
range by engineering their interactions with the constituents of the
MOFs. The aggregation-induced quenching of single-emitter
molecular dyes can be effectively restricted by the confinement
effect within the pores of MOFs, which form a regular matrix
[48-58,78,80,81]. In addition, the proximity of the molecular dyes
and other functional molecules can be easily tailored within MOFs.
Target guest species can be readily captured, inducing a change in
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the luminescence via interactions with the molecular dyes [59-
72,78,79]. Furthermore, MOFs protect molecular dyes, enabling
consistent luminescence properties in harsh conditions [70,72-
75]. The regular matrices and controllable crystal sizes of the MOFs
can affect the photo-physical properties of the molecular dyes,
such as their resonance effects and photo-luminescence properties
[72,75-77). Thus, MOFs can overcome the challenges associated
with molecular dyes, extending their use to a wide range of
applications, such as chemical sensors, luminescence sources,
and biological applications, and can lead to improved photo-
luminescence properties and performance.

2. Rules for combining MOFs with molecular dyes

There are three major approaches to the synthesis of MOFs with
molecular dyes (dye-MOF). The first is the post-insertion method,
in which the synthesized MOF structure is immersed in a solution
of a fluorescent molecular dye (Fig. 1a-c). This approach can be
further divided into three approaches: size effect insertion, ion-
exchange insertion, and post-synthetic modification, based on fac-
tors that will be discussed in the following section. The second
method is the synthetic encapsulation method (Fig. 1d). In this
method, a molecular dye is encapsulated while the pores of the
MOF are forming during synthesis. The final method is to utilize
a fluorescent organic linker incorporated in the frame of MOF, so
that fluorescence is generated by the structure itself (Fig. 1e).

2.1. Post-insertion method (immersion of the synthesized MOF into the
dye)

The post-insertion method is the most common strategy for
adding fluorescence properties to MOFs. The three general
approaches to the fluorescent post-insertion method are (1) size
effect insertion, (2) ion exchange insertion, and (3) post-synthetic
modification. In this case, the synthesized MOFs, which are used
as structural materials, are immersed in or reacted with a molecu-
lar dye solution.

2.1.1. Size effect insertion
For size effect insertion approaches, the first consideration is
that the MOFs must be designed and synthesized with pores large
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enough to allow the dye molecules to enter the fixed porous struc-
ture. The prepared MOFs are then immersed in the dye solution for
a long enough time to achieve sufficient dye loading. Additional
stirring or ultrasonication methods can be used to ensure the pen-
etration of the molecular dye into the MOF. The second considera-
tion is that the pores should have a structure that promotes dye
insertion, rather than complex pore structures that impede the
dye molecules. Therefore, MOFs consisting of 1D tube channels
are most often used in the size effect insertion strategy (Fig. 1a).

In such 1D channel MOFs, the molecular dye is inserted through
the channel inlet continuously. The cadmium based MOF, [Cd{(E)-
4-(2-carboxyvinyl)benzoate}(H,0)]-4DMF-2H,0 (CZJ-3; C(Z]=
Chemistry Department of Zhejiang University), has large 1D
nanotube channels with a diameter of 2 nm. This nanotube
structure was able to absorb rhodamine B [83]. Another cadmium
based MOF, {[Cd,(2-(2-acetoxy-propionylamino)-terephthalate);
(Hdabco),]-5DMAc-6H,0}n (Hdabco = 1,4-diazabicyclo[2.2.2]octane,
DMA = N,N-dimethylformamide) with 1D honeycomb-type
nanochannels, has structural benefits similar to those of CZJ-3 for
the absorption of dyes [85]. The aluminum-based Al-BDA MOFs
have rhombic 1D channels with dimensions of 2.82 nm x 2.56 nm,
which are large enough to accommodate rhodamine B [58]
(Table 1a. i, iii).

Such 1D channels are especially advantageous for the insertion
of linear-type molecular dyes. The laser dye 4-(dicyanomethy-
lene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) has a
linear structure. DCM molecules were incorporated into a stil-
bene-based MOF (stilbene-MOF) with a linear pore system [84].
The stilbene-MOF consisted of large porous channels with dimen-
sions of 1.88 nm x 2.04 nm, which were sufficiently large to admit
DCM molecules (0.72 nm x 1.57 nm) using a sonication method. X-
ray diffraction patterns revealed that the DCM@stilbene-MOF had
a relatively higher [121] diffraction peak than the stilbene-MOF.
This indicated high electronic density in the [121] direction, which
confirmed that the molecular dye was inserted along the channel
in the [121] direction (Fig. 2A) (Table 1a. vi).

After size effect insertion, the degree of absorption of the result-
ing dye-MOF can be tested by several methods. The decrease in the
concentration of the dye solution can be measured by UV/vis spec-
trometry to determine the amount of fluorescent molecules
absorbed. The fluorescence ability of the dye-MOF is measured
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Fig. 1. Schematic diagrams of synthetic strategies for dye-MOF. The first type is the ‘post-insertion method’, which is classified into three categories: (a) size effect insertion,
(b) ion-exchange insertion, (c) post-synthetic modification. The second type is (d) the synthetic encapsulation method. The third type is (e) fluorescent ligand.
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Table 1
Post-insertion method.
Post-insertion
(a) Size effect insertion
Dye MOF Wave length Em. Ref.
No. Name Structure Size Name Pore Size (Ex.)
i Rhodamine B ay 643 x 127 x 155  CZJ-3 [Cd 'L(H,0)]-4DMF-2H,0 20A 595 nm (340) [83]
2 A3
ii § OH 9.2 x 14.5 A? {[Cdx(?L)3(Hdabco),]- ~11 A (c axis) 585 nm (365) [85]
O \ 5DMAC-6H,0},
iii N TN 119 x 10A2 AI-DBA (Al) 282 x256A%  575nm (395) [58]
iv J N N/A [Zn,® Ly]-H,0 N/A 583 nm (310) [49]
v Acridine orange AN NN 5.1 x 14.3 A2 {[Cd,(“L)3(Hdabco),]- ~0.11 A (c axis) 557 nm (365) [85]
(AO) Ny | N,J:;\N/ 5DMAc-6H,0},
| |
vi DCM \N ° 7.2 x 15.7 A2 stilbene-MOF (Zn) 18.8 x 20.4 A? 581 nm (372) [84]
/ \ A
\
N—cn
NC
vii  Anthracene (ANT) N/A [[Zn3L4(CH3CN)g(X)s 41x4.1x10 480 nm (365) [86]
A3
viii  Phenanthrene (PHE) O N/A [[Zn3L4(CH35CN)6[(X)s 41 x4.1x10 479 nm (365) [86]
OO0 r
ix  Pyrene (PYR) O N/A [[ZnsLa(CH3CN)g](BF4)s 41x41x10 407 nm (365) [86]
Oad g
X Naphthacene (NAP) Sy Ny Xy N/A [[ZnsLa(CH3CN)6](BE4)s 41x41x10 450 nm (365) [86]
‘ NN A
xi  Perylene (PER) O O N/A [[ZnsL4(CH5CN)g](BF4)s 41x41x10 478 nm (365) [86]
() g
(b) Ion-exchange insertion
Dye MOF Wavelength ~ Ref.
. R Em. (Ex.)
No. Name Structure Charge Size Name Charge Pore Size
i DSM / +) 63 x 143A  bio-MOF-100 (-) 28 A 650 nm [78]
(DMASM, _Nf \> / < > N (500)
ii DASPI) F \—= 15.69 x Bio-MOF-1 (=) (caxis) 7 x 7, 600 nm [77,79]
5.79 x 2.96 10 x 10 A2 (386)
A3
iii N/A (linear)  HSB-W1 N 14.3 x 10.5A?> 600 nm [57]
(365, 385)
iv.  Rhodamine (+) N/A [HDMAJ,[Zny(°BDC)3(DMA)]- (=) 7.7 x125A2  584nm [87]
B O 0 6DMF (318)
v OH (+) N/A [(CH3)2NH,]*[Zn4(j14-0) (=) 15.0 x 15.0 589 nm [88]
O \ (°NTB)5("NO,-bdc)o5]- 3DMA A2[111] (369)
2
P = SN 13.9 x 12.7 A
P cri_ [101]
vi  Methylene Ny (+) N/A [HDMAJ,[Zny(BDC)3(DMA)]- (=) 7.7 x125A2  NJA [87]
blue (MB) 6DMF
.. ~ S 3 5
vii N S N (+) N/A {[Zny(°L)-H,0]- (=) 7.7 x 5.4 A N/A [89]
' cr A 3H,0-3DMAC-NH,(CH3 )2 }n 13.8 x 6.4 A2
viii  Basic Red 2 Ny, (+) N/A [HDMA|,[Zn,(BDC)3(DMA)]- (=) 7.7 x12.5A% NJ/A [87]
(BR) I:[ ) 6DMF
ix HoN N7 NH, (+1) N/A [(CH3)2NH,]*[Zn4(114-0) (-) 15.0 x 15.0A2  N/A [88]
c (NTB),(NO»-bdc)o5]-3DMA [111]
13.9 x 12.7 A%
[101]
X Methyl ~N (+1) N/A [(CH3),NH,]*[Zn4(p14-0) () 15.0 x 15.0 A2 NJA [88]
Violet (MV) ar (NTB),(NO»-bdc)o5]-3DMA [111]
‘ 139 x 12.7 A
| [101]
\N O O N/
I |
xi  CBS-127 \ , N N/A (linear) ~ HSB-W1 N 143 x 10.5 A2 438 nm [57]
365
aVav, (365)

(continued on next page)
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(b) Ion-exchange insertion

Dye MOF Wavelength ~ Ref.
R R Em. (Ex.)
No. Name Structure Charge Size Name Charge Pore Size
xii  CBS-X o , </:> (-) N/A (linear)  HSB-W1 N 143 x 10.5 A2 Blue [57]
3 - - \ 7
@ 'naY =
xii  KSN ~ () N/A (linear)  HSB-W1 N 143 x 10.5 A2 450 nm [57]
L (385)
xiii ~ Coumarin 6 N N/A (linear) ~ HSB-W1 N 143 x 10.5A% 520 nm [57]
(c6) (365)
xiv  Coumarin 6a N N/A (linear)  HSB-W1 N 143 x 10.5A*> 510 nm [57]
(C6a) (365)
xv  DCM N N/A (linear)  HSB-W1 N 143 x 10.5A*> 610 nm [57]
(320-540)
xvi  Toluidine +) N/A {[Zn,(L)-H,0]- (=) 7.7 x 5.4 A? 704 nm [89]
blue 3H,0-3DMAC-NH,(CHs),}, 13.8 x 6.4 A%  (640)
xvii Rhodamine +) N/A {[Zny(L)-H,0]- (=) 7.7 x 5.4 A? N/A [89]
6G (R6G) 3H,0-3DMAC-NH,(CH3 1o }n 13.8 x 6.4 A2
(c) Post-synthetic modification
Dye MOF Wave length Em. (EX.) Ref.
No. Name Structure Size Name Pore Size
i Fluorescein isothiocyanate o OH 5x10x 10 [Zng(°btb)4(°bipy- 27 A, 14 Ain diameter 520 nm (490) [65]
(FITC) “O A3 NHa)s]
=
HooC ]
-N
s
1 L= (E)-4-(2-carboxyvinyl)benzoic) acid.
2 L= 2-(2-acetoxy-propionylamino)-terephthalic acid.
3 L=(S)-2-(2-hydroxybenzylamino)-3-phenylpropanoic acid.
4 L=1,3,5-tris(isonicotinoyloxyethyl)-cyanurate.
5 BDC = 1,4-benzenedicarboxilate.
6 NTB = 4,4’ 4" -nitrilotrisbenzoic acid.
7 NO,-bdc = 2-nitro-4-benzenedicarboxylicacid.
8 L=3,5-bis(1-methoxy-3,5-benzene dicarboxylic acid)benzoic acid.
9

btb = benzene-1,3,5-tribenzoate.
bipy-NH, = 3-amino-4,4’-bipyridine

by photoluminescence spectrometry after washing steps are used
to eliminate the unbound dye.

Size effect insertion synthesis is advantageous because dye-
MOFs can easily be produced based only on the MOF pore size.
However, if there is no strong interaction between the MOF and
the molecular dye, there is a high possibility of release of the
molecular dye.

2.1.2. Ion-exchange insertion

Ion exchange is an enhanced strategy for fabricating composites
of molecular dyes and MOFs. Compared to conventional porous
materials, MOFs have ultrahigh porosity, and the affinity of the
pores and the platform can be modified. Ionic MOFs have strong
electrostatic interactions with oppositely-charged ion materials,
which can be exploited to achieve stable dye-MOFs. Ion exchange

usually involves displacing the counter ion (CH3),NH3 (dimethy-
lammonium cation) in the pores without compromising the MOF
structure. The molecular dyes should be smaller than the MOF
pores have the opposite charge to the MOF, or a neutral charge.
The general synthesis strategy is similar to that of size effect inser-
tion. Ionic MOFs are immersed in the counter-ionic dye solution,
followed by a stirring or heating process (Fig. 1b)

The most typical approach is to take advantage of ionic interac-
tions between the MOF and the molecular dye. The anionic bio-
MOF-100 (Zng(adeninate),(biphenyldicarboxylate)sO,-4(CH3),NH;),
which contains large pores approximately 2.8 nm in diameter,
encapsulated the hemicyanine cation dye DASPI ((4-p-(dimethy-
lamino)styryl)-1-methylpyridinium, 0.63 nm x 1.43 nm) [78]
(Fig. 2B). The pores of bio-MOF-100 initially contained many
(CH3),NH3 cations, which enabled the cationic DASP* dye to be
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introduced by an ion-exchange process. The fluorescence of the syn-
thesized MOFs was confirmed using photoluminescence (PL) micro-
scopy images and spectra. The MOF showed strong red emission at
650 nm and 600 nm under irradiation at 500 nm and 385 nm,
respectively [77-79] (Table 1b. i-ii).

Another approach is to use ionic selectivity based on the charge
of the molecular dye. In this case, the ion-exchange process was
confirmed by using cationic dyes (rhodamine B, methylene blue,
and basic red 2) and an anionic dye (methylene orange) with a
zinc-based anion MOF, [(CH3);NH,],[Zny(BDC)3(DMA)]-6DMF
(BDC = 1,4-benzenedicarboxylate), which has 1D rectangular chan-
nels (0.77 nm x 1.25 nm). After immersing the MOF in the dye
solutions, the cationic dyes were absorbed rapidly, and the white
MOF powder underwent a notable color change. However, immers-
ing the MOF in the anionic dye resulted in very little ion-exchange.
This charge effect was visible to the naked eye and was confirmed
by UV/Vis spectrometry [87] (Table 1b. iv).

The insertion strategy in another study combined the effects of
ion interaction and size control. The anionic MOF [(CH3),NH,]*
[Zn4(114-0))2(NOy-bdc)ps]-:3DMA  (NTB = 4,4',4"-nitrilotrisbenzoic
acid, NO,-bdc = 2-nitro-4-benzenedicarboxylic acid), consisted of
1D channels (1.5 nm x 1.5 nm). Three cationic dyes with the same
charge (Z = +1) but different sizes were loaded in the anionic MOFs.
The size of the molecular dyes increased in the order basic red
2 >rhodamine B> methyl violet. The ion-exchange rate was
affected by the dimensions and molecular weights of the dyes.
The smaller dyes, basic red 2 and rhodamine B, completed ion
exchange in a shorter time than the larger methyl violet. Addition-
ally, no interactions were observed with neutral and anionic dyes.
Thus, in this important ion-exchange-based strategy, cationic mole-
cules with smaller sizes experience higher exchange rates [88].

There is a different ion-exchange process for ionic interactions
between charged dyes and neutral MOFs. It is not necessary to
use anionic MOFs for this ion-exchange process. Since there are
no strong electrostatic interactions, neutral MOFs can adsorb both
neutral and ionic dyes. The neutral MOF HSB-W1 (HSB = hydro-
genated Schiff base) can encapsulate neutral, anionic, and cationic
molecular dyes [57]. Its 1D channels with a size of 1.43 nm x 1.05
nm can easily accept linear guest molecules, but planar molecules
have difficulty in entering these channels. Ultimately, this shows
that the size and structural effects have more influence than the
ionic effects (Table 1b. iii, v, ix-xv).

Since ion-exchange systems have stronger electrostatic interac-
tions than systems based only on size, they can provide more
stable support for molecular dyes. However, the size and structural
aspects of the dye and the pores are more important considerations
than the ionic characteristics. The solvation effect should also usu-
ally be considered; that is, the pore size of the MOF must be larger
than the solvation sphere of the dye. Even if the solvated dye has
ion-dipole and ion-induced dipole attractions with solvent mole-
cules, the stronger electrostatic interaction between the ionic dye
and the MOF may allow the ionic dye to be stabilized in the MOF
pores. Therefore, when using the ion-exchange strategy, both ionic
character and the structural aspects should be considered. Another
important consideration is that when fluorescent MOFs are
immersed in an aqueous solution with a higher ionic strength
(e.g. NaCl solution), the loaded molecular dye will be gradually
released due to the stronger ion affinity. Therefore, when fluores-
cent dye-MOF systems synthesized by the ion-exchange method
are to be used in applications, it is necessary to know whether
the MOF will be immersed in a strong ionic solvent. Impregnating
molecular dyes within MOFs can also lead to lower color purity,
particularly when the ion exchange method is used. When design-
ing dye-MOFs for display applications, the selection of suitable
molecular dyes that accurately target the Commission Interna-
tional de I'Eclairage (CIE) values is a highly important factor in

implementing high-quality white emission. Thus, it may be diffi-
cult to achieve excellent white-emission performance using the
ion-exchange method.

2.1.3. Post-synthetic modification

Post-synthetic modification results in the most stable fluores-
cent MOFs via the post-insertion method. The general synthetic
process involves chemical bonding between the molecular dyes
and the as-synthesized MOFs. This method is affected by pore size
in the same way as the other post-insertion methods described
above (Fig. 1c).

The following studies illustrate the importance of the aperture
size in post-synthetic modification. The zinc-based IRMOF-3
(IRMOF = isoreticular metal organic framework), Zn40(2-
aminoterephthalic acid); has amino functional groups that can
react with the thiocyanate functional groups (—N=C=S) of the
dye fluorescein isothiocyanate (FITC) to form an isothiourea bond.
However, the pore aperture of IRMOF-3 is smaller than the size of
the FITC molecule due to the amino groups used for the reaction.
When IRMOF-3 was functionalized with the FITC dye, it was found
that the molecular dye was too large to enter the pores, and instead
adhered only on the surface [90].

To solve the size issue, the MOF BTPY-NH, (Zng(btb)s(bipy-
NH;)3) (btb = benzene-1,3,5-tribenzoate, bipy-NH, = 3-amino-
4,4'-bipyridine) was fabricated using a longer building block,
bipy-NH,, which resulted in larger pores. The BTPY-NH, MOF
was labeled with FITC to synthesize FITC@BTPY-NH, [65]. The
pores of BTPY-NH, had a size of 2.7 nm and a diameter of 1.4
nm, while the dye to be encapsulated was smaller, with a size of
0.5nm x 1.0nm x 1.0 nm. The dye-functionalized MOFs were
synthesized by covalent modification of the primary amino group
of the MOF with the thiocyanate functional group of the molecular
dye. Due to the relaxed pore size of the MOF, top-to-bottom slices
of the dye-functionalized MOF were found to be well-loaded with
the molecular dye, as shown in Fig. 2C (Table 1c. i).

Unlike those created by conventional insertion, MOFs fabricated
using post-synthetic modification have the strong advantage of
being able to maintain stable fluorescence ability because of their
chemical bonding with the fluorescent molecules. The stability of
the fluorescence characteristics makes post-synthetic modification
a powerful tool for achieving fluorescent MOFs. However, there are
three factors which must be considered in post-synthetic modifica-
tion: (1) the pore window size, (2) the functionalization conditions,
and (3) the combination of functional groups. The ligand that con-
stitutes the MOFs must contain a functional group that can bind
with the molecular dye, which reduces the pore size window. This
makes it difficult to insert the molecular dye into the MOFs, so it is
important to consider not only the pore size but also the reduction
in size due to the functional groups. Another consideration is that
harsh functionalization conditions should be avoided so as not to
affect the structure of the MOFs. In addition, the combination of
the functional groups of the MOFs and those of the molecular
dye must be considered, and thus the choice of MOFs and molecu-
lar dyes is narrower than in conventional post-insertion methods.

In summary, in post-insertion methods based on diffusion, the
molecular dyes penetrate into the MOFs from the surface to the
interior. Therefore, a sufficient immersion time is required, and it
is difficult to guarantee that the molecular dye has been fully
loaded into the center of the MOFs. Size effect insertion is the
simplest way to synthesize dye-MOFs, since the size influence is
the only consideration. However, the weak bond between the
MOFs and the molecular dye results in the molecular dye easily
being released. With ion-exchange insertion, not only the size
effect, but also ionic character must be considered. Stronger and
more stable fluorescent MOFs can be synthesized through the
ion-exchange process compared to size effect insertion. However,
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Post-synthetic

BTPY-NH,

modification

FITC@BTPY-NH,

Fig. 2. (A) Photographs of crystals of (a), (b) stilbene-MOF, (c), (d) DCM@stilbene-MOF; (a), (c) were observed under daylight and (b), (d) were observed under UV irradiation
using a fluorescence microscope. Reproduced with permission from Ref. [84]. Copyright (2014) Nature Publishing Group. (B) Scheme of the ion-exchange insertion of the
cationic dye pyridinium hemicyanine DMASM into anionic bio-MOF-1. Reproduced with permission from Ref. [78]. Copyright (2013) Nature Publishing Group. (C) Post-
modification of BTPY-NH; with FITC showing the dye-functionalized fluorescent MOF FITC@BTPY-NH, from Ref. [65].

this method cannot be used for MOFs that will be exposed to ionic
solutions that have a higher ionic strength than the molecular dye,
as this can cause dye release problems. Post-synthetic modification
yields the most stable fluorescence through chemical bonding
between the molecular dye and the MOF structure. However, it is
difficult to find a combinations of MOFs and dyes that will form
chemical bonds, and the reaction solution must not collapse the
MOF structure.

2.2. Synthetic encapsulation method (dye encapsulation during the
MOF synthesis process)

In the synthetic encapsulation method, molecular dyes are
encapsulated during the crystal growth process of the MOFs. This
is a different approach than the previously discussed post-inser-
tion method using already synthesized MOFs. After the insertion
process, however, the synthetic encapsulation method yields sim-
ilar structures to the post-insertion method. The important factors
in synthetic encapsulation are that the pore size, structure, and
pore window of the MOFs should be designed appropriately for
the desired molecular dye (Fig. 1d).

The first approach is to match the pore size with the size of the
molecular dye. Selective encapsulation of the dyes is controlled by
the pore size of the MOFs, using close-fitting pores as shown in
Fig. 3 [73]. As an example, rhodamine 6G (1.0 nm) and resorufin
(0.7 nm) were selectively encapsulated by UiO-67 (1.2 nm) and
MOF-801 (0.8 nm), which are zirconium-based MOFs with differ-
ent pore sizes. In the case of UiO-67, which has a large pore size
(1.2 nm), resorufin, which is significantly smaller than the pores,
was removed during the washing process, while rhodamine 6G,
which has a similar size to that of the pore, was found to be stably
included after synthesis. Conversely, in the case of MOF-801, which
has a small pore size (0.8 nm), rhodamine 6G was larger than the
pore size and could not be encapsulated during the MOF synthesis,
but the smaller resorufin was inserted during the formation of the
pores. In the synthetic encapsulation method, if the size of the dye
is larger than of the host pores, the pore structure does not deform
during the synthesis process, and the dye guest molecules cannot

The following approach demonstrates a comprehensive consid-
eration of the pore size and the pore window. By making the pore
window size of the MOF smaller than the molecular dye, the
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Fig. 3. (a) Schematic diagrams for the encapsulation of resorufin and rhodamine-6G within nMOFs to give Rs ¢ nMOF-801 and R6G c nUiO-67. (b) PL spectra for resorufin,
rhodamine-6G, R6G x nUi0O-67, Rs x nUiO-67, Rs ¢ nMOF-801, and R6G c nUiO-67. Reproduced with permission from Ref. [73]. Copyright (2017) American Chemical

Society.

Table 2
Synthetic encapsulation method.

Synthetic encapsulation

Dye MOF Wavelength Em. Ref.
No. Name Structure Size Name Pore Size (Ex.)
i Rhodamine 10.89 x 15.72 x {(NH,Me,)[Zns(3-OH)(TPT)(TZB)s}(DMF) 12}, 6 A 570 nm (320) [61]
6G O 0 15.79 A3
ii OH 10A Ui0-67 12A 564 nm (514) [73]
CLO
AN o SN
J ol
iii.  Resorufin ﬁN\:Q\ 7A MOF-801 8A 588 nm (514) [73]
(o] (e] OH
iv Rhodamine B O o N/A TMU-5 [Zn('oba)(?4-bpdh)0.5]n-1.5DMF 44 x 6.2 583 nm (355) [74]
AZ
OH
CO
N ) SN
Cr K
v Fluorescein O O‘e OH 5x6x10A3 IRMOF-1 ~12A N/A [90]
o
Hooc O
vi  Pyrene ZJU-88 ([Euy(*QPTCA)(NO3)y(DMF),]- 8 x12A% 450,473,503 nm  [64]

N/A
ade

(CH3CH,0H)3)

(388)

! oba = 4,4-oxybisbenzoic acid.
2 4-bpdh = 2,5-bis(4-pyridyl)-3,4-diaza-2,4-hexadiene.
3 QPTCA: 1,1:4',1":4" 1”"-quaterphenyl-3,3”,5,5" -tetracarboxylic acid.

chance of the captured dye being released from the fluorescent
MOF is minimized. In addition, by using anionic MOFs and cationic
molecular dyes, the electrostatic interactions between the mole-
cule and MOF structure capture the molecular dye more tightly.
Of course, in this approach, in addition to having a suitable pore
window, the MOF should have a sufficient pore size to allow the
insertion of the molecular dye. Following this approach, a fluores-
cent MOF was synthesized using rhodamine 6G with the anionic
MOF (NHz(CH3))[Zns(p3-OH)(TPT)(TZB)3[(DMF)12}n) (TPT = 2,4,6-
tri(4-pyridyl)-1,3,5-triazine, H,TZB = 4-(1H-tetrazol-5-yl)benzoic
acid, and DMF = N,N-dimethylformamide) [61].The rhodamine 6G

solution showed fluorescence at 600 nm, but the resulting
dye-MOF emitted at 570 nm upon excitation at 320 nm due to
the MOF-to-dye energy transfer process (Table 2, i).

To confirm the encapsulation of the molecular dye, a dye-MOF
was digested into metal ions and ligand molecules. When the cap-
tured molecular dye escaped, a color change was observed in the
solution, and the dye concentration was measured using UV/Vis
spectrometry [74]. A method for identifying the position of moi-
eties with fluorescence properties using fluorescence microscopy
(FM) and confocal laser scanning microscopy (CLSM) has also been
developed. CLSM provides a layer-by-layer image of the dye
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distribution in and on the MOF crystals by exciting only the focal
layer. Using CLSM, the surface and the interior of dye-MOFs pre-
pared by the synthetic encapsulation method were found to have
the same fluorescence characteristics. With the post-insertion
method, however, since the molecular dyes diffuse inward from
the MOF surface, the dye cannot be uniformly distributed [90].
The CLSM results show that this diffusion limit can be overcome
by the synthetic encapsulation method (Table 2, iv, v).

The synthetic encapsulation method is a process in which the
molecular dye is carried into the pores during the synthesis of
the MOF structure. The size of the molecular dye and the pore,
especially the pore window, can be controlled to produce a more
stable dye-MOF structure. Furthermore, the synthetic encapsula-
tion method has the advantage of producing fluorescent MOFs
with a uniform distribution of fluorescent molecules throughout,
unlike the conventional post-insertion method. In the post-inser-
tion method, which is based on diffusion, an additional CLSM pro-
cess is required to determine whether the molecular dye is present
within the MOF, while the synthetic encapsulation method does
not require this step. However, this method imposes limitations
on the choice of dyes, because the fluorescence of dyes can be
destroyed under the MOF synthesis conditions. The type of solvent,
pH, temperature, and other parameters of the MOF growth solution
must not affect the activity of the molecular dye.

2.3. Fluorescent ligand (MOFs synthesized using a dye as a ligand)

In the fluorescent ligand method, a MOF skeleton is constructed
using fluorescent molecules as ligands, unlike in the pore insertion
method. The range of fluorescent expression varies depending on
the type of ligand, the combination of metals, and the structure of
the MOF. There are several strategies for the synthesis of fluorescent
MOFs using fluorescent ligands: (1) Rigidifying the fluorescent
ligands in the MOF structure, (2) using the same ligands in diverse
MOF structures, (3) using a backbone ligand with a fluorescent tag,
and (4) dual emission by combining a fluorescent ligand and a dye
(Fig. 1e).

In the first approach, MOFs are synthesized using a fluorescent
ligand that will be rigid in the skeleton of the MOF [56,91]. When
the MOF is synthesized, the fluorescent ligand is fixed in combina-
tion with the metal, and its torsional relaxation is prevented simul-
taneously. This twisted-ligand form induces a blue shift. A
zirconium-based MOF, PCN-94, was rigidified with the fluorescent
ligand H4ETTC (4',4”,4"",4"""-(ethene-1,1,2,2-tetrayl)tetrakis-
(([1,1"-biphenyl]-3-carboxylic acid))) [56]. The twisted ETTC ligand
in PCN-94 induced a shift in the emission wavelength shift from
535 nm in the free H4ETTC ligand to 445 nm in the MOF under
excitation at 400 nm. The quantum yield increased to 99.9% from
30.0% due to the reduced intra-intermolecular interactions

Rigidifying

-

Into MOF
CDPL
30.0% 99.9%

H,ETTC i

(Fig. 4). Blue shifts have been found to appear in structures with
many benzene rings arranged in linear or square structures such
as the H4ETTC ligand [56,89,91-93] (Table 3, i-vi).

The shift of the fluorescent wavelength can depend on the MOF
structure. It has been observed that the wavelength of the same
fluorescent ligand is slightly shifted depending on the MOF struc-
ture. Two kinds of cadmium-based MOFs were synthesized with
different structures using the same fluorescent ligand, 2-(2-ace-
toxy-propionylamino) terephthalic acid [85]. Under excitation at
365 nm, the free fluorescent ligand emitted blue light at 441 nm,
while the two synthesized MOFs emitted at 427 nm and 420 nm.
This result demonstrated that not only the type of ligand, but also
the structure of the MOF, can be used to fine-tune the fluorescence
range. However, the fluorescence of the ligand itself has a greater
effect than differences in the MOF structure (Table 3, vii-x).

The next approach is to synthesize fluorescent MOFs with a
basic backbone ligand functionalized with a fluorescent tag
[95-97]. This method yields similar structures to the post-synthetic
modification method. The difference between these two methods is
whether the fluorescent tag is attached before or after the MOF
synthesis. Three zinc-based MOFs were constructed with fluores-
cent-tag functionalized ligands. The MOFs were obtained using a
backbone ligand containing one benzene ring tagged with a fluores-
cent phenyl, naphthalene, or pyrene. The ligands exhibited fluores-
cence of 335 nm, 340 nm, and 375 nm as the electron density of
the tag increased, and the MOFs tagged with the ligands emitted at
415 nm, 420 nm, and 480 nm, respectively. Thus, in the MOFs syn-
thesized using these types of tagged ligands, a red shift was
observed, resulting in a longer emission wavelength overall. This
tagged-ligand method imparts fluorescence properties to already
studied backbone ligands while allowing the growth process and
crystal structure of the MOF to be maintained (Table 3, Xi-Xiv).

In most cases, the strategy is to combine fluorescent ligands and
guest molecular dyes simultaneously [49,58,61,63,77,79,83,87,88].
These fluorescent MOFs have dual emission properties, and the
ligand-to-dye energy transfer is confirmed by excitation or emis-
sion spectra. Zinc-based homo-chiral fluorescent MOFs with (S)-
2-(2-hydroxybenzylamino)-3-phenylpropanoic acid as the ligand
were used to encapsulate rhodamine B [49]. The ligand-to-dye
energy transfer behavior could be systematically controlled by
adjusting the excitation energy. As the excitation wavelength
increased, the emission intensities of the ligand and dye gradually
changed. This phenomenon was also observed in a fluorescent
CZJ-3 MOF with rhodamine B [83]. These ligand-to-dye energy
transfers demonstrate that the emission energy of the fluorescent
ligand can overlap with the excitation energy of the dye (Table 3,
XV-XX, XXiii-XXV).

In the fluorescent ligand method, the fluorescence arises from
the ligands in the MOF structure, not from the inserted molecular

(b)

470 nm  s450m

—— PCN-04 Fluorescence
HETTC Fluorescence

084/
\
\
1
\
\

— — PCN-94 UV-vis|
HETTC UV.vis

Normalized Intensity (a.u.)

~

T T T T T T .
25 300 350 400 4% 0 5% 600 6% 700
Wavelength (nm)

Fig. 4. (a) Schematic diagrams of PCN-94 encapsulation into H4ETTC. (b) Solid-state absorption (via diffuse reflectance; dashed lines) and emission spectra (solid lines) of
PCN-94 (blue) and H4ETTC (orange) at room temperature. Reproduced with permission from Ref. [56]. Copyright (2014) American Chemical Society. (Colour online.)
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Fluorescent ligand

No. Ligand name Ligand structure Metal MOF Wavelength  Ref.
Em. (EX.)

i 4' 4" 4" 4 (Ethene- OH o ZrCly PCN-94 470 nm [56]
1,1,2,2-tetrayl)tetrakis-(([1,1'- O)\ro\ﬂ /W,JkOH (375)
biphenyl]-3-carboxylic acid)) PN P 445 nm
(H4ETTC) JI[ \ (400)

N X

A A

(7 1)

‘ N NF \%\\I/\j\
|
HO A ~ A (o]

Y Y
o] OH

ii Tetrakis[4-(3,5- ooH GooH Zn(NO3),-6H,0  [Zny(TDPEPE)(H,0)4(DEF),]- 512 nm [91]
dicarboxyphenylethynyl) f \l 7 (H20)3(DEF)g 5 (300)
phenyl]ethylene Hooc™ - AN e00H
(HsTDPEPE) U /)\fQ

™
X \
poas
HOOC. 'ﬁ, N COOH
COOH COOH
ii 4,4'-(Benzothiadiazole-4,7- N MnCl,-4H,0 [Mny(Ca0H10N204S)2(HCOO)4(DEF),] 500 nm [92]
. . . . N N
diyl)dibenzoic acid HO \ o (420)
iv PbCl, [Pb(Ca0H10N204S)(DMF)] 500 nm
o) OH (420)

\Y 2,5-Bis-(3,5-dicarboxyphenyl) HOOC COOH Zn(NOs),-6H,0 [Zny(L)(4,4'-bpy)(CH30H)(H,0),]- 455 nm [93]
thiopheneamide ~ % s P~ 3.5H,0-CH;0H (318)

(Hal) \\) ~N" "\ _J N/Q’/
HooC H COOH

vi 3,5-Bis(1-methoxy-3,5- COOH ZrCly {[Zny(L)-H,0]- 424 nm [89]
benzene dicarboxylic acid) /1.% 3H,0-3DMACc-NH,(CH3)2}n (359)
benzoic acid HOOC. -~ ,o\/U\/L/o . ~COOH
(HsL) J Tr

CooH COOH

vii 2-(2-Acetoxy-propionylamino) o] OH Cd(NOs),-4H,0 {[Cd4(L;)3('Hdabco), |- 420 nm [85]
terephthalic acid] % 5DMAC-6H,0},, (365)

viii (H,L) HO \H o {[Cd2(L, )2(H,0)s]-2H,0}, 427 nm

0 o) (365)

ix [Cd(L])(Hzo)z]}n 420 nm

o— (365)
X {[Cd(L;)(*bpy)] H>0}n 439 nm
(365)

Xi 5-(Benzyloxy )isophthalic acid Zn(NOs),-6H,0 MOEF-1 415 nm [95]

(HoL'") (310)
[0}
HOOCO\COOH

xii 5-(Naphthalen-1-ylmethoxy) Zn(NOs),-6H,0 MOF-2 420 nm [95]
isophthalic acid OO (300)

(HoL?)
(@]
HOOC i COOH

xii 5-(Pyren-1-ylmethoxy) Zn(NOs),-6H,0 MOF-3 480 nm [95]

isophthalic acid (H,L?) ‘O (360)
[0}
HOOC i COOH

xiii 2-(Pyrene-1-carboxamido) Zn(NO3), CPP-16 483,510 nm  [96]

terephthalic acid (335)

(HzL)

=
s I
U0

HOoOC

J

COOH

(continued on next page)
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Fluorescent ligand

No. Ligand name Ligand structure Metal MOF Wavelength ~ Ref.
Em. (Ex.)

Xiv 2,8,14,20-Tetra-phenyl- HOOC Zn(NOs),-6H,0 [Zny(TPC4A)(DMF)(H,0)4]-3H,0 325 nm [97]
6,12,18,24-tetra-methoxy- (295)
4,10,16,22-tetra-
carboxymethoxyresorcin[4]
arene (TPC4A)

XV (S)-2-(2- Zn(NO3),-6H,0  [Zn,L,]-H,0 416 nm [49]
Hydroxybenzylamino)-3- (310)
phenylpropanoic acid
(HzL)

Xvi (E)-4-(2-Carboxyvinyl)benzoic Cd(NOs3),-4H,0 CZ]-3 420 nm [83]
acid / COOH [CdL(H,0)]-4DMF-2H,0 (340)

HOOC
(HzL) )

Xvii 2,4,6-Tri(4-pyridyl)-1,3,5- Ny Zn(NO3),-6H,0 {(NH,Me,)[Zns(p3-OH)(tpt)’TZB);] 373 nm [61]
triazine | (DMF)12}n (320)

(tpt) 7
N N
|
= N i X
N__~ ~-N
Xviii s-Tetrazine Dicarboxylic Acid o] ZrCly MIL-161 580 nm [63]
(H,STz) N-N Zrs0g(STz)4(solvent) (409, 525)
2 HO SA</ \>~S OH 648 4 n
N=N
o

Xix Biphenyldicarboxylic acid ] OH Zn Bio-MOF-1 412 nm [77]
(H,BPDC) > @ @ { (CH3C00),-2H,0  Zng(“Ad)4(BPDC)s0-2Me,NH, (365)

XX HO o 386 nm [79]

(325)
xxi Zn(NO;),-6H,0  IRMOF-10 470 nm [98]
(405)

Xxiii 9,10-Bis(p-benzoic acid) AlCl3-6H,0 Al-DBA 468 nm [58]
anthracene O Al(OH)(DBA) (395)

o 0o (D)4 )-ooon

XXiv 4.4' 4" -Nitrilotrisbenzoic acid HO.__O Zn(NOs),-6H,0 [(CH3)2NH,]*[Zng(p4-0) 437 nm [88]
(H,NTB) (NTB),(°NO,-bdc) 5] 3DMA (369)

N
o§©/ \Q(OH
OH (¢]

XXV Terephthalic acid HQ o] Zn(0Ac),-2H,0 [HDMA];,[Zn,(BDC)3(DMA)]-6DMF 440 nm [87]
(1,4-BDC) }—@—/{ (327)

xxvi  (H,BDC) 0 OH Zn(0Ac),2H,0  [Zn3(BDC)2(HBDC)2]- 445,535 nm  [99]

2DMA-4CH;0H-2H,0 (325)

Xxvii 1,3,5-Tris(4-carboxyphenyl) HO__O ZrCly BTB-MOF 372 nm [100]
benzene (295)

(HsBTB) O
| X
¥z
ST T s
OH OH

xxviii Biphenyldicarboxylic acid o] OH Zn Bio-MOF-1 386 nm [79]
(H,BPDC) (CH3C00),-2H,0  Zng(Ad)4(BPDC)s0-2Me,NH, (325)

XXiX HO o 412 nm [77]

(365)
XXX Zn(NOs3),-6H,0  IRMOF-10 470 nm [98]

(405)
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Table 3 (continued)

Fluorescent ligand

No. Ligand name Ligand structure Metal MOF Wavelength ~ Ref.
Em. (Ex.)

XXXi 2-Amino-terephthalic acid NH, FeCl;-6H,0 NH,-MIL-53(Fe) 430 nm [101]
(NH,-BDC) HQ 0 (300)

xxxii ~ Hoatp H >_< AICl3-6H,0 NH,-MIL-53(Al) 425 nm [102]

o OH (335)
XXXiii La(NO3)s3 [Lay(atp)s;(H»0),]-DMF-4H,0 430 nm [103]
(330)

XXXiV 2-Phenylpyridine-5,4'- o] N= OH ZrCly Ui0-67@N 438 nm [94]
dicarboxylic acid N\ / Zrg04(OH)4(L)s (320)

(LH,) HO o)

XXXV Terephthalic acid HO o] Zn(0Ac),-2H,0 [HDMA];[Zn,(BDC);(DMA)]-6DMF 440 nm [87]
(1,4-BDC) }—Q—/{ (327)

xxxvi  (H,BDC) © OH Zn(OAc);2H,0  [Zns(BDC),(HBDC),]- 445,535nm  [99]

2DMA-4CH;0H-2H,0 (325)

xxxvii  1,4-Bis(5-carboxy-1H- N~ R~ coon Gd(NOs);-6H,0 Gd-pDBI-1 415 nm [72]
benzimidazole-2-yl)benzene CTIM Y~T (340)

xxxviii  (pDBI) HoocT TN A= NTR Gd(OAC);-6H,0  Gd-pDBI-2 415 nm

(340)

XXXIiX 1,4-Naphthalenedicarboxylic o Zn(0Ac),-2H,0 [(CH3)2NH>]5[Zn7(4-0),-(NDC)g]- 432 nm [99]
acid OH DMF-H,0 (365)
e

(6]

xl 4,4-0Oxybisbenzoic acid 0. Zn(NOs),-6H,0 TMU-5 485 nm [74]
(Hyoba) /©/ \©\ [Zn(oba)(4-bpdh)g 5],-1.5DMF (355)
2,5-Bis(4-pyridyl)-3,4-diaza- HOOC COOH
2,4-Hexadiene
(4-bpdh)

Y
— N—N\ —
NN
xli 1,3,5-Tris(1-imidazolyl) N Cd(NO3),-4H,0  [Cds(tib),(BTB),]-3DEF-4.5H,0 393 nm [104]
benzene (tib) (N» (290)
380 nm
/@\ (290)
7 "N NTN
xlii 4,4' 4"-Benzene-1,3,5-triyl- HO.__O [Cd5(tib),(BTB),(DMA),(H,0),]-

tribenzoic acid (H;BTB)

2DMA-8H,0

1 Hdabco = 1,4-diazabicyclo[2.2.2]octane.

2 bpy = 4,4'-bipyridine.

3 TZB: 4-(1H-tetrazol-5-yl)benzoic acid.

4 Ad: adeninate.

5 NO,-bdc: 2-nitro-4-benzenedicarboxylicacid.

dye. This permanent fluorescence is one advantage of using fluo-
rescent ligands. The fluorescent ligand method is also advanta-
geous because the synthetic process is simpler than that of
molecular insertion methods. Since no dye insertion process is
required, it is not necessary to design the size or environment of
the pores to match the molecular dye. The issue of dye release,
which influences the fluorescence intensity after the insertion pro-
cess, is also avoided. However, there are a few issues that arise in
the fluorescent ligand approach. Fluorescent ligands have a large
molecular size, and are composed of unsaturated structures and/
or multiple linked benzene rings. If the ligand is bulky, it is difficult
to construct MOFs due to steric hindrance. This structural limita-
tion leads to a reduced yield of the fluorescent MOFs, and it might
be necessary to develop new recipes to synthesize these MOFs. The

development of new types of fluorescent MOFs using new fluores-
cent ligands requires a trial and error approach.

3. Roles of MOFs in applications utilizing the luminescence
originating from the molecular dyes

Luminescent MOFs have been studied for use in diverse applica-
tions involving sensors, light emission, and bio applications due to
their unique properties, such as their designability, porosity, crys-
tallinity, and robustness. Additionally, their favorable photo- and
luminescent properties, which have a multitude of applications,
can be conveniently manipulated using various methods. The
structure of the MOFs, which consist of regular matrices and form
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size-controllable crystals, could ultimately allow them to over-
come the issues encountered in diverse applications, such as
improving the quantum yield and controlling the photo-lumines-
cent properties. Furthermore, the coordination of emitting materi-
als with MOFs can be fine-tuned to improve their performance,
which can be comparable to that of the emitting materials alone.
Additionally, the morphology of the MOFs can be controlled,
enabling high performance in diverse applications.

3.1. Sensors

Luminescent MOFs can be utilized for sensors with a fluorescent
on/off response, and their photo-chemical and photo-physical
properties can be fine-tuned through various means. Luminescent
MOFs containing emitting materials can be conveniently prepared
through encapsulation and immobilization approaches. The MOF
structure can result in enhanced sensitivity and prevent aggrega-
tion-induced quenching. In addition, the introduction of functional
groups within the MOFs can allow adjustment of the interactions
between the analytes and the MOF or dye, which can affect the

U. Ryu et al./Polyhedron 154 (2018) 275-294

degree of adsorption of the analytes. Thus, MOFs for sensing can
be conveniently designed, and high sensitivity, selectivity, stability,
and rapid response/recovery time have been achieved. Examples
from the literature are summarized and organized below, high-
lighting the improved properties achieved by adopting MOF
structures.

3.1.1. The MOF pores can prevent the aggregation of molecular dyes

Through the encapsulation of molecular dyes with MOFs, the
molecular dyes can be effectively isolated within the pores of the
MOFs, which can enhance their luminescence performance and
efficiencies. The MOF Rho@1 (Table 4, i) exhibited dual emission
bands from rhodamine B (Rho) and the linker moieties at around
583 and 416 nm in the solid state, demonstrating that it prevented
aggregation-induced quenching [49]. Furthermore, the energy
transfer from the linkers to rhodamine B and the luminescence
spectra could subsequently be adjusted by using different solvents.
Thus, this system demonstrated a potential application to VOC
Sensors.

Table 4
Sensor.
Sensor
No. MOF Dye Analyte Sensing MOF Ref.
Uniqueness
i Rho@1 Rhodamine B, (S)-2-(2-hydroxybenzylamino)-3- Aromatics Turn off Porosity [49]
phenlypropanoic acid
i [Zn(bpdc)(bpe)]DMF 'bpdc, bpe Aromatics Turn on/off  Porosity [50]
il [Zny(bpdc),(bpe)].DMF bpdc, bpe Aromatics Turn on/off ~ Porosity [50]
iv [Zn3(bpdc);(bpy)]-4DMFH,0 bpdc, *bpy Aromatics Turn on/off  Porosity [50]
\Y [Zn3(bpdc)s(dmbpy)]-4DMFH,0 bpdc, *dmbpy Aromatics Turn on/off  Porosity [50]
vi bio-MOF-1, Zng(Ad)4(BPDC)s0,Me,NH, ‘DMASM Nitroaromatics ~ Turn on/off ~ Porosity [79]
Designability
vii [Zn(ndc)(bpy)os] “ndc Nitroaromatics  Turn on/off  Designability  [60]
viii [Zn(ndc)(bpe)os] ndc Nitroaromatics ~ Turn on/off  Designability  [60]
ix [Zn(ndc)(bpee)os] ndc Nitroaromatics  Turn on/off  Designability  [60]
X [Zn(ndc)(ted)os] ndc Nitroaromatics  Turn on/off  Designability  [60]
xi Ui068-mtpdc/etpdc mtpde, etpdc STNP Turn off Porosity [51]
xii {(NH2Me>)[Zn3(p3-OH)(TPT)(TZB);](DMF);»]},  Rhodamine 6G TNP Turn off Designability  [61]
Xiii UiO-68@NH, 2’-amino-[1,1:4’,1"-terphenyl]-4,4”-dicarboxylate ~ TNP Turn off Designability ~ [62]
Xiv RGH-Eu(BTC) RGH 7PA Turn on Designability  [80]
XV [Zn(oba)(4-bpdh)gs] Rhodamine B PA Turn on Robustness [74]
xvi FCS-1 5-(4-carboxy-phenoxymethl)-isophtalic acid antibiotics Turn off Robustness [75]
xvii MIL-161 SH,STz phenol Turn off Designability  [63]
xviii Zn-MOF MV H,S Turn off Porosity [52]
Xix [Zny(fdc)y(bpee)y(H,0)],+2H,0 1%fdc Nitrobenzene Turn off Porosity [53]
XX MOF Zn-TDPAT "'TDPAT Nitrobenzene Turn off Porosity [81]
Temperature

XXi MOF-ZJU-88 Perylene Temperature Turn on Designability  [64]
XXii [Al(OH)(ndc)|DMA ndc, DMA Temperature Turn off Porosity [54]
xxiii [Al(OH)(ndc)]DEA ndc, DEA Temperature Turn on Porosity [54]
XXiv FITC@BTPY-NH; T2FITC Ag* Turn off Designability ~ [65]
XXV Zn(HTABDC)(BPY)DMF HTABDC AP Turn on Designability ~ [66]
XXVi NH,-MIL-101(Al)-FITC FITC F Turn on Porosity [55]
xxvii  MIL-53-L L Ccu?* Turn off Designability  [67]
xxviii ~ UMOF-7I1 2,4,6-Tri-p-carboxyphenyl pyridine Fe3* Turn off Porosity [82]

© o N U AW N =

2,5-furandicarboxylic acid.

bpdc = 4,4’-biphenyldicarboxylate, bpe = 1,2-bis(4-pyridyl)ethane.
bpy = 4,4'-bipyridine.

dmbpy = 2,2 -dimethyl-4,4'-bipyridine.
DMASM = 4-(4-(dimethylamino)styryl)-1-methylpyridin-1-ium.
ndc = 2,6-naphthalenedicarboxylic acid.
TNP = 2,4,6-trinitrophenol.

PA = Picric acid.

H,STz = s-tetrazine dicarboxylic acid.
MV = Methyl viologen dication.

10 H,fdc =

" TDPAT = 2,4,6-tris(3,5-dicarboxylphenylamino)-1,3,5-triazine.

FITC = fluorescein isothiocyanate.

13 HTABDC = 4,4'-((Z,Z)-1,4-diphenylbuta-1,3-diene-1,4-diyl )bis(2-hydroxylbenzoic acid.

L = 2-(pyrene-1-imine)terephthalic acid.
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Fig. 6. (A) (a) DMASM@bio-MOF-1 as a dual-emitting platform. (b) Fluorescence response of DMASM@bio-MOF-1 upon the addition of aqueous solutions of TNP, TNR, DNT,
and TNT, respectively (0.1 mM; 0, 10, 20, 40, and 80 pL). (¢) Fluorescence response of the DMASM@bio-MOF-1 upon the addition of aqueous solutions of RDX, HMX, PETN, and
DMNB, respectively (0.1 mM; 0, 10, 20, 40, and 80 pL). Reproduced with permission from Ref. [79]. Copyright (2017) American Chemical Society. (B) (a) The on-off
mechanisms of MOF 2. (b) Emission intensities of MOF 2 upon the addition of AI’* in water (Aex = 370 nm). (Inset) photographs of suspensions of MOF 2(left) and MOF 2 + AI>*
(right) under illumination by a UV lamp. (c) Fluorescence intensity change of MOF 2 in the presence of selected metal ions (10-fold excess, blue) and MOF 2 + AI** upon the
addition of competing metal ions (5-fold excess, brick-red) in water. Reproduced with permission from Ref. [66]. Copyright (2018) American Chemical Society.

3.1.2. The combination of MOFs and molecular dyes can enhance the
selectivity of sensors, and the crystallinity of MOFs can enhance the
stability of the sensors

A Zn(l)-MOF, {(NH;Me;)[Zn3(13-OH)(TPT)(TZB)3J(DMF)12]}n
(TPT = 2,4,6-tri(4-pyridyl)-1,3,5-triazine, H,TZB = 4-(1H-tetrazol-
5-yl)benzoic acid and DMF = N,N-dimethylformamide), was trea-
ted with a solution of the molecular dye rhodamine 6G (Rh6G),
and demonstrated dual emission from both the ligand within the
MOF and the embedded dye. Thus, the prepared Rh6G@1 (Table 4,
xii) exhibited dual emission peaks at 363 and 580 nm, which cor-
responded to the TPT ligand in the MOF and Rh6G, respectively
[61]. The relative height of the dual emission peaks varied with
the concentration of TNP (2,4,6-trinitrophenol), and the relative
fluorescence intensities (Igye/Imor) were found to correlate with
the TNP concentration even in solutions containing other nitro
analytes (Fig. 5). Compared to the single emitting materials, the
dual-emitting MOF could detect TNP at a lower concentration via
the ligand and molecular dye. Furthermore, the encapsulated

MOF could be recycled at least three times, demonstrating its
potential in high quality sensors.

3.1.3. The incorporation of functional groups within MOFs and the size
exclusion properties of MOFs can enhance the selectivity of sensors
The dual emission of MOFs can provide an on/off response and
distinctive sensing features. The size exclusion and functionality of
the MOF can also provide improved sensibility and selectivity. The
conveniently synthesized DMASM®@bio-MOF-1 (DMASM = 4-(4-
(dimethylamino)styryl)-1-methylpyridin-1-ium) with free amines
was designed to easily capture nitro explosives, and the anionic
bio-MOF-1 can induce strong interactions with the cationic dye
(Table 4, vi). Furthermore, the confinement effect of the MOF can
enhance the luminescence properties by prohibiting aggregation-
induced quenching. Among nitro amines, the aliphatic nitro-organ-
ics are considered to be difficult analytes to detect. However, their
detection is possible via indirect sensing of their decomposed
products. When exposed to nitro aromatics such as 2-methyl-
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1,3,5-trinitrobenzene (TNT), 1-methyl-2,4-dinitrobenzene (DNT),
2,4,6-trinitrobenzene-1,3-diol (TNR), and 2, 4, 6-trinitrophenol
(TNP), DMASM@bio-MOF-1 did not exhibit luminescent properties,
demonstrating a turn-off response (Fig. 6(A)). In contrast, upon the
addition of aliphatic nitro organics including 1,3,5-trinitro-1,3,5-
triazinane (RDX), 2,3-dimethyl-2,3-dinitrobutane (DMNB), and
1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX), DMASM@bio-MOF-1
showed a turn-on response, demonstrating that size discrimina-
tion of the nitro compounds could result in different behaviors.
Small aliphatic nitro organics were easily captured within the
pores of the MOF, producing a confinement effect and subse-
quently enhancing the fluorescent response. In contrast, the bigger
organic molecules could not be captured in the pores, but instead
aggregated on the surface of the MOF, enabling fluorescence
release [79].

3.1.4. Decorating MOFs with functional groups can modulate the
selectivity of sensors, and the pores of MOFs can enhance the
separation properties as well

Fluorescein is widely utilized for the detection of transition
metals in aqueous solutions. In addition, functionalizing fluores-
cein with isothiocyanate groups (FITC) can enhance its ability to
bond to metal ions in aqueous solutions. FITC@BTPY-NH,
(btb = benzene-1,3,5-tribenzoate, bipy-NH; = 3-amino-4,4'-bipyri-
dine) can be prepared via the post-modification of the MOF
BTPY-NH, with the dye FITC (Table 4, xxiv). The thiourea groups
generated within the MOF interact with heavy metal ions due to
cation interactions and, in particular, Ag" ions can be selectively
detected. The fluorescent quenching response of FITC@BTPY-NH,
is proportional to the concentration of Ag* ions, even when other
heavy metals are present. Furthermore, its sensitivity towards
the Ag” ion was observed at concentrations of 0.1 ppm and below

Table 5
Light emission.
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[65]. The Ag® ions adsorbed in the MOF could be easily separated
from wastewater, which was attributed to the heterogeneous
property of the MOF. Thus, through adopting the MOF structure,
the adsorption and detection of Ag® ions were simultaneously
achieved by FITC@BTPY-NH,, confirming its possibility in adsor-
bent applications.

3.1.5. The crystallinity of MOFs can enhance the stability of sensors

Through the encapsulation of rhodamine B into the MOF TMU-5
(Zn(oba)(4-bpdh)0.5,-1.5DMF, H,oba = 4,4-oxybisbenzoic acid,
4-bpdh = 2,5-bis(4-pyridyl)-3,4-diaza-2,4-hexadiene, DMF = N,N-
dimethylformamide), the prepared MOF TMU-5S increased the
luminescent turn-off response to picric acid, even in the presence
of other nitro aromatics (Table 4, xv). The relative luminescent
intensities of the dual emitters before and after addition of picric
acid strongly enhanced the selectivity towards picric acid com-
pared to the single emitter MOF TMU-5 without rhodamine B.
The crystallinity of the MOF TMU-5S induced fast response and
recovery times of 45 and 460 s, respectively, as it provided facile
pathways for the guest molecules. It also provided a stable sensing
environment, allowing the response and recovery times to be
maintained during six repetitions. The consistent XRD patterns
before and after repeated sensing demonstrated the high rigidity
and photo-stability of TMU-5 [74]. Thus, this newly designed
dye-MOF could be used as a multilateral detection system with
high selectivity and stability.

3.1.6. MOFs can enhance the selectivity towards the sensing
environment

Among the assorted methods for tuning the luminescent prop-
erties of the MOFs, controlling the pore size and the electronic
interactions with the surrounding solvents can fine-tune the

Light emission

No. Application MOF Dye Performance MOF Ref.
Uniqueness
i LED PCN-94 "H4ETTC A= 470 nm, ®p=99.9% (under Ar) Porosity [56]
ii  LED for two-photon laser Bio-MOF-1 > DMASM DMASM A= 640 nm(when pumped with a Crystallinity [77]
1064 nm pulse laser) Porosity
iii LED for two-photon laser DASP+@bio-MOF-100 *DASPI Quantum yield = 32% Crystallinity [78]
/=650 nm(when pumped with Porosity
a pump laser of 500 nm)
iv. WLED(White LED) ZJU-28 > DSM/AF “DSM, AF CIE(0.34,0.32) Designability  [68]
Color Rendering Index, CRI =91
Correlated Color Temperature,
CCT=5327K
v WLED HSB-W1 > DCM/C6/CBS-  °DCM CIE(0.33,0.33) Porosity [57]
127 Coumarin 6 CRI =80
(ce) CCT=5553K
CBS-127 Quantum yield = 20.2%
vi WLED HSB-W1 5 DSM/C6/KSN  DSM CIE(0.32,0.32) Porosity (57]
Coumarin 6 CRI=91
(ce) CCT=6016 K
KSN
vii WLED for VLC(Visible Light AI(OH)(DBA) Rhodamine B Commission International ed’Eclairage, CIE Porosity [58]
Communication) (0.32,0.30)
Frequency = 3.6 MHz
viii Ink pads for anticounterfeiting PM 2-6; SBMU Emission decay time, t Designability [69]
stamps Cd(m-BDC)(BIM) >dyes FGB T520nm = 293 ms
Rh123 Tg30nm = 363 MS
Rh 6G
Rh B

DMASM = 4-(4-(dimethylamino)styryl)-1-methylpyridin-1-ium.

DASPI = 4-p-(dimethylamino)styryl)-1-methylpyridinium.

DSM = 4-(p-dimethylaminostyryl)-1-methylpyridinium, AF = acriflavine.
DCM = 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyrl)-4H-pyran.

H4ETTC = 4/ 4" 4" 4"""-(Ethene-1,1,2,2-tetrayl)tetrakis-(([ 1,1’-biphenyl]-3-carboxylic acid)).

BMU = 4-methylumbelliferone, FGB = fluorescent Green B, Rh123 = Rhodamine 123, Rh 6G = Rhodamine 6G, Rh B = Rhodamine B.
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fluorescent on/off response. MIL-161, which was constructed with
2-tetrazine (H,STz), showed a variable quenching response
depending on the size effect as well as the relative polarity (Table 4,
xvii). The smaller amines entered the pores of MOF, leading to
interaction between the analyte and the MOF, which consequently
enhanced the linear quenching response. However, larger amines
were limited to interaction with the surface of MOF, and showed
lower sensitivity. Furthermore, the relative polarity of the MOF
can affect its interactions with the solvent and analyte, thus
enhancing the selectivity of sensor. For example, the sensitivity
between the MOF H,STz and phenol is maximized in water and
minimized in ethanol. Therefore, the degree of sorption of analytes
into the pores of the MOF can be a decisive factor in the detection
selectivity [63].

3.2. Light emission

Fluorescent materials can be used for LEDs and OLEDs; how-
ever, breakthrough technologies have been required to overcome
self-quenching and low quantum yield, which affect their photo-
and electroluminescent performance. For white emission, the
emitting system must meet the requirements of the Commission
International de I’Eclairage (CIE), with coordinates of (0.33, 0.33),
correlated color temperature (CCT) values of 2500-6500 K, and a
color-rendering index (CRI) value of above 80 [68,93]. The struc-
ture of MOFs, which have a regular matrix and size-controllable
crystals, can ultimately overcome these limiting factors, improve
the quantum yield, and control the photo-luminescent properties.
Luminescent MOFs can be prepared via the encapsulation and
immobilization of emitters, and can isolate the emitters within
the pores of the MOF or rigidify the emitters as linkers of the
MOF. Also, through the polar effect, the radiative pathways or
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decay time can be controlled to obtain desirable photo- and elec-
troluminescent properties of LEDs.

3.2.1. The pores of the MOF can prevent the aggregation of molecular
dyes

The use of tetraphenylethylene (TPE) derivatives as MOF linkers
led to an improved quantum yield of 76.2 +3.5% under an inert
atmosphere at room temperature compared to that of the corre-
sponding free linkers under an inert atmosphere at room temper-
ature. The extended TPE derivative, denoted as H4ETTC (4',4",4"",
4" _(Ethene-1,1,2,2-tetrayl)tetrakis-(([1,1’-biphenyl]-3-carboxylic
acid), was tetra-covalently bonded to Zr(VI) cations as the linker,
which minimized the non-radiative torsional motion via the con-
finement effect (Table 5, (i)). The prepared MOF (PCN-94) also
exhibited a blue shift of 470 nm relative to the free linker, and could
be used as a deep blue emitter for white emission with an enhanced
quantum yield [56].

3.2.2. The crystal structure of MOFs can create the resonance
phenomenon for lasing sources

Two-photon-pumped (TPP) lasing using organic dyes such as
rhodamine 6G, rhodamine B, 4-(dicyanomethylene)-2-methyl-
6-(p-dimethylaminostyrl)-4H-pyran (DCM), and pyridinium
hemicyanine show red or near infrared emission at lower energy
excitations. Some molecular dyes for TPP lasing in the solid state
experience aggregation-induced quenching, therefore, their
intramolecular torsional motion and m-7 interactions should be
restricted via encapsulation of these dyes by a MOF (Table 5, ii).
The encapsulation of a pyridinium hemicyanine dye (DMASM) into
a MOF resulted in substantial TPP red lasing upon excitation at
1064 nm [77]. Furthermore, specific MOF crystal structures could
play the role of reflectors in “Fabry-Perot resonance cavities” for
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Fig. 7. (a) Schematic of bio-MOF-1 > DMASM. (b) bio-MOF-1 > DMASM crystals with different thicknesses (L = 85, 50, and 30 pm)(above) and lasing spectra of the bio-MOF-
1 > DMASM crystals of these thicknesses. (c) Emission spectra of DMASMI and bio-MOF-1 > DMASM excited at 340 nm. (d) Single-photon- and two-photon-excited emission
spectra of bio-MOF-1 > DMASM. (e) Two-photon-pumped lasing spectra of bio-MOF-1 > DMASM under different pumped pulse energies. (Inset) Microscopy image of a bio-
MOF-1 > DMASM single crystal excited at 1064 nm (left) and power dependence profile of the fluorescence intensity (right). Reproduced with permission from Ref. [77].

Copyright (2013) Nature Publishing Group.
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Copyright (2018) American Chemical Society.

TPP lasing, yielding a micro-laser without etching and coating. The
controllable thickness of the MOF crystals affected the number of
resonance modes, with increased resonance characteristics being
observed at higher thicknesses (Fig. 7). Thus, bio-MOF-1 > DMASM
showed good laser cavity properties, minimized optical loss, and
had excellent photo-stability.

3.2.3. MOFs can modulate the light pathways

Extensive wavelength tunability has been achieved in dye-
doped MOFs through the simultaneous use of resonant cavities
and polarity-control. Enlarging the crystal size of the MOFs
increased the number of modes for the resonance effect. Further-
more, adjustment of the polarity surrounding the MOFs can control
the charge distribution in the locally excited state (Fig. 8).
Intramolecular charge transfer can also affect the lasing wave-
length over a wide range. The hemicyanine dye DASPI (4-p-
(dimethylamino)styryl-1-methylpyridinium) was isolated within
the anionic host bio-MOF-100 through a convenient ion-exchange
process with Me,NH?* (dimethylammonium cation) (Table 5, iii).
The polarity within bio-MOF-100 was decreased using apolar sol-
vents, which subsequently induced a higher barrier for intramolec-
ular charge transfer (ICT). Thus, instead of ICT, the charge
population was concentrated in the lower locally excited state
and finally resulted in blue-shifted emission. In contrast, the ion-
exchange process with polar solvents induced a relatively red-
shifted emission, which was ascribed to the enhanced radiative
pathway to the lower ICT [78]. Therefore, the adjustment of the
polarity of the dye-MOF using different solvents can fine-tune
the radiative pathway and luminescent properties. Furthermore,
the strong electronic interactions and the confinement effect of
the MOFs could minimize twist torsion and non-radiative decay,
which can guide the excitation to the targeted radiative pathway
and finally lower the lasing threshold.

3.2.4. MOFs can combine multiple emission frequencies for white
emission without quenching

In visible-light communication (VLC) using white light-emitting
diodes (WLEDs), simultaneous illumination and data transmission
are key factors. However, commercial WLEDs with blue LED chips
and a yellow-light phosphor such as YAG:Ce cannot completely

overcome the limitation of long emission lifetimes, resulting in a
low frequency of 0.8 MHz for VLC (Fig. 9). Instead, dye@MOF com-
posites have recently been applied as substituents for fast VLC. The
intrinsic aggregation characteristics of the dye can also be reduced
via the confinement effect in the pores of the MOF, which can pre-
vent non-radiative relaxation and secondary light absorption. The
blue and yellow emitters, DBA and Rhodamine B, adopted special
conformations as the linker and the isolated molecular dye within
an Al-based MOF for white emission (Table 5, vii). When excited at
395 nm with an LED chip, the MOF RhB@AI-DBA exhibited white
emission via energy transfer between the linker and the molecular
dye within the MOF, demonstrating an improved frequency of 3.6
MHz for fast VLC [58].

As mentioned above, the existing white-emitting light sources
have been limited to lanthanide phosphors, which is ascribed to
the relatively low CRI value. To overcome this drawback, the syn-
thesis of a dye-MOF to produce warm white emissions for LED light
sources, with a CRI above 80, a CCT value of between 2500 and
6500 K, and ideal CIE coordinates of (0.33, 0.33) was attempted.
The dual dye-exchanged MOF composite was conveniently pre-
pared via soaking in a mixed dye solution, and its luminescent
properties were controlled through the immersion time and solu-
tion concentration. Finally, the MOF ZJU-28 > DSM/AF (0.02 wt%
DSM, 0.06 wt% AF) containing the red-light emitting dye 4-(p-
dimethylaminostyryl)-1-methylpyridinium (DSM) and the green-
light emitting dye acriflavine (AF), showed warm white emission
with ideal CIE coordinates of (0.34, 0.32), a high color-rendering
index value of 91, and a moderate color temperature value of
5327 K [68]. Also, the dual-dye mixed MOF showed a higher quan-
tum yield (17.4%) than the corresponding molecular dyes in the
solid state because the dye-MOF could effectively restrict non-
radiative motion though confinement and isolation in the pores
of the MOF, making it a promising candidate as a white emission
source (Table 5, iv).

3.2.5. MOFs can create long-lifetime luminescence

MOFs with long luminescence lifetimes have substantial poten-
tial in a variety of applications; however, additional technologies
will be needed to achieve stable long-wavelength and long-lifetime
luminescence properties. In one such application, the anti-counter-
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Fig. 9. (a) Schematic of RhB@AI-DBA for white-light communication. (b) Photograph of an LED device (left). The LED emitting bright white light (right). (c) The emission
spectra of the MOF-WLED. (d) Time-resolved fluorescence spectra of RhB@AI-DBA. Reproduced with permission from Ref. [58]. Copyright (2017) American Chemical Society.

feiting field, which is currently based on lanthanide-doped lumines-
cent nanomaterials, issues of short-lived fluorescence emission and
the interference of the printing media have been encountered. The
encapsulation of various molecular dyes in Cd(m-BDC)(BIM)
(m-BDC = 1,3-benzenedicarboxylic acid, BIM = benzimidazole)
achieved multicolor illumination from ranging from green to red
and long decay times (Table 5. viii). In this case, the radiative path-
ways were classified into two groups based on whether they showed
phosphorescent release via intersystem crossing (ISC) within a blue
emitter of the MOF or fluorescence release from the MOF and molec-
ular dyes. In particular, a local charge located in the triplet state of
the MOF would transfer to the singlet site of the molecular dye via
ISC, which could result in delayed fluorescent release and increased
decay time on a timescale of seconds. Taking advantage of these fea-
tures, the dye-MOF Cd(m- BDC)(BIM), with a color change that is
easily detected by the naked eye, is utilized for anti-counterfeiting
ink pads [69]. The photo-stability of the dye-MOF can be attributed
to the structure of MOF, which induces a confinement effect on the
molecular dye within the MOF.

3.3. Bio applications

Materials for bio applications should retain their biocompatibil-
ity and stability and should not exhibit cytotoxicity; therefore,
luminescent MOFs should be designed with favorable properties
for bio-imaging and bio-sensors. The size and the rigid structure
of the MOFs can be tuned to deliver larger drugs and to protect
against diverse bio-environments.

3.3.1. MOFs can encapsulate multiple components
RhB@AI-MOF can easily be prepared with differently sized
pores of by one-pot synthesis, and can be utilized for loading drugs

of different sizes and bio-imaging. The dye RhB distributed within
the MOF crystals exhibited intense red fluorescence with low back-
ground interference. Its feasibility for bio-imaging in terms of bio-
compatibility and cell cytotoxicity was confirmed by the results of
a standard MTT assay with human airway smooth muscle cells
(HASMC) and murine gastric cancer 803 (MGC-803) cells. The cyto-
toxicity of RhB@AI-MOF towards the normal HASMC cells and
MGC-803 cancer cells tended to increase with the concentration
of RhB@AI-MOF (Table 6, v). In addition, the cell survival rates of
the normal HASMC cells and MGC-803 cancer cells were tested
at concentrations up to 200 pg/ml, this confirming the biocompat-
ibility of RhB@AI-MOF [71]. Finally, the fluorescent cell imaging
capability of the RhB@AI-MOF was demonstrated in the normal
HASMC cells and MGC-803 cancer cells after 4 h of incubation.
The biodistribution of RhB@AI-MOF in the major organs of athymic
nude mice 24 h post-injection demonstrated the outstanding dis-
persibility and stability of RhB@AI-MOF for in vivo applications.

3.3.2. Smaller MOF crystals enable improved bio-imaging properties
Among the biological forms of iron, the ferrous forms are
regarded as the most difficult analytes because they are easily oxi-
dized under aqueous and aerobic conditions. The newly prepared
nMOF-253 was designed as a probe for ferrous iron with higher
sensitivity and selectivity in aqueous solutions. Furthermore, the
size of nMOF-253 (Table 6. iv) can be conveniently controlled via
adjustment of the acid and base content, and the resulting MOFs
can be classified as MOF-253(a), MOF-253(B), and MOF-253(y).
The smallest, MOF-253(), had a size of 50 nm and exhibited the
weakest fluorescent intensity at around 545 nm compared to the
other MOF-253 variants [76]. However, its smaller size and better
size distribution achieved improved intercellular sensing. When
added to an aqueous solution of hemin (pH=8.0), a ferrous
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Table 6
Bio applications.

Bio applications

No. MOF Dye Analyte Sensing MOF Uniqueness Ref.

i Cu-TCA 'TCA NO in living cells Turn on Porosity [59]

ii Eu-TCA TCA NO in living cells Turn on Porosity [59]

iii 1-N3 N3 group treated with Na,S H,S in Hela cells Turn on Designability [70]

iv nMOF-253(7) “Bpydc Fe?* in Hela cells Turn off Crystallinity [76]
Robustness

\Y RhB@AI-MOF Rhodamine B MGC-803 cancer cells and normal HASMC cells Fluorescent imaging Designability [71]
Robustness

vi Gd-pDBI-1 *pDBI MCF cells Fluorescent/MR imaging Designability [72]

vii Gd-pDBI-2 pDBI MCF cells Fluorescent/MR imaging Designability [72]

viii Rs ¢ nMOF-801 Resorufin FL83B/HepG2 Fluorescent imaging Crystallinity [73]
Robustness

ix R6G c nUiO-67 Rhodamine-6G FL83B/HepG2 Fluorescent imaging Crystallinity [73]
Robustness

1 TCA = tricarboxytriphenyl amine.
2 Bpydc = 2,2-bipyridine-5,5'-dicarboxylic acid.
3 pDBI; 1,4-bis(5-carboxy-1H-benzimidazole-2-yl)benzene.

Fig. 10. (a) Images of FL83B (middle) and HepG2 (right) using Rs ¢ nMOF-801. (b) Images of FL83B (middle) and HepG2 (right) using R6G c nUiO-67. Reproduced with

permission from Ref. [73]. Copyright (2017) American Chemical Society

coordination complex found in organisms, MOF-253(y) bound the
Fe?* and photo-induced electron-transfer continuously occurred,
resulting in fluorescence quenching. The coordinated Fe?* entered
the pores of MOF-253(y), which lead to increased reaction with
bipyridine and stability in the pH range 5-9. The quenching effect
on Fe?* was well-fitted with the Stern-Volmer equation in the Fe?*
concentration rage 5-100 puM.

3.3.3. Nanocrystalline MOFs can protect molecular dyes for bio-
imaging

Novel dye-MOFs have been utilized as protective carriers in bio-
logical systems, and can effectively sustain their luminescent prop-
erties and consequently be used in the fluorescent bio-imaging of
human cells. The molecular dyes resorufin (Rs) and rhodime 6G
(R6G) were effectively confined within the MOFs Rs ¢ nMOF-801
and R6G c nUiO-67, respectively (Table 6. viii, ix). Through incor-
poration of the dyes in MOFs with pores slightly larger than the
dye molecules, the fluorescent properties of Rs ¢ nMOF-801 and
R6G c nUiO-67 could be preserved for 9 days, while those of free
dyes gradually diminished [73]. Coherent photostability in biolog-

ical systems involving fetal bovine serum (FBS) and phosphate-
buffered saline (PBS) was observed, and was attributed to the pro-
tective effect of the MOFs. In addition, to enhance the cell biocom-
patibility and improve recognition by liver-specific receptors, Rs C
nMOF-801 and R6G c nUiO-67 were galactosylated by the amida-
tion reaction between the carboxyl groups of the nMOFs and the
amine group of galactosamine. Finally, the [Rs ¢ nMOF-801]-GS
and [R6G c nUiO-67]-GS obtained after galactosylation success-
fully achieved fluorescent imaging of FL83B (human hepatocyte
cell) and HepG2 (human hepatocellular carcinoma) without cyto-
toxicity (Fig. 10).

4. Advantages of MOFs for molecular dyes
4.1. Porosity

Molecular dyes having m-m conjugation aggregate in the solid
state, and the bulky structures used for red-shifted emission can
induce torsional motion and non-radiative properties, which can
lead to lower luminescent efficiency. Thus, the porosity of MOF
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can lead to enhanced rigidity, stabilizing their conformation and
protecting the molecular dyes inside. Therefore, the porosity of
MOFs can effectively reduce aggregation-induced quenching and
also achieve improved luminescent properties and excellent per-
formance in diverse applications.

4.2. Designability

The photo-luminescent and photo-physical properties of molec-
ular dyes can be effectively controlled via the choice of moieties
used to construct the MOFs, while retaining all the advantages of
using a MOF. Furthermore, the proximity of the molecular dyes
and other functional molecules can easily be controlled within
MOFs; thus, the target molecules can be readily captured to induce
a change in the luminescence of the molecular dyes.

4.3. Crystallinity

The regular matrix and size-controllable crystals of MOFs can
affect photo-luminescence properties such as the resonance effect,
which can be conveniently modulated via the thickness or shape of
the MOF. Additionally, the crystallinity of MOFs can guide the light
pathways for laser light sources and effectively minimize optical
loss and achieve excellent photo-stability, allowing the MOFs to
be applied to a wide variety of fields.

4.4. Robustness

The robust structure of MOFs can effectively protect encapsu-
lated molecular dyes, even in harsh conditions in bio environ-
ments. Therefore, dye-MOFs can be utilized for bio-imaging, and
nanocrystalline MOFs can achieve excellent photo-stability and
consistent performance in demanding bio environments.
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