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ABSTRACT

Luminescent metal-organic frameworks (LMOFs) are promising hybrid
materials and are considered ideal for fabricating sensors and optoelectronics. A
unique direction of LMOFs research is to harness MOFs as ‘hosts’ to encapsulate
various luminescent ‘guest’ (LG) molecules for producing LG@MOF systems.
However, feasible design ideas and in-depth mechanism analyses are scarce,
compromising their practical engineering potential. This section, combined with the
structure, synthesis, types, and applications of LG@MOF systems, is described in
detail in Chapter 1 and 2.

In Chapter 3, 4, and 5, three new LG@MOF systems have been designed and
prepared. The results demonstrated that effective wavelength-tuning (~ tens of
nanometres) or turn-on (~ tenfold) type sensing materials could be readily
synthesised even with common fluorescent materials (e.g., rhodamine B,
tetraphenylethylene, perylene). Different polymers have been combined with the
obtained LG@MOF systems to enhance stability and processability.

Detailed photophysical characterisations have been conducted to investigate
the obtained LG@MOF systems. By analysing the excitation, emission, lifetime,
and quantum yield, three novel sensing mechanisms have been proposed: (i) Guest
aggregates of different sizes are protected differently by the MOF, thus, generating
sensing behaviours. Moreover, the configuration of the guest aggregates may
change under stimuli leading to further sensing performance (Chapter 3); (ii)) MOF
can provide a strong caging effect to aggregation-induced emission (AIE) materials
resulting in turn-on type mechanochromism (Chapter 4); (ii1) The lattice of MOF
can influence the electron-phonon coupling of guest excimers causing distinct

luminescent properties (Chapter 5).

Overall, this work helps address the pain points of LG@MOFs research and
illustrates the possibility for large scale production, which may inspire more
research into high-performance fluorescent sensors. These are summarised in

Chapter 6, along with some specific examples of future development.



ACKNOWLEDGEMENTS

I would particularly like to thank my supervisor, Professor Jin-Chong Tan,
for his intellectual and moral support throughout my research. I am especially
grateful to Professor Tan for his continuous guidance, constant encouragement, and
fun-filled squash training sessions. His immense knowledge and plentiful

experience have inspired me in all the time of my academic research and daily life.

Many thanks also to my College for providing funding, comfortable
accommodation, and fitting workstations. I am thankful to the Diamond Light
Source and Research Complex at Harwell for allowing me to conduct beamtime

experiments and use the advanced facilities.

I am truly grateful to all my colleagues in the Multifunctional Materials and
Composites Laboratory not only for the countless great scientific discussions, but
also for the numerous happy time we have shared. Special thanks to Abhijeet,
Annika, Arun, Barbara, Dylan, Jiahao, Kirill, Mario, Michele, Samraj, Sujeet, Tao,
Vishal, Yueting, Zhixin for their deep friendship and assistance. To all of you, thank
you for the laughs, group lunches, punting, volleyball, etc.

I would like to thank my girlfriend, basketball teammates, and all friends
outside the lab who have made the past few years some of the best in my life. The
fond memories of our training, games, trips, dinners, and parties will always inspire
me to keep going. Last but not least, I would like to thank my Dad and Mom, to

whom this thesis is dedicated, for their support and encouragement!



Contents

LSt Of FIGUI@S..cccocuiiirrreicnsnnicssunicssanisssnncssanssssssssssssssssssssassssssssssssssssssssssssssssnsssssnssss i
LiSt Of TADIES c.c.cuuerueiiniiniiiniiitiiiiintenseinninsneisnessnnessesssesssessssssssesssssessssssssssss viii
LiSt of ADDIreviations .......ccceeecisieiisiecssneecssnnncssnencssneessnecsssncsssseessssesssssssssssecssses ix
| I E 1) 7 111010 TR xii
1 INLrOAUCTION accueeeeeeeiecinecsuenssnensnecssnecsannssaesssncsssecssessssesssassssesssasssassssassssessanses 1
2 Literature ReVIEW .....iiceiiieecsninsnnnsnensseccsnensecsssessassssesssnssssessssssssesssasssss 6
2.1 Basic Concept of Guest@MOF System..........cccevveieriieniieniieniieieeeeenen. 6
2.2 SHUCKUTES. .euteeiieeiiteeite ettt ettt et e st et san e e esaeeeaeees 9
2.3 Synthetic ProtoCOIS.......cceeiieiiieiiieiieieeieeste et 11
2.3.1  POSt-SYNENESIS.....iecuiiiiieiieciiecie et 11
2.3.2  In-Situ SYNtheSiS . ccouiieeiiieeiie et 13

2.4 Types of Luminescent Guest for Confinement in MOF ........................ 16
2.5  Applications of Guest@MOF for Fluorescent Sensing ..............c.cc........ 17

3 AEregateS@MOIF ....uuuuuiiiiivueiiinisnnnicsssnnniessssssnesssssssssssssssssssssssssesssssssssssssans 20
3.1  Background and Motivations ...........ceceerieeiiienieeiiiesie e 20
3.2 Brief Summary of Paper [ .......ccooiiiiiiiiiniiiicccecee 23
3.3 Brief Summary of Paper IL.........coccooiiiiiiiniiiieccee, 31

4 AIE@MOF ...uuuuiieicnriineininnisiissecssisesssesssssssssssssssssssssssssssssssssssssssssssssssssaes 37
4.1  Background and Motivations ............ccecueeriieriieniienieerie e e eie e sieens 37

4.2 Brief Summary of Paper IIL.........cccccoiiiiiiiiiiieieeeeeeeee e 41



Contents

5  EXCIMErS@MOF ...uuuiiouiiiisniinsniinssnncsssnncssssnesssssssssssssssssssssssssssssssssssssssssssses 49
5.1  Background and Motivations ............ccceerireriienieenieenieeieeeee e eee e 49
5.2 Brief Summary of Paper IV ....cccoooiiiiiiieeeeeeeeeeee e 53

6 Conclusions and Future OutlooK ..........coueeevueeinueeinseecssnnecssneecssneecssnnecnne 59
6.1  AggregateS@MOF ........cccoiiiiiieeieee e 59
0.2 AIE@MOF ..o e 60
6.3 EXCIMEr@MOF ....c.oooiiiiiiiiiiiite e 61
6.4  Future OUtlOOK .......cocuviiiiiiieieeee e 62

Paper I: Dye-Encapsulated Zeolitic Imidazolate Framework (ZIF-71) for

Fluorochromic Sensing of Pressure, Temperature, and Volatile Solvents ............ 74

Paper II: Electrospun Rhodamine@MOF/Polymer Luminescent Fibers with a
Quantum Yield 0f OVEr 90%0 .....c.viiiuiiieieeceie e 87

Paper III: Nanoconfinement of Tetraphenylethylene in Zeolitic Metal-Organic

Framework for Turn-on Mechanofluorochromic Stress Sensing ........................ 101

Paper IV: Turn-On Fluorescence Chemical Sensing Through Transformation of

Self-Trapped Exciton States at Room Temperature .............ccoceeveveenieneeecnnnne 110



List of Figures

Figure 1.1. Schematic of the tuneable architectural features of MOF and the

benefits conferred by the guest@MOF composite system. ..........ccceeeeveerrerreenennne. 3

Figure 2.1. Representation of different emission pathways in a MOF, wherein
metal centres (blue octahedra) are linked by organic linkers (yellow rectangles) with
an encapsulated guest residing in the pore (denoted by red circle). Reproduced with

permission from ref [11]. Copyright 2009 Royal Society of Chemistry. ................ 8

Figure 2.2. Scheme of the ‘normal’ and ‘core-shell’ type guest@MOF structure. (a)
The ‘normal’ guest@MOF structure where the guest is smaller than the MOF pore.
Transmission electron microscopy (TEM) could not observe the guest due to its
small dimension. Reproduced with permission from ref [22]. Copyright 2016 Royal
Society of Chemistry (b) The ‘core-shell’ guest@MOF structure, and TEM could
be used to observe the relatively large guest aggregates. Reproduced with

permission from ref [23]. Copyright 2012 Nature Publishing Group.................... 10

Figure 2.3. Synthetic protocols of LG@MOF systems. (a) Post-synthesis and (b)
in-situ methods. The text boxes summarise the advantages and disadvantages of the

two methods. (HCR = high-concentration reaction)...........cccccueeevveeeeieesiieeeneneeens 12

Figure 2.4. Schematic illustrating the experimental procedures and the sequential
stages of HCR for synthesising guest@MOF systems. 1-4 self-assembly processes
will be completed instantly during the experiment. Reproduced from ref [26].

Copyright 2017 John Wiley and SONS. ........cccceeeiiiieiiiiieeiieeiee e 15

Figure 2.5. Major types of luminescent guest (LG) that have been encapsulated
inside the MOF host to yield the LG@MOF composite systems: (a) organic dyes,
figure inset adapted from ref [25]. Copyright 2020 American Chemical Society. (b)



List of Figures ii

metal ions, figure inset adapted with permission from ref [37]. Copyright 2019
Elsevier. (¢) metal complexes, figure inset adapted from ref [38]. Copyright 2017
Royal Society of Chemistry. (d) metal nanoclusters (NCs), figure inset adapted
from ref [39]. Copyright 2018 American Chemical Society. (¢) quantum dots (QDs),
figure inset adapted from ref [40]. Copyright 2014 American Chemical Society. and
(f) hybrid perovskites, figure inset adapted from ref [41]. Copyright 2019 American
Chemical SOCIELY. ..c..eviiiiiiiieiiiiceee et 16

Figure 2.6. An example showing the use of guest@MOF materials for temperature
sensing. Self-calibrating is to introduce additional referent emission peaks into the
system, thereby reducing the interference and improving the sensitivity.

Reproduced from ref [44]. Copyright 2020 American Chemical Society............. 18

Figure 2.7. An example showing the use of guest@MOF materials for VOC
sensing: (a) Emission spectra for Rn6G@MOF at different concentrations of TNP,
(b) the peak-height ratio of dye to ligand after addition of 200 ppm of various
analytes. Reproduced from ref [52]. Copyright 2017 American Chemical Society.

Figure 3.1. (a) Fluorescence emission spectra of a 1| mM ANT methanol solution
(A), ANT@ZIF-8 (B), UV-irradiated ANT@ZIF-8 (C), and thermally treated UV-
irradiated ANT@ZIF-8 (D). (b) In situ monitoring of the fluorescence emission
intensity (415 nm and 550 nm) upon continuous excitation at A=360 nm. (c)
Schematic representation of photopatterning on ANT@ZIF-8 based paper in a
combination of positive and negative ways (left) and optical images obtained by
photopatterning (right, bar: 2 cm). (d) Top: Images of photopatterned QR codes
under UV light and daylight. Bottom: Decoding of QR codes with a smartphone
(left) and erasing the codes after encoding (right). Scale bar: 1 cm. Reproduced
from ref [31]. Copyright 2019 John Wiley and Sons. ........cccceevveeciieniienciieniienies 22

Figure 3.2. Comparing the sample colour and luminescence behaviour observed (a)

under daylight and (b) in UV irradiation. Marked differences can be seen between



List of Figures 1ii

the samples of RhBu@ZIF-71 derived from in situ encapsulation synthesis (see
method in Paper I), in contrast to the [RhB + ZIF-71] sample made by simple
physical mixing or blending of the two constituents (in mortar and pestle by
maintaining the same guest concentration as RhBu@ZIF-71). The physically mixed
‘composite’ is not photoluminescent under UV irradiation due to the quenching of
RhB guests aggregating on the outer surfaces of the ZIF-71 crystals. Conversely, it
is clear that the RhB guest molecules confined in the ZIF-71 pores are well isolated

and thus highly luminescent under UV excitation. Scale bar: 12.5 mm................ 26

Figure 3.3. Normalised emission spectra of the dcIm linker in methanol solution
(0.5 M) and in the solid state, compared to that of the pristine ZIF-71 in solid state,
excited at 390 nm or 515 nm. While the LMCT emission peak disappeared after the
formation of RhB@ZIF-71 system (related to Fig. 3b in Paper I). ....................... 27

Figure 3.4. Normalised emission spectra of RhB in MeOH solution (ex@515 nm)
of different concentrations, and RhByiym@ZIF-71 powders in the solid state. ....28

Figure 3.5. Comparison of the emission of RhBi@ZIF-71 solutions and pure RhB
in different solvents (7.5 X 10 M, eX@525 NM). ....c.cvevevevererereeeeeeeeeeeeenns 29

Figure 3.6. SEM images of RhB@ZIF-71 prepared using different reaction times,

ranging from 10 mins t0 48 NOUTS. ......c.ceeeuiieiiiieeiiie et 30

Figure 3.7. SEM images of electrospun PVDF fibres incorporating RhB@ZIF-71

micron-sized crystals obtained from the conventional method (non-HCR). ......... 32

Figure 3.8. Characterisation of PVDF and RhB@ZIF-71/PVDF fibres at
temperatures close to the melting temperature (Tm) of PVDF. Tm of PVDF and
RhB@ZIF-71/PVDF fibres with different loading wt.%. Variation of the excitation
and emission spectra during heat treatment of RhB@ZIF-71/PVDF fibres at
temperatures close to the Tm of PVDF. The excitation spectra measured under
em@620 nm. The emission spectra measured under ex@500nm. All

measurements were carried out in normal atmospheric conditions. ...................... 34



List of Figures v

Figure 3.9. Emission property of RhnB@ZIF-71/PVDF fibres after repeated heating
measured under ex@500 nm. Emission spectra of RhB@ZIF-71/PVDF fibres (1
wt%, 8 uL/min) determined at room temperature (RT) after being subjected to
repeated heating tests to 200 °C (denoted by the cycle number, RhB/PVDF fibre is
shown for contrast). All measurements were carried out in normal atmospheric

COTMATEIONS. e e e e e e e e e e e e e e e e e e e e e e e e e aaaaeaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaan 35

Figure 3.10. Absorption spectra of RhB and RhB@ZIF-71 in an acetone solution.

Figure 3.11. Excitation and emission spectra of RhB/PVDF fibres and
RhB@ZIF-T1/PVDF fIDIES.....ccuteiiiiiiiiiiiniininenececteeesesese e 36

Figure 4.1. (a) Chemical structure of tetraphenylethene (TPE, a typical AIE
material) and photographs of a solution and a suspension of TPE in pure
tetrahydrofuran (THF) and a THF-water mixture containing 90% volume fraction
of water taken under the illumination of a UV lamp. (b) Molecular packing and
interactions of TPE molecules. Reproduced from ref [63]. Copyright 2012 Royal
SoCiety Of CREMISITY. tiovvieeiiieciiieeee ettt e e e ree e eanee s 38

Figure 4.2. (a) Turn-on fluorescence in a TPE rotor by aggregation (AIE) and by
coordination in a rigid MOF matrix. Portions of the X-ray crystal structures of the
MOF depicting (b) side and (c) top views of the two-dimensional sheets. Orange,
red, blue, and grey spheres represent Zn, O, N, and C atoms, respectively.

Reproduced from ref [61]. Copyright 2011 American Chemical Society............. 39

Figure 4.3. Synthesis and structure of the ligand. Reproduced from ref [64].
Copyright 2020 American Chemical SOCIELY. .......ccvevireriieriieiieeie e 40

Figure 4.4. (a) Temperature-responsive emission of NUS-13-TPE in DMF
solutions recorded between —10 and 80 °C. (b) Fluorescence emission spectra of
NUS-13-TPE in various alkyl alcohol solutions at room temperature. Reproduced

from ref [64]. Copyright 2020 American Chemical Society. .........cccceveerueriennene 41



List of Figures v

Figure 4.5. The configuration of the TPE dimer calculated from DFT simulation
and its maximum molecular size. The structure was obtained through geometrical
optimisation employing the B3ALYP-D3/6-311G* level of theory (B3LYP = Becke,
3 parameter, Lee Yang Parr)........cooceiiiiiiiiiiiiieeee e 42

Figure 4.6. TGA results of TPE, TPE@ZIF-71 and ZIF-71. The wt.% of TPE :
ZIF-71 = (97.181 —96.944) : 96.944 = 0.237 : 96.944.......ccvriririiiiiiieen. 43

Figure 4.7. (a) ATR-FTIR spectra of TPE, TPE@ZIF-71 and ZIF-71. The predicted
TPE spectrum was obtained from DFT calculations at the B3LYP/6-311G* level of
theory and implementing an empirical scaling factor of 0.97. (b) DFT simulation
results of TPE monomer and its vibrations at 1073.98 cm™, 1233.80 cm™, 1436.83
cm!, and 1485.72 cm™'. The infrared vibrational frequencies are obtained at the
B3LYP/6-311G* level of theory and implementing an empirical scaling factor of
0.97. The disappearance of the TPE peaks in (a) is mainly due to the low

concentration of the TPE mMOIeCULES. ....oeieeiieeeeeee e 44

Figure 4.8. Comparison of TPE@ZIF-71 and pure TPE mechanofluorochromism.
The result of pure TPE molecules is reproduced from ref [68]. Copyright 2014

American Chemical SOCIELY. .......cccuieriieriieiiieiieeieeeie ettt e e 45

Figure 4.9. TPE/ZIF-71 pellet prepared using a physically mixed powder of TPE
and ZIF-71, and TPE@ZIF-71 pellet prepared under a nominal pressure of 346.6
MPa, their colours observed in ambient light, and their fluorescence observed under

A 365-NM UV LAMP. 1ooiiiiiiiiiiiciieicceeee ettt ettt beessaeesaeenaeens 46

Figure 4.10. Upper row: XRD patterns of TPE@MIL-68(In) and TPE@U10-67;
Lower row: TPE@MIL-68(In), TPE@Ui0-67, and TPE@ZIF-71 pellets prepared
under a nominal pressure of 346.6 MPa, their colours viewed in ambient light (left),
and their fluorescence under a 365 nm UV lamp (right). UiO-67 consists of
Zrs(OH)404'%" clusters connected by 4,4'-biphenyl dicarboxylate linkers forming a
framework with fcc structure. MIL-68(In) is introduced in detail in Section 5.2. The



List of Figures vi

reasons why UiO-67 and MIL-68(In) were chosen are described in Paper III (UiO
= University of Oslo, MIL = Materials of Institute Lavoisier)..........ccccocveernernnne 47

Figure 4.11. Turn-on type mechanofluorochromic behaviour of TPE@ZIF-71/PU
fibres and TPE@ZIF-71/PVDF membranes. Note: the samples here are to
demonstrate its sensing properties and engineering application potential. Scale bar:

L2 IMMI00. e et e e e et e et ——————aa———————— 48

Figure 5.1. a) Normalized UV-vis (a) absorption and (b) fluorescence spectra of
Zr-NDC in (1) ACN (black line), (2) THF (red line), (3) DE (dark yellow line), (4)
DO (blue line) and (5) DIC (green line) suspensions. For emission, the excitation
wavelength was 335 nm. (ACN = acetonitrile, DE = diethyl ether, DO = dioxane,
DIC = dichloromethane) (c¢) Change of the wavelength of the emission intensity
maximum of Zr-NDC with the solvent polarity function [f (¢, ), where ¢ and n are
the dielectric constant and the refractive index, respectively]. Reproduced from ref

[75]. Copyright 2016 Royal Society of Chemistry. .........ccceeeveeeciieeciieeiieeeieeene 50

Figure 5.2. (a—1) The crystal structure of the entangled MOF. Site A is defined as
the slit-type pore between dpNDI and bdc as shown in (b) and highlighted in (c).
Site B illustrated in (a) presents the remaining pore. There are two entangled
frameworks as shown, one highlighted in green and the other in purple. The guest
DMF and toluene molecules are shown in blue. The van der Waals surface is
highlighted in yellow. The exciplex forms between the guest and the NDI moiety
embedded in the framework scaffolds (dpNDI =
N,N'-di(4-pyridyl)-1,4,5,8-naphthalenediimide, bdc = benzenedicarboxylate).
Reproduced from ref [76]. Copyright 2011 Nature Publishing Group.................. 51

Figure 5.3. (a) The resulting luminescence of crystal powders of the entangled
MOF, suspended in each VOC liquid after excitation at 365 nm under a UV lamp.
(b) Height-normalised luminescent spectra of VOCs@MOF after excitation at 370
nm. Reproduced from ref [76]. Copyright 2011 Nature Publishing Group........... 52



List of Figures vii

Figure 5.4. Load-depth curves resulting from nanoindentation tests of MIL-68(In)
and perylene@MIL-68(In) with a Berkovich indenter. Young’s modulus and
hardness measurements obtained using the continuous stiffness measurement (CSM)
method. Mean values and standard deviations from this work were calculated from

an indentation depth range of 200 — 1000 NM. .......ceeeviieriiiriiieriieeieeeeeie e 54

Figure 5.5. Steady-state absorption, fluorescence, and excitation spectra of
perylene excimers. Reproduced from ref [78]. Copyright 2014 American Chemical
SOCIELY . 1ttt ettt ettt et ettt ettt ettt e et e et e enb e e naeebeenabeenseennne 55

Figure 5.6. a) Emission spectra of perylenes@SWCNTs at different excitation
wavelengths. b) The disordered dimeric structure corresponding to perylene
molecules encapsulated within SWCNTs. The insets show the configurations of the
perylene molecules. Reproduced from ref [79]. Copyright 2016 Royal Society of
(0] 1153101 T] 1 72U 56

Figure 5.7. Temperature-dependent fluorescence spectra of perylene excimers.
Regions marked E and Y denote the two different excimers of perylene observed

as a function of temperature. Reproduced from ref [80]. Copyright 1985 Elsevier.

Figure 5.8. Deconvolution of the emission spectrum of perylene@MIL-68(In) in

xylene by using the Gaussian method implemented in OriginPro [81]................. 58



List of Tables

Table 3.1. The quantum yield of other RhB-based fluorescent materials reported in

the literature compared with the results of the current study described in Paper II.

viii



ACN
ACQ
AIE

ANT

ATR-FTIR

bdc
BTX
B3LYP
CSM

dclm

DCM

DE
DFT
DIC
DMA
DMF
DO

dpNDI

List of Abbreviations

Acetonitrile

Aggregation-caused quenching
Aggregation-induced emission
Anthracene

Fourier transform infrared spectroscopy with
attenuated total reflection
Benzenedicarboxylate

Benzene, toluene, and xylene

Becke, 3 parameter, Lee Yang Parr
Continuous stiffness measurement
4,5-Dichloroimidazole
4-(Dicyanomethylene)-2-methyl-6-(4-
dimethylaminostyryl)-4H pyran
Diethyl ether

Density functional theory
Dichloromethane
N,N-Dimethylacetamide
N,N-Dimethylformamide

Dioxane

N,N'-Di(4-pyridyl)-1,4,5,8-naphthalenediimide

X



List of Abbreviations

Gags
HCR
LG
LMCT
MIL
mlIm
MOF
NanoFTIR
NC
NDC
NMR
NP
PEG
PMMA
PTA
PU
PVAc
PVDF
PXRD
QD
QY
Rh6G

Gallium(III) tris(8-hydroxyquinolinato)
High-concentration reaction
Luminescent guest

Ligand metal charge transfer
Materials of Institute Lavoisier
2-methylimidazolate
Metal-organic framework
Nanoscale Fourier transform infrared spectroscopy
Metal nanocluster
Naphthalene dicarboxylic acid
Nuclear magnetic resonance
Nanoparticle

Polyethylene glycol
Polymethyl methacrylate
p-Phthalic acid

Polyurethane

Polyvinyl acetate
Polyvinylidene difluoride
Powder X-ray diffraction
Quantum dot

Quantum yield

Rhodamine 6G

Rhodamine B



List of Abbreviations

RT
SEM
SWCNT
TCPE
TEA
TEM
TGA
THF
TNP
TPE
tpt

Uio0

UV-Vis
VOC
ZIF

ZnQ

X1

Room temperature

Scanning electron microscopy
Single-walled carbon nanotube
Tetrakis(4-carboxyphenyl)ethylene
Triethylamine

Transmission electron microscopy
Thermogravimetric analysis
Tetrahydrofuran
2,4,6-Trinitrophenol
Tetraphenylethene
2,4,6-Tri(4-pyridinyl)-1,3,5-triazine
University of Oslo

Ultraviolet

Ultraviolet-visible

Volatile organic compound
Zeolitic imidazolate framework

Zinc bis-(8-hydroxyquinoline)



°C

cm

nm

Tm

pL

um

Degrees Celsius
Angstroms
Centimetres
Kelvin

Mass

Molecular weight
Meters
Millimetres
Number of moles
Nanometres
Melting Temperature
Wavelength
Microliters

Micrometres

Xii

List of Symbols



Introduction

The core of sensor-related research is to accurately detect and quantify
different chemical substances or physical quantities, which is key to many
application fields, such as environmental detection, clinical diagnosis, engineering
monitoring, etc. [1, 2] Within sensor-related research, fluorescence sensing has
attracted increasing attention in recent decades. This type of sensing uses the change
in fluorescence signals (i.e., peak intensity increase/decrease; peak wavelength shift)
to detect and track the presence of a specific analyte or target condition. Compared
to other sensing types, such as electronic and other optical sensors (i.e. using
dielectric constants [3, 4], diffraction [5], scattering [6], refractive index [7], etc. as
sensing signals), fluorescence sensing is considered to have high sensitivity, high
selectivity, broad adaptability, and technical simplicity [8]. It does not require
complex instrumentations and can be manufactured into portable sensing devices

[8, 9], therefore, offering many promising application prospects.

Among the various materials proposed for making fluorescent sensors, such
as inorganic luminescent materials [10] and organic derivatives [8], metal-organic
frameworks (MOFs) have been demonstrated as one of the most propitious
candidates [11, 12]. MOFs are extended crystalline materials consisting of metal

ions/clusters as nodes coordinated by multitopic organic ligands (linkers), giving
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rise to a long-range ordered, nanoporous, and highly tuneable structure (Figure 1.1).
Theoretically, the fluorescent properties of MOFs are diverse, and by tailoring their
molecular building blocks (i.e. metal centres and/or organic linkers), a variety of
fluorescence sensing performances can be readily prepared. Moreover, due to the
filter and preconcentration effect, the controllable porous MOF structure may help
to optimise the sensing selectivity and sensitivity (Figure 1.1). Thus, it is known

that MOFs are a good platform for making fluorescence sensing materials.

The fluorescence sensing properties of MOF can be further enhanced by
encapsulating luminescent guests to form the ‘guest@MOF’ system. As shown in
Figure 1.1, the resulting composite system can leverage the porous architecture of
the MOF host and may further enhance the functions of the confined guests within
the nanopores. On the one hand, it can exploit the porosity of MOF to apply a caging
effect (i.e. restricting the vibration of the guests within a confined environment),
reduce the non-radiative decay of the guest, help to overcome the aggregation-
caused quenching (ACQ) phenomenon, thereby broadening the application of
conventional luminescent materials with improved fluorescent properties. On the
other hand, in the guest@MOF system, specific host-guest interactions can be
introduced by simply changing the building blocks of MOF host to generate
fluorescence sensing behaviour. More importantly, the structural parameters of
MOFs (e.g., framework topology, pore size, pore chemical affinity, etc.) can be
rationally designed and controlled, which allow a wide variety of guests to be

encapsulated at the nanoscale. Based on these advantages, it is feasible to design
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more high-performance smart fluorescence sensors by harnessing the concept of

guest@MOF nanoconfined materials.

‘ ‘ ’ ‘ . . Metal Tons/Clusters

s e s Organic Linkers

MOFs -
metal ions/clusters and organic linkers can be simply changed to make different MOFs

RN

Introduces more interactions
L

I\

Makes guests emit

in solid-state ./

Most fluorescent materials
have no emission in solid-state
due to ACQ effect

/
Increases selectivity and sensitivity

Figure 1.1. Schematic of the tuneable architectural features of MOF and the benefits
conferred by the guest@MOF composite system.

However, the research on guest@MOF systems is still in its infancy [12]. For
example, the sensing mechanisms reported so far are lacklustre, and there is a lack

of comprehensive study of the fluorescence sensing mechanism based on the
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photophysics. These shortcomings result in that the existing guest@MOF systems

generally do not have real engineering applications.

This DPhil thesis aims to address the aforementioned challenges by designing
more robust fluorescence sensing guest@MOF systems, and comprehensively
analysing the underpinning mechanisms from the perspective of photophysics. This

paper-based integrated thesis consists of three main parts:

e Part I: Introduction and brief literature review

e Part II: Summary of novel fluorescent guest@MOF systems
developed by the author and a photophysical study of their sensing
mechanisms

e Part III: Published papers

Structure, property, application, and their relationships are the main focus of
MOF-related research. Therefore, after briefly describing the aims and objectives
(Chapter 1), Part I gives a short literature review on the concept, structures,
synthesis methods, guest types, and applications of the representative guest@MOF

systems reported to date (Chapter 2).

Distinct from the previous research mentioned in the literature, the author
designed some new guest@MOF systems with promising sensing performance by
changing the type or functions of luminescent guests confined within the MOF host.
Most of them were further made into guest@MOF/polymer composites with
practical engineering application potential. Part II explains these design ideas and

the resultant sensing behaviour in response to physical and chemical stimuli, and
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demonstrates the underlying mechanisms through rigorous photophysical
characterisation, especially emission/excitation spectra, fluorescence lifetime, and
quantum yield data (Chapters 3, 4, and 5). Chapter 6 gives an overall summary of
the author’s doctoral research and personal opinions on future developments in the

field of guest@MOF fluorescence sensing.

Part III is the collection of peer-reviewed papers published or submitted, in

which the different material systems described in Part II are reported in full.



Literature Review

2.1 Basic Concept of Guest@MOF System

Metal-organic frameworks (MOFs), also known as coordination polymers,
are an interesting class of nanoporous crystalline materials that can be regarded as
a generalised inorganic-organic hybrid material, comprising organic ‘bridging’

ligands connected by coordination bonds to metal ions or clusters (Figure 1.1).

Compared with traditional porous materials, such as hypercrosslinked
polymers, zeolites, and porous carbons, the unique structural features of MOFs
allow them to combine the benefits of traditional materials with their own unique

advantages:

1. MOF is highly crystalline, which is helpful for the determination of its
precise spatial structure using single crystal and polycrystalline diffraction
methods [13]. This can provide important information about structural
changes for the specific analysis of MOF to enable rational design and
crystal engineering of materials for practical applications.

ii.  Due to the relatively long bridging organic ligands, MOFs can exhibit an
exceedingly high porosity and specific surface area. For example, the
porosity of MOF-399 can reach 94%, and its specific surface area is as high

as 7140 m%/g [14].
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The framework structure of MOFs has a certain degree of mechanical
flexibility because MOFs have coordination bonds in the structure [15].
This flexibility may result in intriguing chemical/physical functions and
anomalous  mechanical properties, such as the multi-step
adsorption/desorption process, negative Poisson’s ratio and negative
thermal expansion [16]. Traditional inorganic molecular sieve materials
such as zeolites do not have this feature.

The structure of MOFs is very diverse and tuneable. Both of the metal
centres and organic ligands in the MOF can be readily altered according to
different requirements, allowing tuning of its physical/chemical properties.
Furthermore, the organic ligands can carry a variety of reactive functional

groups [17], which can also enhance the designability (Figure 1.1).

These advantages have led to intense research on the fluorescent properties

and sensing characteristics of MOFs [11, 18-20]. In particular, the highly adjustable

and porous MOF structure allows it to easily have one or more fluorescence sources,

providing a broad designable platform for fluorescence based sensing and

optoelectronic applications. As shown in Figure 2.1, metal centres, organic linkers,

charge transfer, and guests can all act as fluorescent sources, which can be further

designed and modified to enable fluorescence sensing. Meanwhile, the high specific

surface area and the predictable pore geometry and chemical affinity (i.e. altering

its polarizability, hydrophilicity/phobicity and pore size) provide a structural basis

for achieving high sensitivity and high selectivity that are central to fluorescence

sensing. It is worth noting that the stability of many MOFs has been criticised and
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that some MOFs are expensive and difficult to synthesise, which requires additional

attention in applications.

Metal-based emission 2 Charge transfer

>

Linker-based emission ;

Figure 2.1. Representation of different emission pathways in a MOF, wherein metal
centres (blue octahedra) are linked by organic linkers (yellow rectangles) with an
encapsulated guest residing in the pore (denoted by red circle). Reproduced with
permission from ref [11]. Copyright 2009 Royal Society of Chemistry.

Compared with other forms of MOF fluorescence, the idea of combining a
luminescent ‘guest’ and a MOF ‘host’ as a composite system (guest@MOF) to yield
tuneable fluorescence and to design sensors has become increasingly attractive over

the last five years. The reasons are as follows:

1. Although adding the guest can cause a reduction in porosity and possibly in
crystallinity, the guest@MOF system basically retains the above-mentioned
advantages brought by the MOF structure [18].

ii.  The porosity of MOF can disperse/separate the nanoconfined guest

molecules, helping to overcome the ACQ effect, thus, enabling them to emit
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light in the solid-state form [21], which will greatly widen their applications
in fluorescence sensing. In addition, the large number of commercially
available fluorophores also offers plenty of promising candidates to prepare
different combinations of guest@MOF systems.

Interaction between the guest and MOF may occur and result in many novel
emergent properties. Some guests themselves contain weak forces, such as
n-1 stacking. When this kind of guest is introduced into a MOF, these weak
forces may interact with the strong forces attributed to the MOF host (i.e.
the strong coordination bonds between the linker and metal ions) [18] and
produce more sensing behaviour.

It is typically straightforward to synthesise the guest@MOF system.
Specific methods are described in Section 2.3. In short, the synthesis of the
guest@MOF system generally is relatively fast (compared with modifying
linker routes) and does not require complex experimental steps/instruments,

which is promising for future scaling up and commercialisation.

2.2 Structures

It is commonly considered that when the guest is embedded/encapsulated

within the MOF crystals, the guest and MOF form a ‘guest@MOF’ system.

Depending on the relative dimension of the guest and the size of a single MOF pore,

the structure can be further divided into the ‘normal’ and ‘core-shell’ types (Figure

2.2). In the former, the guest size is smaller than the pores (Figure 2.2a), while in

the latter, the guest is larger than the pores (Figure 2.2b).
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‘Normal” Guest@MOF structure

(ﬁ} --Shell
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‘Core-shell” Guest@MOF structure

Figure 2.2. Scheme of the ‘normal’ and ‘core-shell’ type guest@MOF structure. (a) The
‘normal’ guest@MOF structure where the guest is smaller than the MOF pore.
Transmission electron microscopy (TEM) could not observe the guest due to its small
dimension. Reproduced with permission from ref [22]. Copyright 2016 Royal Society of
Chemistry (b) The ‘core-shell’ guest@MOF structure, and TEM could be used to observe
the relatively large guest aggregates. Reproduced with permission from ref [23]. Copyright
2012 Nature Publishing Group.

The structure of guest@MOF systems has an important effect on their
fluorescent properties. For example, if the guest adheres to the surface of MOF
crystals instead of being encapsulated or embedded, the MOF cannot effectively
apply the caging effect, leading to relatively poor fluorescence and absence of any
sensing behaviour [24, 25]. ZnQ@OX-1 [ZnQ = Zinc bis-(8-hydroxyquinoline),
OX-1 = (TEA):[Znsbdcs]-solvent, TEA = tricthylamine, bdc =
benzenedicarboxylate, solvent = N,N-dimethylformamide (DMF) or
N,N-dimethylacetamide (DMA)] developed by Chaudhari et al. [26] can show the
fluorescence sensing of acetone vapour, but the system will only display green or

blue emission without any sensing properties if the ZnQ guest is located outside the
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OX-1 crystals. It is worth noting that the influence of ‘normal’ and ‘core-shell’
structure on the sensing properties has been poorly studied and this aspect needs

further discussion and more systematic research.

2.3 Synthetic Protocols

Synthesis is known to play a significantly important role in controlling the
structure and properties of framework materials. At present, the synthetic protocols
of guest@MOF systems can be roughly divided into two categories: One is called
the post-synthesis method (Figure 2.3a), and the other is the in-situ synthesis
method (Figure 2.3b). The following will analyse the basic concepts, applicability,
advantages, and disadvantages of these two methods and give some representative

examples to understand better their basic features and applications.

2.3.1 Post-synthesis

Simply put, the post-synthesis method is to set the MOF crystals into an
environment filled with guest monomers or precursors and let the guest slowly enter
the pores/channels of the MOF host. This method can give full consideration to the
stability of the guests for avoiding the guest being destroyed or degraded during the
MOF synthesis process [27]. Nevertheless, the size of the guest needs to be smaller
than the size of the MOF window aperture to make sure the guest can theoretically

enter the MOF pore/channel. Also, it is evident that this kind of absorption process
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may lead to a non-uniform distribution of the guest in the MOF, resulting in a lower

concentration of inward guests within the bulk crystal [28].

C::'gs:ric & Vetal ' Luminescent guests (LG)

or Guest precursors

PATHWAY A: Post-synthetic confinement
+ Preserves chemical integrity of LG

+ Gas phase infiltration feasible

- Confine small guests < pore window aperture
- Long processing time (~days)

- Less uniform guest distribution in MOF host

Guest insertion after
MOF (host) post-assembly

PATHWAY B: In situ confinement

+ One-pot reaction under milder conditions

+ Bulky guests > MOF window can be confined

+ Rapid sol-gel synthesis (HCR ~minutes)

- Chemical integrity of LG may be compromised

- Removal of excess linkers & entrapped TEA
from HCR

Guest confinement during LG@MOF
framework self-assembly “composite”

Figure 2.3. Synthetic protocols of LG@MOF systems. (a) Post-synthesis and (b) in-situ
methods. The text boxes summarise the advantages and disadvantages of the two methods.
(HCR = high-concentration reaction).

Currently, the commonly used post-synthesis methods are liquid
impregnation and gas-phase infiltration. The former involves immersing the MOF
crystals into a high-concentration guest solution, in which the ion exchange and/or
diffusion effect helps MOF absorb the guest to form the guest@MOF system. For
example, Yan et al. [29] prepared a luminescent guest@MOF system by directly
adding MOF crystals [[IRMOF-8, ZnsO(02C-2,6-napthalene-CO2)3] to a DCM-
DMEF solution [DCM = 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl

)-4H-pyran] under ultrasonication for 1 hour. The formed DCM@IRMOF-8
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showed a blue/red two-colour emission which was sensitive to volatile organic

solvents.

Gas-phase infiltration, the other commonly used post-synthesis method, uses
a high-temperature and low-pressure environment to vaporise the guest and then
allows the MOF crystals to capture it. The principle is similar to liquid impregnation,
but the required equipment and experimental conditions are more complicated [30].
The significant advantage of gas-phase infiltration is that no solvent is needed,
which helps to increase the guest loading and prevents the MOF from absorbing
excess solvent, thereby affecting the fluorescence. Tu et al. [31] applied this method
to synthesise the ANT@ZIF-8 composite with yellow-to-purple photo-switchable
emission [ANT = anthracene, ZIF-8 = Zn(mIm)2, mIm = 2-methylimidazolate].
Solution 'H nuclear magnetic resonance (NMR) spectroscopy and
thermogravimetric analysis (TGA) results suggest an average of 3.6 ANT
molecules per ZIF-8 MOF pore, which proves that gas-phase infiltration may

achieve a high guest loading due to the removal of solvent effects [31].

2.3.2 In-Situ Synthesis

Unlike the post-synthesis method, the in-situ synthesis method involves the
addition of the guest to the reactants prior to the formation of MOF crystals. In other
words, this method can be thought of as mixing the guest molecules directly with
the basic building blocks of MOFs (the metal ions/clusters and organic linkers). In

this case, many guests with dimensions larger than the MOF window can be
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encapsulated into the MOF pores. Some guests whose size is relatively larger than
the MOF pores can also be embedded using this method to form a core-shell
guest@MOF system (Figure 2.2). Overall, in-situ synthesis is relatively more
straightforward and can yield a better guest distribution confined in the bulk crystal,
but more attention should be paid to the stability of guests during the synthesis

process.

The most commonly used in-situ synthesis is via one-pot reactions, in which
the guests, metals, and organic linkers are directly combined in solution within the
same vessel, and then molecular self-assembly occurs to complete the reaction.
Ambient reaction conditions are usually sufficient for many one-pot reactions to
happen. For instance, Asadi et al. [32] used one-pot synthesis under room
temperature to prepare a core-shell structure of a guest@MOF system: PEG-ZnS
QD@ZIF-67 [PEG-ZnS QD = polyethylene glycol-capped ZnS quantum dots,

ZIF-67 = Co(mlm)2]. However, certain one-pot reactions require high temperatures.

For example, a series of luminescent guests@NKU-111 composites [NKU-111
Cds(tpt)2(PTA)3(H20)3-:2H20, tpt = 2.4,6-tri(4-pyridinyl)-1,3,5-triazine, PTA =
p-phthalic acid] prepared by Zhang et al. [33] was synthesised at 100 °C via one-

pot reaction.

Another in-situ synthesis method is the recently developed HCR approach.
The experimental procedures are illustrated in Figure 2.4. Due to the small amount
of solvent used and the addition of deprotonating agents (e.g. TEA), the HCR speed
is rapid (~minutes or less), where the guest@MOF structures form immediately

upon solution combination, resulting in crystals with a much smaller size (usually
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~10—100 nm). For example, the Fluorescein@ZIF-8 [24] and Gaqs@ZIF-8 [Gaqs
= gallium(III) tris(8-hydroxyquinolinato)] [34] systems prepared by HCR show a
crystal size of 50 — 100 nm and the reaction is completed instantly. In comparison,
the normal one-pot reaction of ZIF-8 synthesis typically takes 24 hours, and results
in crystal sizes of about 1 — 5 pum [35]. Not coincidentally, the RhB@ZIF-71 system
[ZIF-71 = Zn(dcIm)2, dcIm = 4,5-dichloroimidazole, RhB = rhodamine B] obtained
via HCR is also generated instantaneously with a crystal size of 50 — 150 nm,
whereas the one-pot RhB@ZIF-71 requires 24 hours and has a size of about 800 nm

[25, 36].

A: Metal Solution B: Linker Solution C: Guest Solution Mixed solution
(+deprotonation agent) (Order: C->B->A)

! T

i \! .. \ =
MOF self-assembly ) Removal of fibres, to yield
¥ with guest confinement crystalline LG@MOF

Figure 2.4. Schematic illustrating the experimental procedures and the sequential stages of
HCR for synthesising guest@MOF systems. 1-4 self-assembly processes will be completed
instantly during the experiment. Reproduced from ref [26]. Copyright 2017 John Wiley and
Sons.
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2.4 Types of Luminescent Guest for Confinement in MOF

Due to the tunability and orderliness of the MOF structure, the types of guest
that can be used in the guest@MOF systems are also diverse, including but not
limited to organic dyes, metal ions/complexes/nanoclusters, quantum dots, and
inorganic-organic perovskites (Figure 2.5). As mentioned in Section 2.1, for almost
all types of guest, MOF can help them overcome their drawbacks of being
unsuitable for fluorescence sensing and may even bestow the guest@MOF system

with new sensing properties not present in the guest or host considered in isolation.

“ﬂ"f-;a
R
iy
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Figure 2.5. Major types of luminescent guest (LG) that have been encapsulated inside the
MOF host to yield the LG@MOF composite systems: (a) organic dyes, figure inset adapted
from ref [25]. Copyright 2020 American Chemical Society. (b) metal ions, figure inset
adapted with permission from ref [37]. Copyright 2019 Elsevier. (c) metal complexes,
figure inset adapted from ref [38]. Copyright 2017 Royal Society of Chemistry. (d) metal
nanoclusters (NCs), figure inset adapted from ref [39]. Copyright 2018 American Chemical
Society. (e) quantum dots (QDs), figure inset adapted from ref [40]. Copyright 2014
American Chemical Society. and (f) hybrid perovskites, figure inset adapted from ref [41].
Copyright 2019 American Chemical Society.



2. Literature Review 17

For example, the multi-characteristic emission of lanthanide (Ln) ions makes
them suitable for use as fluorescence sensors. However, the luminescent
mechanism of Ln ions relies on the theoretically forbidden f-f transitions, resulting
in low quantum yields (QYs) (usually 2~13%) [12]. Macroscopically, this will
cause the fluorescence signal of Ln ions to be very weak, which cannot meet the
requirements for effective sensing. Within the Ln@MOF systems, an energy
transfer process known as the antenna effect (i.e. the excitation occurs at a ligand
and then transfers energy to the Ln ion) can be established to enhance QY and
improve its sensing performance. On this basis, Ji et al. [37] developed a
Tb@Zn-MOF (Tb = Terbium) composite which shows an energy transfer between
the linker and the Tb ions. When exposed to aspartic acid, the energy transfer would

be enhanced, giving a stronger fluorescence signal.

2.5 Applications of Guest@MOF for Fluorescent Sensing

With their unique structure and performance characteristics, luminescent
guest@MOF systems can be used in many sensing fields. One of the sensing areas
is to detect physical parameters, such as temperature [42] and stress [43]. Compared
to traditional physical sensing devices, guest@MOF sensors enable fast, easy and
precise measurement at sub-micron levels, and allow to measure single point,
multiple points, or whole objects. For example, Liu et al. [44] designed a new
CsPbBr3@Ln-MOF powder, which showed turn-on plus self-calibrating features
(Figure 2.6), giving rise to potential applications in non-invasive thermometry. Due

to the powder form, it can theoretically be made into any shape to measure the
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temperature of any irregularly shaped or microscopic objects. In contrast,
conventional mercury thermometers have a slow response time and must contact
the object, while other non-contact temperature measurement techniques, such as
infrared thermal imaging, have low resolution and are greatly affected by the
environment. The temperature sensor made from the guest@MOF not only
overcomes the above disadvantages but can also measure the temperature inside the

living body cells or the surface temperature distribution [45].

Wavelength (nm)

Figure 2.6. An example showing the use of guest@MOF materials for temperature sensing.
Self-calibrating is to introduce additional referent emission peaks into the system, thereby
reducing the interference and improving the sensitivity. Reproduced from ref [44].
Copyright 2020 American Chemical Society.

Another area of fluorescent sensing MOFs is to detect various chemical
information like volatile organic compounds (VOCs) [25, 46], toxic chemicals [47],
gases [26], cations [32, 48], anions [49], and pH [26, 50]. Due to its porous structure,

the guest@MOF material can absorb analytes/chemicals into the nanoscale pores
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[51], which will dramatically increase the sensitivity. Furthermore, because of its
tuneable pore size and properties, specific guest@MOF sensors can be expediently
designed for different analytes and to tailor to different environments. For example,
Chen et al. [52] developed a Rh6G@MOF system (Rh6G = Rhodamine 6G) which
has two emission peaks from the tpt ligand (363 nm) and Rh6G guest (580 nm),
respectively. When exposed to 2,4,6-trinitrophenol (TNP, a toxic pollutant and
highly explosive molecule), the luminescence from the ligand would be
significantly quenched, whereas the Rh6G was only slightly affected. By observing
the different changing ratios, the TNP molecules were detected effectively (Figure
2.7a). In addition, the authors also found that the Rh6G@MOF could selectively
detect TNP among many non- and most nitroaromatic compounds (Figure 2.7b) due

to the specific interaction between the acidic TNP molecule and MOF.
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Figure 2.7. An example showing the use of guest@MOF materials for VOC sensing: (a)
Emission spectra for Rin6G@MOF at different concentrations of TNP, (b) the peak-height
ratio of dye to ligand after addition of 200 ppm of various analytes. Reproduced from ref
[52]. Copyright 2017 American Chemical Society.
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3.1 Background and Motivations

Through the previous chapters, it is understood that guest@MOF facilitates
the design and preparation of fluorescence sensors. However, most current studies
have only focussed on the interaction between the guest and MOF (e.g., only using
the energy transfer between the guest and MOF to generate sensing behaviour) [11,
12, 20, 51]. The interactions between the guests themselves within the guest@MOF
systems are still poorly understood. Furthermore, most papers avoid discussing the
concentration/configuration of guests within MOF pores or structures. These
shortcomings limit the further development of the guest@MOF systems for

practical use.

For example, Tu et al. developed an ANT@ZIF-8 system with an excellent
photochromic effect [31]. After 30 minutes of UV irradiation (360 nm, UV =
ultraviolet), the peak emission wavelength of the ANT@ZIF-8 material changed
from 550 nm to approximately 415 nm (Figure 3.1). In this study, the authors used
solution "H NMR and TGA techniques to investigate the quantity of the ANTS in
the ZIF-8 pores, which is innovative in the guest@MOF research field. Knowing
the number of ANT molecules caged in a single ZIF-8 pore, the authors proposed

an in-depth mechanism whereby 2 of the 4 ANT molecules would photodimerize

20
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after UV irradiation producing the unique photochromic response. It is evident from
this research that studying the number/configuration of the guests is of great
significance for designing more advanced sensing materials. However, for the
ANT@ZIF-8 system, the emission from the ANT molecules is in excimer form
when not irradiated by UV, which means the ANT is not in an aggregate state, and
there is no strong interaction between the ANT molecules. Thus, the guest

interaction within guest@MOF systems deserves a deeper investigation.

In addition, the practical engineering application of guest@MOF systems
may also be affected by their inferior stability [36]. Many guest@MOF systems are
unstable and will lose their fluorescence outside the laboratory. For example,
oxygen atoms in moisture may damage the coordination bonds of MOFs and UV
illumination in the environment can also gradually deteriorate the fluorescence of
the guests. Nevertheless, the research on improving long-term stability has not

attracted enough attention.

In order to study the influence of the interaction between the guests
themselves on the resultant fluorescence properties, in Paper I the author
demonstrated the concept of guest aggregates encapsulated in the MOF pores.
Theoretically, through first simulations, it is feasible to introduce guest aggregates
into MOF and manage the number of guests within one MOF pore by selecting the
appropriate guest size. Photophysical characterisation was employed to
comprehensively probe the mechanism by identifying the guests’ configuration,

microstructure, and interaction. To improve the overall material stability, the author
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showed that guest@MOF could be combined with robust commercial polymers to

meet the requirements of engineering applications.

a) b) 2x10°
- 4x10°4
_ & Em = 415nm =
g /\\]120 °C,2d = \ ‘_l §
‘; c 8 ] Z
= ) — ) F1X10°<
g uv (30 min) = 2x10r,_ -g
E B S / Em = 550 nm s
—_ E 3
J.\/\; , — o4 ' y Ao
400 500 600 700 0 10 20 30
Wavelength (nm) Time (min)
c) UV light

Erasing
e

Figure 3.1. (a) Fluorescence emission spectra of a 1 mM ANT methanol solution (A),
ANT@ZIF-8 (B), UV-irradiated ANT@ZIF-8 (C), and thermally treated UV-irradiated
ANT@ZIF-8 (D). (b) In situ monitoring of the fluorescence emission intensity (415 nm
and 550 nm) upon continuous excitation at A=360 nm. (c) Schematic representation of
photopatterning on ANT@ZIF-8 based paper in a combination of positive and negative
ways (left) and optical images obtained by photopatterning (right, bar: 2 cm). (d) Top:
Images of photopatterned QR codes under UV light and daylight. Bottom: Decoding of QR
codes with a smartphone (left) and erasing the codes after encoding (right). Scale bar: 1 cm.
Reproduced from ref [31]. Copyright 2019 John Wiley and Sons.
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3.2 Brief Summary of Paper I

Paper I reported the novel RhB@ZIF-71 system as the object to discuss the
effect of guest interaction on fluorescence properties. To avoid introducing too
many complicated interactions at the same time, it is considered that encapsulating
a bimolecular aggregate into a MOF pore is beneficial to simplify but still allow an
in-depth study of the fluorescence sensing mechanism. Furthermore, to ensure the
system can be fabricated, the MOF needs to have pores large enough to
accommodate the guest dimer but not to interact with the guest dimer strongly, as
the strong interaction is likely to prevent the intermolecular interaction within the
aggregates to yield a sensing response. In addition, the produced aggregates@MOF
system should preferably be easy to synthesise and scalable so that it has real

application potential.

Based on the above requirements, the author chose RhB and ZIF-71 as the
guest and the host, respectively. One of the reasons is related to the molecular
dimensions. The molecular size of RhB is 16.19 x 12.83 x 6.97 A (including the
van der Waals surface, calculated using Discovery Studio), and the
minimum/maximum distance inside the ZIF-71 pore is 16.58/22.59 A (the
minimum distance refers to the diameter of the largest sphere that will fit into the
pore without contacting the framework atoms; the maximum distance is the largest
distance of two atoms within the pore through the pore central area). In that situation,
an RhB dimer is possible to reside in one ZIF-71 pore due to its t-conjugated planar
structure. TGA characterisation supported this hypothesis, the analysis of which is

shown below.
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To calculate the number of RhB inside the ZIF-71 pores, the mass percentage
of ZIF-71 and RhB was first estimated corresponding to their mass loss in the TGA
curves (Fig. 2b in Paper I). In the case of RhBi@ZIF-71, the loss of mass associated
with ZIF-71 and RhB was determined to be 93.5% and 7.5%, respectively. For
RhBu@ZIF-71 and RhBim@ZIF-71 composites, the mass loss of ZIF-71 was 90.8%
and 83.4%, respectively, while for RhB it was 9.2% and 16.6%, respectively. From
those values, the author has calculated the number of moles of RhB per moles of

ZIF-71 by applying the following equations:

n= (1)

where 7 stands for the number of moles, m is the mass, and M is the molecular

weight. From equation (1) it is possible to estimate the ratio between the moles of

ZIF-71 and RhB:

mzirF-71
NziF-71 _ Mzip—71 _ MZIF-71 X MRnB 2
= % —
NRhB #Zg MRhB Mzir—71

Knowing that the chemical formula of ZIF-71 is [Zn2Ci2H4ClsNs], the global
chemical formula of RhB@ZIF-71 is given by:
(I) RhBi@ZIF-71:

NRns 75 ~ 674  0.098

[Zn2C12H4ClgNg] - (RhB)o.098

(II) RhBu@ZIF-71:

Np-p _ 908 479 1
NRns 92 7 674  0.143
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[Zn2C12H4ClsNs] - (RhB)o.143
(III) RhBi@ZIF-71:

Nup-p _ 834 479 1
nmme 166~ 674 0.280

[Zn2C12H4ClgNg] - (RhB)o.280

Once the amount of RhB per two atoms of Zn (i.e. Zn2) has been calculated,
and by knowing that a single pore of ZIF-71 contains 24 atoms of Zn, the mean

number of RhB molecules per pore in each material can be estimated as follows:

() RhBi@ZIF-71 - 0.098 x 12 = 1.2 RhB molecules per pore

(IT) RhBu@ZIF-71 — 0.143 x 12 = 1.7 RhB molecules per pore

(I1) RhBu@ZIF-71 = 0.280 X 12 = 3.4 RhB molecules per pore

Because of the spatial constraint of the ZIF-71 pore, only a maximum of two
RhB guest molecules could occupy a pore volume. On this basis, it was reasoned
that (I) and (II) are confined inside the pores of ZIF-71, whereas (III) has excess
molecules that are adhering to the outer surfaces of the ZIF-71 crystals due to the

excessive amount of RhB used in (III).

Powder X-ray diffraction (PXRD), Fourier transform infrared spectroscopy
with attenuated total reflection (ATR-FTIR), TGA, and Raman vibrational
spectroscopy experimental characterisation results further support the above
analysis presented in Paper I. To give more intuitive evidence, a physically mixed

sample of RhB + ZIF-71 was prepared, but it showed only a faint fluorescence under
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UV irradiation in contrast to the highly luminescent RhnB@ZIF-71 system (Figure

3.2), demonstrating that the RhB@ZIF-71 system indeed has successfully formed.

(a) b Daylight .

RhB,@ZIF-71
in situ synthesis

Physically mixed

UV 365 nm

RhB. @ZIF-71 {RhB + ZIF-71}
in situ synthesis Physically mixed

Figure 3.2. Comparing the sample colour and luminescence behaviour observed (a) under
daylight and (b) in UV irradiation. Marked differences can be seen between the samples of
RhBn@ZIF-71 derived from in situ encapsulation synthesis (see method in Paper I), in
contrast to the [RhB + ZIF-71] sample made by simple physical mixing or blending of the
two constituents (in mortar and pestle by maintaining the same guest concentration as
RhBu@ZIF-71). The physically mixed ‘composite’ is not photoluminescent under UV
irradiation due to the quenching of RhB guests aggregating on the outer surfaces of the
ZIF-71 crystals. Conversely, it is clear that the RhB guest molecules confined in the ZIF-71
pores are well isolated and thus highly luminescent under UV excitation. Scale bar:
12.5 mm.

Another reason the author chose RhB@ZIF-71 is that there is no strong
interaction between RhB and ZIF-71. Although the ligand metal charge transfer
(LMCT, Figure 3.3) process of ZIF-71 was disrupted after the formation of
RhB@ZIF-71 system (Fig. 3 in Paper 1), the fluorescent properties of RhB@ZIF-71

are still comparable to pure RhB aggregates (Figure 3.4). Combining the excitation-
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emission spectra of RhB@ZIF-71 (Fig. 3 in Paper 1) and Figure 3.4, it is obvious
that the RhB aggregates are successfully introduced, and their emission is not
affected by the RhB-MOF interaction. Furthermore, through the in-depth analysis
of the fluorescence spectra and emission lifetime (Fig. 3 in Paper I), three RhB
states existing in the RhB@ZIF-71 system are identified: monomers, H-aggregates

(head-to-head), and J-aggregates (head-to-tail), as shown in the schematic diagram

in Paper L.
[ J
dclm 0.5 M solution Ex@364 nm
— dclm solid state Ex@360 nm
S ZIF-71 Ex@390 nm
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Figure 3.3. Normalised emission spectra of the dcIm linker in methanol solution (0.5 M)
and in the solid state, compared to that of the pristine ZIF-71 in solid state, excited at 390
nm or 515 nm. While the LMCT emission peak disappeared after the formation of
RhB@ZIF-71 system (related to Fig. 3b in Paper I).
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Figure 3.4. Normalised emission spectra of RhB in MeOH solution (ex@515 nm) of
different concentrations, and RhByym@ZIF-71 powders in the solid state.

After confirming the structure and property of pristine RhB@ZIF-71 powders
are as expected, the sensing performance and mechanism are being investigated in
Paper I. In short, it is due to the introduction of aggregates that the whole system
can realise multi-response sensing for mechanical stress, temperature, and different
VOC:s. In principle, H-aggregates, J-aggregates, and monomers have different sizes
and will receive different caging effects offered by the MOF host structure,
resulting in different sensing responses. In addition, the ZIF family structures to
which ZIF-71 belongs are tetrahedral metal ions bridged by imidazolate units and
their phase changes under pressure were observed by in situ TEM [53]. The shear
deformation they exhibited provides the structural basis for the mechanochromism
shown in Paper I. It is worth mentioning that, along with the photophysical
characterisations, a range of solvents with different sizes were selected to prove that

J-aggregates are subject to a stronger caging effect (Figure 3.5). Because the pores
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encapsulating larger J-aggregates has less room to accommodate additional solvents,
this effect gives the relatively more red-shifted emission observed in the bulkier

solvents such as IPA.
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Figure 3.5. Comparison of the emission of RhBi@ZIF-71 solutions and pure RhB in
different solvents (7.5 x 10° M, ex@525 nm).
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The aggregates-extended sensing mechanisms elucidated in this research,
such as the transformation from H- to J-aggregates and J-aggregates being more

stable at high temperatures, are the first exemplars shown in the guest@MOF field.

Moreover, RhB@ZIF-71 is also easy to be synthesised. The raw materials,
zinc acetate, dcIm, and RhB, are readily available, and the synthesis method is the
simple one-pot reaction that can be carried out at ambient conditions with a fast
reaction time. Through the scanning electron microscopy (SEM) images of the
crystals (Figure 3.6), it can be seen that after only 10 minutes, RhB@ZIF-71
crystals with well-defined facets have formed, showing potential for materials

scaling up.

10 mins : 30 mins

400 nm

400'nm 400 nm

Figure 3.6. SEM images of RhB@ZIF-71 prepared using different reaction times, ranging
from 10 mins to 48 hours.
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3.3 Brief Summary of Paper 11

According to Paper I, the sensing performance of RhnB@ZIF-71 is promising,
especially the multi-response sensing it exhibited: mechanochromism,
thermochromism, and solvatochromism. Nevertheless, the stability of
RhB@ZIF-71 should be improved further to afford practical engineering
applications, though ZIF-71 itself is a reasonably stable material (due to its
hydrophobicity) [54]. In addition, RhB@ZIF-71 is in a ‘powder’ form (i.e. fine
polycrystalline crystals), which cannot satisty a few high-precision applications like
optical fibres. Therefore, it will be advantageous to combine the RhB@ZIF-71 with
polymers and shape it into luminescent nanofibers (diameter < I pm) to address the

above problems.

Paper II chose polyvinylidene difluoride (PVDF) as the polymer matrix
because PVDF is non-luminescent, highly stable, hydrophobic, and easy to process
(e.g., electrospinning). However, the crystal size of the normal RhB@ZIF-71
(~800 nm to 1 um, Figure 3.6 and Fig. 1 in Paper I) is apparently way too large for
preparing nanofibers. In this case, the polymer may not be able to thoroughly coat
the individual crystals to give good protection. Therefore, the HCR method
described in Section 2.3.2 was used to further reduce the RhB@ZIF-71 crystal size.
Fig. 1 in Paper II shows that the typical size of the HCR RhB@ZIF-71 crystal is
about 50 — 150 nm. As a comparison, it can be seen that combining HCR
RhB@ZIF-71 with PVDF produces luminescent electrospun fibres containing

uniformly dispersed RhB@ZIF-71 nanocrystals (Fig. 2 in Paper II), whereas the
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fibres have many larger crystals and aggregates on the surface by using

RhB@ZIF-71 obtained by the ‘normal’ non-HCR route (Figure 3.7).

Figure 3.7. SEM images of electrospun PVDF fibres incorporating RhB@ZIF-71 micron-
sized crystals obtained from the conventional method (non-HCR).

Then the HCR samples were subjected to PXRD, excitation-emission, UV-
Vis (ultraviolet-visible), and ATR-FTIR characterisations to determine that the
RhB@ZIF-71 nanocrystals were not decomposed during the electrospinning
process. Moreover, because there is no strong interaction between RhB@ZIF-71
and PVDF, the fibres exhibit distinct RhnB@ZIF-71 luminescence characteristics.
These findings confirmed that the RhB@ZIF-71/PVDF composite material has

formed as expected.
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Particularly, RhB@ZIF-71/PVDF fibres possess many unique advantages.
For example, the emission of such fibres is tuneable since the J-aggregates may
have m-m interactions across the adjacent crystals (the reason is explained and
illustrated in Paper II). The quantum yield of RhB@ZIF-71/PVDF fibres is very
high, reaching 90%, which is much higher than other RhB-based composites

reported to date (typically ~30-60%, as summarised in Table 3.1).

Table 3.1. The quantum yield of other RhB-based fluorescent materials reported in the
literature compared with the results of the current study described in Paper II.

System QY (%) Ref
RhB/PVAc (PVAc = polyvinyl acetate); RhB/PMMA 397959 [55]
(PMMA = polymethyl methacrylate) ' '
RhB@AuNP (NP = nanoparticle) 1 [56]
RhB/sol-gel silica 37.4 [57]
RhB solutions 30-66 [58]
RhB@ZIF-71/PVDF electrospun fibres 92+ 0.5 This work
1wt%, S8ul/min ) (Paper II)

More importantly, the RhB@ZIF-71/PVDF fibre is thermochromic and
thermally stable. During heating, its emission peak wavelength gradually red-
shifted. Benefiting from the uniform distribution of nanocrystals and the high
hydrophobicity of ZIF-71, even near the melting point of PVDF, the overall
fluorescence performance of the material is still stable (Figure 3.8). The material

also retains good RhB luminescence characteristics after multiple heating cycles

(Figure 3.9).



3. Aggregates@MOF

T,/°C PVDF - 164 Iwt%_Spl/min - 166 | 3wt%_Spl/min - 167 | 5wt%_S8pl/min - 167
—150°C ——160°C ——170°C
—_ 1wt% —~ 1wt%
3 3
© &
5 &
> >
£ z
g 15
£ £
T kel
k: 2
© w©
£ £
e
o o
=z 4
450 500 550 600 550 600 650 700 750
—_ 3wt% —~ 3wt%
3 3
S s
n} &
= =
= z
8 §
£ z
o ko)
& 8
© ®
£ E
2 2
T T T T T T T T
450 500 550 600 550 600 650 700 750
— | 5wt% ~ | 5Wt%
3 3
S 8
i &
w
c c
Y 9
= £
© el
8 2
© ®
E £
z 2
450 500 550 600 550 600 650 700 750

Wavelength (nm)

34

Figure 3.8. Characterisation of PVDF and RhB@ZIF-71/PVDF fibres at temperatures
close to the melting temperature (Tm) of PVDF. Ty, of PVDF and RhnB@ZIF-71/PVDF
fibres with different loading wt.%. Variation of the excitation and emission spectra during
heat treatment of RhB@ZIF-71/PVDF fibres at temperatures close to the Tr, of PVDF. The
excitation spectra measured under em@620 nm. The emission spectra measured under
ex@500 nm. All measurements were carried out in normal atmospheric conditions.
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Figure 3.9. Emission property of RhB@ZIF-71/PVDF fibres after repeated heating
measured under ex@500 nm. Emission spectra of RhB@ZIF-71/PVDF fibres (1 wt%, 8
uL/min) determined at room temperature (RT) after being subjected to repeated heating
tests to 200 °C (denoted by the cycle number, RhB/PVDF fibre is shown for contrast). All
measurements were carried out in normal atmospheric conditions.

As a comparison, RhB/PVDF fibres were prepared. For ensuring the amount
of RhB in the fibres is the same, the absorbance of RhB@ZIF-71 and RhB in
acetone solutions was measured. After certifying the absorbances were identical
(Figure 3.10), the RhB/PVDF fibres were fabricated and they showed comparable
luminescent properties to RhB@ZIF-71/PVDF fibres under ambient conditions
(Figure 3.11). However, the thermal stability of RhB/PVDF fibres is poor. Its
luminescence is greatly destroyed after heating (Fig. 6 in Paper II). Moreover,

during the heating treatment, the emission peak wavelength of the RhB/PVDF
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fibres was found to vary randomly (see Fig. 6F in Paper II), which is in stark
contrast to the strong linear correlation exhibited by the RhnB@ZIF-71/PVDF fibres
(Fig. 6C in Paper II). The latter has promise for use in the engineering of non-
invasive fluorescent thermometers. In summary, Paper II demonstrates the
feasibility of preparing stable guest@MOF/polymer materials, such as electrospun

fibres for photonic sensors and innovative luminescent applications.

—— RhB in Acetone
—— RhB@ZIF-71 in Acetone
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Figure 3.10. Absorption spectra of RhB and RhB@ZIF-71 in an acetone solution.
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Figure 3.11. Excitation and emission spectra of RhB/PVDF fibres and
RhB@ZIF-71/PVDF fibres.



AIE@MOF

4.1 Background and Motivations

It is clear from Section 2.4 that different kinds of guest may be used to prepare
the guest@MOF systems. However, almost all of them can be classified as ACQ
materials, and no report has yet considered introducing aggregation-induced

emission (AIE) materials into guest@MOF systems.

AIE materials are a new fluorescence research area pioneered by Ben Zhong
Tang in 2001 [59, 60]. The fluorescent property of this material is opposite to that
of traditional ACQ materials: in the dispersed state, AIE materials have no emission,
while in the solid state or high-concentrated state, AIE materials exhibit
fluorescence. This kind of performance is closely related to the molecular structure
of AIE materials. In general, the AIE molecules have a benzene-like structure that
can rotate relatively freely (Figure 4.1a). When it is in a highly dispersed state, the
intramolecular rotation is active, which will significantly increase the non-radiative
decay and quench the fluorescence [61]. On the contrary, when it is in the solid
state or high-concentrated state, AIE molecules will interact with each other, thus
limiting the intramolecular rotation and improving the fluorescent properties

(Figure 4.1b) [62].

37
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a) b)

Solution Aggregate a=3047, b=2859, c = 2.826

Figure 4.1. (a) Chemical structure of tetraphenylethene (TPE, a typical AIE material) and
photographs of a solution and a suspension of TPE in pure tetrahydrofuran (THF) and a
THF-water mixture containing 90% volume fraction of water taken under the illumination
of a UV lamp. (b) Molecular packing and interactions of TPE molecules. Reproduced from
ref [63]. Copyright 2012 Royal Society of Chemistry.

Although some researchers have used AIE materials to prepare MOFs, they
only considered them as a linker [64-67]. In this case, the sensitivity of a few AIE
materials may be optimised, but actually, the improvement is fairly limited. For
example, the quantum yield of AIE-MOF materials may be very low and do not
exhibit turn-on type sensing. Shustova et al. [61] prepared a novel MOF by
coordination of tetrakis(4-carboxyphenyl)ethylene (TCPE, an AIE material) and
zinc (Figure 4.2). This MOF has fluorescence and some sensing properties, as the
MOF lattice can restrict the intramolecular rotation and this restriction effect is
different in different solvents. However, the quantum yield of this material is
meagre (1~2%) because of the lack of strong molecular restriction by the

framework.
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Figure 4.2. (a) Turn-on fluorescence in a TPE rotor by aggregation (AIE) and by
coordination in a rigid MOF matrix. Portions of the X-ray crystal structures of the MOF
depicting (b) side and (¢) top views of the two-dimensional sheets. Orange, red, blue, and
grey spheres represent Zn, O, N, and C atoms, respectively. Reproduced from ref [61].
Copyright 2011 American Chemical Society.

Other researchers have prepared MOFs by grafting AIE components onto
common linkers. For example, Dong et al. [64] combined 4,4'-
terphenyldicarboxylate with a TPE derivative ([2-(4-ethynylphenyl)ethene-1,1,2-
triyl]tribenzene) to form a new ligand (Figure 4.3). Then they used this ligand to
build a new MOF, namely NUS-13-TPE, which exhibits some degree of turn-off
thermochromism and solvatochromism (Figure 4.4). The mechanism is closely
related to the intramolecular rotation as well. The increase in temperature will lead

to more active intramolecular rotation, weakening the fluorescent properties, while
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after absorbing solvent molecules within the MOF pores, the intramolecular
rotation will be partially blocked thus increasing the fluorescence. However, as
shown in Figure 4.3, the synthesis steps of this material are relatively cumbersome

and may have a negative impact on subsequent practical applications.
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Figure 4.3. Synthesis and structure of the ligand. Reproduced from ref [64]. Copyright
2020 American Chemical Society.

The author is proposing the use of AIE material as a guest to form AIE@MOF
systems. This approach can not only simplify the experimental steps, but also
restricts the intramolecular rotation of AIE-based guests by a nanoconfinement
effect. More importantly, this kind of nanoconfinement could be used as the ‘focus’
for designing sensors, giving the AIE@MOF system a unique sensing behaviour.
In addition, while preparing the AIE@MOF system, the materials processability
can be optimised and improved by selecting a suitable/stable MOF host suitable for

future engineering applications.
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Figure 4.4. (a) Temperature-responsive emission of NUS-13-TPE in DMF solutions
recorded between —10 and 80 °C. (b) Fluorescence emission spectra of NUS-13-TPE in
various alkyl alcohol solutions at room temperature. Reproduced from ref [64]. Copyright
2020 American Chemical Society.

4.2 Brief Summary of Paper III

To demonstrate the feasibility of the AIE@MOF concept, Paper III selected
the most basic AIE material, tetraphenylethene (TPE), and encapsulated it into

ZIF-71 pores. One of the reasons for choosing ZIF-71 is by considering the relative
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size of the ZIF-71 pores and the TPE molecules. It can be seen from Section 4.1
that when AIE materials themselves are close to each other, there will be a n-n
interaction to affect their fluorescence. To give the nanoconfinement effect within
the AIE@MOF systems a dominant role in controlling sensing properties, one idea
is to fully disperse the AIE guests and encapsulate the monomers into the pores.
The size of the TPE dimers was found to be ~ 18.06 A by density functional theory
(DFT) simulation (including the van der Waals surface, see Figure 4.5), while the
ZIF-71 pore size is 16.5 A. Thereby, most TPE guests can only exist as a monomer
in the pores of the ZIF-71 host. Additionally, from Papers I and II, it is known that
ZIF-71 is straightforward to synthesise and can be scaled up. Therefore, Paper 111

starts with TPE and ZIF-71 for the follow-up research.

H Van der Waals radius = 1.2 A

Maximum distance
(including Van der Waals surface)
15.66 + 1.2¥2 =18.06 A

Figure 4.5. The configuration of the TPE dimer calculated from DFT simulation and its
maximum molecular size. The structure was obtained through geometrical optimisation
employing the B3LYP-D3/6-311G* level of theory (B3LYP = Becke, 3 parameter, Lee
Yang Parr).
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Like Paper I, Paper IIl also used the one-pot method to synthesise
TPE@ZIF-71. PXRD was first used to confirm the successful formation of the
crystal structure (see Fig. 1 in Paper III). Although no trace of TPE was detected in
the PXRD pattern, the TGA result (Figure 4.6) demonstrates that TPE does exist in
the system with a mass ratio of 0.237 : 96.944. NanoFTIR (Nanoscale Fourier
transform infrared spectroscopy) characterisation was conducted to examine the
location of TPE, which proves that TPE is encapsulated within the pores rather than
absorbed on the crystal surfaces (Fig. 1 in Paper III). ATR-FTIR also shows similar
results. As shown in Figure 4.7, the main vibrations of the TPE molecules were not
detected in the TPE@ZIF samples. The above characterisation results make it

reasonable to infer that the TPE@ZIF-71 system has effectively formed.
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Figure 4.6. TGA results of TPE, TPE@ZIF-71 and ZIF-71. The wt.% of TPE : ZIF-71 =
(97.181 —96.944) : 96.944 = 0.237 : 96.944.
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Figure 4.7. (a) ATR-FTIR spectra of TPE, TPE@ZIF-71 and ZIF-71. The predicted TPE
spectrum was obtained from DFT calculations at the B3LYP/6-311G* level of theory and
implementing an empirical scaling factor of 0.97. (b) DFT simulation results of TPE
monomer and its vibrations at 1073.98 cm™', 1233.80 cm™, 1436.83 cm™, and 1485.72 cm™.
The infrared vibrational frequencies are obtained at the B3LYP/6-311G* level of theory
and implementing an empirical scaling factor of 0.97. The disappearance of the TPE peaks
in (a) is mainly due to the low concentration of the TPE molecules.
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The fluorescent properties of the pristine TPE@ZIF-71 powder were
subsequently characterised in detail. Its excitation spectra, emission spectra, and
lifetime data all confirmed that the fluorescence of the powder comes from the
ZIF-71 alone, while the TPE is in a quenching state (Fig. 2 in Paper I1I). Moreover,
due to the existence of the LMCT emission peak in the TPE@ZIF-71 system, it can
be reasoned that there is no strong interaction between the TPE and ZIF-71, and the
intramolecular vibration of TPE is not affected by ZIF-71 in the pristine powder

state.

Subsequently, Paper III has investigated the fluorescent performance of
TPE@ZIF-71 under stress. By using a hydraulic press, the TPE@ZIF-71 powder
was prepared into different pellets under different pressures. These pellets exhibit
a turn-on type red-shifted fluorescence sensing behaviour with increasing pressure
(Fig. 3 in Paper III). Interestingly, this is in stark contrast to the pressure-induced

response of pure TPE reported (Figure 4.8).

87 MPa 173 MPa 260 MPa 347 MPa

TPE@ZIF-71

Pure TPE

Figure 4.8. Comparison of TPE@ZIF-71 and pure TPE mechanofluorochromism. The
result of pure TPE molecules is reproduced from ref [68]. Copyright 2014 American
Chemical Society.
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Combining terahertz (far-infrared) characterisation, PXRD patterns, and
photophysics, the mechanism of the mechanofluorochromism is proposed and
demonstrated. In simple terms, in the powder state, the TPE has no emission due to
the unrestricted intramolecular rotation, and when pressure is applied, the linker of
ZIF-71 (dcIm) will interact with the TPE molecule, exerting a caging effect, and
preventing its intramolecular rotation, so leading to enhanced fluorescence. By
further increasing the pressure, the crystal structure of ZIF-71 will be partially
amorphised, which may cause the formation of aggregates by adjacent TPEs. In that
case, the emission will have a more red-shifted and higher intense peak under the

stronger caging effect.
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Figure 4.9. TPE/ZIF-71 pellet prepared using a physically mixed powder of TPE and
ZIF-71, and TPE@ZIF-71 pellet prepared under a nominal pressure of 346.6 MPa, their
colours observed in ambient light, and their fluorescence observed under a 365-nm UV
lamp.
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To further verify the above mechanism, Paper III compared the properties of
physically mixed TPE/ZIF-71 with the TPE@ZIF-71. It is evident from Figure 4.9
that the physically-mixed TPE/ZIF-71 sample is not mechanofluorochromic at all.
As a comparison, more TPE@MOF systems composed of other MOF structures
were also prepared. Due to their mechanically harder crystal structure, the TPE
within these systems does not receive a strong caging effect, resulting in a much
weaker mechanofluorochromism than the TPE@ZIF-71 (Figure 4.10). These all

increase the credibility of the proposed mechanism.
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Figure 4.10. Upper row: XRD patterns of TPE@MIL-68(In) and TPE@UiO-67; Lower
row: TPE@MIL-68(In), TPE@UiO-67, and TPE@ZIF-71 pellets prepared under a
nominal pressure of 346.6 MPa, their colours viewed in ambient light (left), and their
fluorescence under a 365 nm UV lamp (right). UiO-67 consists of Zrs(OH)404'*" clusters
connected by 4,4"-biphenyl dicarboxylate linkers forming a framework with fcc structure.
MIL-68(In) is introduced in detail in Section 5.2. The reasons why UiO-67 and MIL-68(In)
were chosen are described in Paper III (UiO = University of Oslo, MIL = Materials of
Institute Lavoisier).
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Moreover, the TPE@ZIF-71 can be further processed when combined with
some engineering-grade polymers to yield more robust applications.
TPE@ZIF-71/PVDF and TPE@ZIF-71/PU (PU = polyurethane) were shown in
Paper III, and they were then processed into membranes and fibres using
doctor-blade and electrospinning techniques (Figure 4.11). It can be seen that the
polymer-based composites not only retain the sensitivity for stress sensing but also

have gained improved mechanical stability for better handling compared with the

starting powdered material.

TPE@ZIF-71/PVDF membrane PVDF membrane

il mbrane

Dayilight

Figure 4.11. Turn-on type mechanofluorochromic behaviour of TPE@ZIF-71/PU fibres
and TPE@ZIF-71/PVDF membranes. Note: the samples here are to demonstrate its sensing
properties and engineering application potential. Scale bar: 12 mm.



Excimers@MOF

5.1 Background and Motivations

Self-trapping excitation is a phenomenon in which excitons interact strongly
with phonons (strong electron-phonon coupling) during excitation [69]. It will emit
a broad spectrum with a large Stokes shift and commonly exists in halide crystals
[70], condensed rare gases [71], and organic molecular crystals [72]. When self-
trapping excitation is two-centred, it can be recognised as an ‘excimer’. In other
words, excimer refers to the dimeric structure formed by two molecules in the

excited state but dissociate in the ground state [73].

The fluorescence of excimers is easily affected by the surrounding
environment, which makes them good candidates for designing sensing materials
[73, 74]. Some scientists have already introduced excimer-related research in the
field of fluorescence MOFs by using ligands or analyte-ligand to form excimers [75,
76]. For example, Gutiérrez et al. [75] reported a Zr-naphthalene dicarboxylic acid
(Zr-NDC) MOF and found the excimer formation between adjacent naphthalene
linkers. They also demonstrated that when the Zr-NDC MOF came in contact with
polar solvents, the pores of the MOF would be filled, modifying the linker-linker
distance, resulting in the blue shift of excimer emission (Figure 5.1). However, it

can be seen from Figure 5.1 that this kind of sensing effect is not very noticeable
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(peak wavelengths are too similar and there is no intensity change information),

probably having limited practical application potential.
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Figure 5.1. a) Normalized UV-vis (a) absorption and (b) fluorescence spectra of Zr-NDC
in (1) ACN (black line), (2) THF (red line), (3) DE (dark yellow line), (4) DO (blue line)
and (5) DIC (green line) suspensions. For emission, the excitation wavelength was 335 nm.
(ACN = acetonitrile, DE = diethyl ether, DO = dioxane, DIC = dichloromethane) (c)
Change of the wavelength of the emission intensity maximum of Zr-NDC with the solvent
polarity function [f (¢, n), where ¢ and #n are the dielectric constant and the refractive index,
respectively]. Reproduced from ref [75]. Copyright 2016 Royal Society of Chemistry.
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Figure 5.2. (a—i) The crystal structure of the entangled MOF. Site A is defined as the slit-
type pore between dpNDI and bdc as shown in (b) and highlighted in (¢). Site B illustrated
in (a) presents the remaining pore. There are two entangled frameworks as shown, one
highlighted in green and the other in purple. The guest DMF and toluene molecules are
shown in blue. The van der Waals surface is highlighted in yellow. The exciplex forms
between the guest and the NDI moiety embedded in the framework scaffolds (dpNDI =
N,N'-di(4-pyridyl)-1,4,5,8-naphthalenediimide, bdc = benzenedicarboxylate). Reproduced
from ref [76]. Copyright 2011 Nature Publishing Group.

Another example in the literature is using analytes to form exciplexes with
MOF linkers to generate sensing performance (an exciplex is similar to an excimer

but with a heterodimeric structure; heterodimeric structure is a dimeric structure
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formed by two different monomers). Based on this idea, Takashima et al. [76]
prepared an entangled MOF and realised turn-on type sensing of several VOCs. The
structure and mechanism of this entangled MOF are shown in Figure 5.2. Although
the sensing performance of this MOF is promising (Figure 5.3), the synthesis of this
MOF is complicated as it requires high temperature and takes about 3 — 4 days.
Moreover, in order to test for sensing properties, the MOF needs to be placed in the
VOC:s for one week because the entangled MOF structure is relatively complex,
requiring more time for VOCs to infiltrate. In addition, the long-term stability of
this MOF is questionable. These shortcomings will perhaps limit the further

development of this material for practical use.

b

Normalized intensity

sXoYslels

Figure 5.3. (a) The resulting luminescence of crystal powders of the entangled MOF,
suspended in each VOC liquid after excitation at 365 nm under a UV lamp. (b) Height-
normalised luminescent spectra of VOCs@MOF after excitation at 370 nm. Reproduced
from ref [76]. Copyright 2011 Nature Publishing Group.
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Currently, studies are scarce on the encapsulation of fluorescent excimers as

a guest into MOF structure to form a guest@MOF system for producing sensing
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performance. In theory, excimer@MOF has a bright future for sensory applications,
as the porous ordered structure of MOF can provide a favourable condition for
excimer emission, and MOF is high tuneable, which may enable the excimer to
interact with the MOF host, affecting the electron-phonon coupling effect and
generating different fluorescent properties. Furthermore, based on the
excimer@MOF design concept, excimers and MOFs which are easy-to-synthesis

and stable can be selected to improve the overall applicability.

5.2 Brief Summary of Paper IV

According to the above motivation, Paper IV selected perylene as the
luminescent guest and prepared the perylene@MIL-68(In) system using the in-situ
HCR synthesis method. MIL-68(In) structure consists of the indium octahedrons
connected by bdc ligands forming a Kagome lattice in the ab plane and cornered
along the zigzag chain in the ¢ direction [77]. Both PXRD and ATR-FTIR results
(Fig. 1 in Paper IV) demonstrated the successful synthesis of the system. It is worth
mentioning that this is the first method reported for the rapid synthesis of MIL-68(In)
at room temperature. Moreover, the SEM images in Paper IV show that the
morphology of crystals obtained is similar to the MIL-68(In) synthesised by the

traditional hydrothermal method in the literature.

Unlike other previous studies, Paper IV characterised the mechanical
properties of MIL-68(In) and perylene@MIL-68(In) with nanoindentation (Figure

5.4). It can be seen that the hardness of the crystal increases after encapsulating
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perylenes, which may also serve as evidence for the successful formation of
perylene@MIL-68(In), because the introduction of perylenes may give rise to

interstitial hardening, as illustrated in the inset of Figure 5.4.

—— MIL-68(In)

Interstitial Hardening

O T T T T 1
0 250 500 750 1000 1250
Depth (nm)
Sample # of indents Indentation modulus, E (GPa) Hardness, H (MPa)
MIL-68(In) 32 13.24+0.52 402+13
P@MIL-68(In) 32 11.74+0.66 486+32

Figure 5.4. Load-depth curves resulting from nanoindentation tests of MIL-68(In) and
perylene@MIL-68(In) with a Berkovich indenter. Young’s modulus and hardness
measurements obtained using the continuous stiffness measurement (CSM) method. Mean
values and standard deviations from this work were calculated from an indentation depth
range of 200 — 1000 nm.

Afterwards, Paper IV examined the fluorescent properties of the obtained
perylene@MIL-68(In). This material possesses two emission peaks (Fig. 2 in Paper
IV). Combined with the analysis of fluorescent lifetime data and excitation-

emission spectra, it is reasonable to speculate that the emission peak at around
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475 nm comes from the emission of free excitons, while the prominent emission

peak at around 600 nm belongs to the E-state excimer emission.

Previous studies supported our hypothesis as well. For example, Ma et al. [ 78]
researched the fluorescent properties of pure perylene excimer (Figure 5.5), where
the emission of which is almost identical to the ~ 600 nm emission peak of
perylene@MIL-68(In). Another relevant example is the perylene@SWCNTSs
system prepared by Tange et al. [79] (SWCNTs = single-walled carbon nanotubes).
This composite also exhibits similar excimer emission (Figure 5.6a). More
importantly, the diameter of the carbon nanotubes they reported is 1.2 — 1.6 nm,
which is similar to the MIL-68(In) channel diameter (16 A). Therefore, it is
reasonable to propose that the structure of perylene excimer in the MIL-68(In) is
reminiscent of that observed in perylene@SWCNTs using high-resolution TEM in
ref [79]. It is speculated that the perylene molecules exist as disordered dimeric
structures, and the longest axis of the perylene molecules tilts in the radial direction

of the MIL-68(In) channels (akin to Figure 5.6b for nanotubes).
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Figure 5.5. Steady-state absorption, fluorescence, and excitation spectra of perylene
excimers. Reproduced from ref [78]. Copyright 2014 American Chemical Society.
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Figure 5.6. a) Emission spectra of perylenes@SWCNTs at different excitation
wavelengths. b) The disordered dimeric structure corresponding to perylene molecules
encapsulated within SWCNTs. The insets show the configurations of the perylene
molecules. Reproduced from ref [79]. Copyright 2016 Royal Society of Chemistry.

Paper IV then demonstrated the solvatochromism of perylene@MIL-68(In)
and found it could exhibit a turn-on type sensing response for benzene, toluene, and
xylene, namely BTX. When exposed to BTX, the emission peak of
perylene@MIL-68(In) showed a slight blue-shift, intensity increase, and peak

splitting (Fig. 3b in Paper IV).

The reason for the turn-on sensing behaviour is due to the transformation
from the E-state perylene excimer to the Y-state excimer. When BTX enters the
channel of MIL-68(In), a n-x interaction bridge (Scheme 1 in Paper IV) will form
between the linker (bdc), BTX, and perylene excimer, which may affect the electron
— phonon coupling and transform the E-excimers to Y-excimers. Because Y-type
excimers themselves have higher emission intensity, multiple emission peaks, and

smaller wavelengths (Figure 5.7), the whole system shows the turn-on sensitivity.
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Figure 5.7. Temperature-dependent fluorescence spectra of perylene excimers. Regions
marked E and Y denote the two different excimers of perylene observed as a function of
temperature. Reproduced from ref [80]. Copyright 1985 Elsevier.

This kind of E- to Y-excimers transformation via the n-w interaction bridge
was achieved for the first time. Previously, Y-type excimer fluorescence could only
be realised by lowering the temperature since the lattice vibration (phonons) would
be limited at low temperatures. It is generally accepted that when the temperature
is below 50 K, the perylene excimer will change from the E-state to Y-state, as

shown in Figure 5.7.

In-depth analysis of Figure 5.7 and our deconvolution result for
perylene@MIL-68(In) in xylene (Figure 5.8) reveals that the relative intensity and

peak position of the deconvoluted peak can be assigned to the fluorescence of
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Y-type excimer in Figure 5.7, which further confirms the validity of the proposed
theory. This study shows that the idea of excimers@MOF does provide a novel
platform for developing unconventional fluorescence sensing materials with a

unique turn-on capability.
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Figure 5.8. Deconvolution of the emission spectrum of perylene@MIL-68(In) in xylene
by using the Gaussian method implemented in OriginPro [81].



Conclusions and Future Outlook

This work designs, fabricates, and investigates guest@MOF fluorescent
sensing materials with practical engineering potential, and explores the complex
underlying sensing mechanism in detail. Three novel fluorescence sensing
guest@MOF systems have been developed: Aggregates@MOF, AIE@MOF, and
Excimer@MOF. A systematic characterisation was carried out to study the
mechanisms, host-guest interactions, and structures of each system from the
perspective of photophysics. Some polymers and industrial processing techniques
have been combined with the developed guest@MOF composites to improve their
engineering robustness further. Main conclusions can be drawn in the following

arcas.

6.1 Aggregates@MOF

e The idea of aggregates@MOF systems is proving to be a feasible method
for designing fluorescence sensing materials. In particular, it offers
unique advantages for preparing multi-stimuli responsive smart sensors.

e The aggregates@MOF system synthesised by the simple one-pot method
in Paper I (RhB@ZIF-71) exhibits mechanochromism, thermochromism,

and solvatochromism (~ tens of nanometres). By applying photophysical
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analysis, a core sensing mechanism has been established from these
multi-chromic behaviours: aggregates of different sizes will receive
different caging effects offered by the (host) MOF structure under certain
conditions (e.g., temperature, pressure, chemicals), thus showing different
fluorescent properties for use as luminescent sensors.

The aggregates@MOF system has excellent processibility. Paper II
reports the preparation of the first aggregates@MOF/polymer electrospun
fibres. These fibres not only retain the sensing performance but also
exhibit high quantum yield (>90%) and excellent thermal stability. These

characteristics are promising for engineering applications.

6.2 AIE@MOF

Unlike traditional ACQ materials, the emergence of AIE materials
provides a new pathway to design turn-on type fluorescence sensors. The
AIE@MOF systems encapsulating AIE materials into MOFs can generate
an enhanced sensing performance (~ tenfold) as demonstrated in Paper III
for the TPE@ZIF-71 system.

Terahertz infrared spectroscopic characterisation and photophysical
results show that the nanoconfinement effect offered by MOFs can
effectively restrict the intramolecular rotation and spontaneous

recrystallisation of AIE materials. This methodology is useful for
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optimising the fluorescent properties of AIE@MOF systems and
broadening their future development.

AIE@MOF has been shown to be compatible with engineering-grade
polymers and can be further processed into photoluminescent sensing

fibres or membranes, possessing commercial potential.

6.3 Excimer@MOF

A new sensing mechanism has been established based on the
excimer@MOF system. The porous ordered and tuneable lattice of MOF
allows the possibility of controlling the electron-phonon coupling effect
of excimers and thus modifying their fluorescent properties, which
provides a novel approach for developing new fluorescence sensing
materials.

Paper IV demonstrates the feasibility and superiority of excimer@MOF
fluorescence sensing by taking perylene@MIL-68(In) as an example. For
benzene, toluene, and xylene, which are difficult to be detected with
traditional materials, perylene@MIL-68(In) could achieve unique turn-on
sensing. In this study, the transformation of perylene E-excimer to

Y-excimer was discovered for the first time at room temperature.



6. Conclusions and Future Outlook 62

6.4 Future Outlook

The idea involved in this work of establishing novel sensing mechanisms by

considering the guest type/guest configuration/guest-MOF interaction and proving

them by photophysics analysis will undoubtedly stimulate more future research into

the fluorescent sensing field. Furthermore, the approach of combining with robust

polymers will also drive more practical engineering applications of LG@MOF

systems. These can be:

Aggregates@MOF, AIE@MOF, and excimer@MOF all have broad
prospects, so it is reasonable to design and perform more related
guest@MOF materials in the future. For example, pyrene can be used to
prepare a new excimer@MOF system.

The three systems developed can be cross-combined or modified to
generate more exciting fluorescence sensing composites. For example,
aggregates of AIE materials or excimers can be encapsulated into MOF.
Two or more types of aggregates, AIE, or excimer in the guest@MOF
system may also help to create unusual sensing behaviours.
Guest@MOF/polymer composites need more research to improve the
sensitivity of guest@MOF materials and the stability of polymers. For
example, in Paper I, after RhnB@ZIF-71 was made into electrospun fibres,
its solvatochromism became very weak. The reason is that the PVDF
prevents direct contact between the RhB and analyte solvents. The fibres

may need to be porous to overcome this problem.
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The sensing systems prepared in this work are all irreversible (the
fluorescent properties do not return after removal of the stimulus), which
is beneficial to produce some sensors for recording stimulus history.
However, reversible sensing systems should also be given more attention
to meet more practical engineering applications.

More advanced analytical equipment should be used to help characterise
complex guest@MOF systems. For example, the NMR technique can be
used to estimate the number of guests within one MOF pore. NanoFTIR
is useful to detect whether the guest is within the MOF structure or

attached to the MOF crystal surface.
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ABSTRACT: Luminescent metal—organic frameworks (MOFs) offer a
multifunctional platform for creating noninvasive sensors and tunable N 4 s,
optoelectronics. However, fluorochromic materials that are photophysi- = gjgy»«%@l_z % Rising pressure ---------

cally resilient and show high sensitivity toward different physical and # k%{
chemical stimuli are scarce. We report a facile host—guest nanoconfine- f%% O - - -

[l Metrics & More | @ Supporting Information

RhB@ZIF-71
o sensor &

ment strategy to construct a fluorescent hybrid material with multiple A ‘4&;‘

sensing capabilities. We design and fabricate a new Guest@MOF material: ¢, A K Q@ """" Falling temperature
comprising a zeolitic MOF (ZIF-71) as a nanoporous host for %/% Qe}

encapsulating rhodamine B (RhB dye) guest molecules, resulting in an & <&

RhB@ZIF-71 system with mechanochromic, thermochromic, and

solvatochromic sensing response. The fluorochromic sensing properties stem from the nanoconfinement effect that ZIF-71
imposes on RhB monomers, yielding the H- or J-type aggregates with tunable photophysical and photochemical properties. For
mechanochromism, the external pressure causes an emission red shift in a linear fashion, switching RhB guests from H-type to J-type
aggregates through a shear deformation. For thermochromism, we demonstrate a linear scaling as a function of temperature due to
the spatial restriction imposed on J-type aggregates incarcerated in ZIF-71 pores. Harnessing the solvatochromism of RbB@ZIE-71,
we interrogated its photochemical response by employing three diverse groups of volatile organic compounds. The multimodal
sensing response paved the way to smart applications like photonic pressure sensors, noninvasive thermometers, and ultrasensitive
chemosensors.

KEYWORDS: hybrid materials, metal—organic frameworks, luminescence, guest—host interactions, photonic sensors

1. INTRODUCTION

Research on the luminescent sensing abilities of metal—organic
framework (MOF) materials and their composite systems is
rapidly expanding because of their wide range of technological
apphcatlons in nanophotonics, bio-imaging, and smart

devices.'*™*" Notably, the aforementioned approach could
circumvent the need to rely on complex chemical designs to
yield luminescent MOFs or to incorporate expensive rare-earth
elements widely deployed in inorganic phosphors.”!

The existing Guest@MOF approach faces a number of

sensors.'~* Compared to other luminescent sensing materials
such as metal complexes® and dye-based fluorescent probes,’

crystalline MOF exhibits long-range periodicity, nanosized
pores, combined with diverse chemical and structural
versatility for tuning its vast phy51cochem1cal properties.”

Among the many reported luminescent MOFs,® the study of
Guest@MOF systems’'* composed of an MOF structure
(the “host”) to afford the encapsulation of luminescent
molecules (the “guest”) has attracted considerable attention.
This is because the Guest@MOF composite can be achieved
by an easy-to-synthesize or “off-the-shelf” MOF structure and
commonly available fluorophores (luminescent dyes) to yield
bespoke luminescent properties."”~"” Additionally, the MOF
hosts will act as a shield, protecting the guest against possible
sources of degradation, like in the case of the encapsulation of
the unstable fluorescent perovskite nanocrystals, which
enhanced their robustness when confined within MOFs,
paving the way to their integration into functional photonic

© 2020 American Chemical Society

7 ACS Publications

challenges. For example, the vast majority of Guest@MOF
sensing mechanisms are based on the luminescence quenching
effect where the analytes “switch off” the emission of the
guest.””>* However, this mechanism might be susceptible to
moisture exposure or temperature fluctuation in the environ-
ment, giving inaccurate readouts.'>** There are other Guest@
MOF materials exhibiting luminescent sensing through a “turn-
on” sensing’® or luminescence color (fluorochromic) switching
mechanism, but they often require very specific chemical
interactions to function," thus limiting multimodal applica-
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Figure 1. (a) SEM micrographs of the submicron-sized crystals of RRB@ZIF-71 exhibiting a rhombic dodecahedron habit. (b) Illustration of the
Guest@MOF framework structure of RhB@ZIF-71 where the pore of the ZIF-71 host is used to confine the luminescent RhB guest (represented
by the molecule with a red surface). From the pore spatial constraint, it can be deduced that two RhB molecules could occupy a unit cell of ZIF-71.
Color scheme: ZnN, tetrahedron in cyan, nitrogen in dark blue, carbon in gray, hydrogen in white, chlorine in green, and oxygen in red. (c¢) AFM
height topography and the corresponding cross-sectional profiles of a representative RAB@ZIF-71 crystal.

tions. To address some of the foregoing challenges, we propose
that fluorochromic sensing can be achieved by using MOF
pores to induce different caging effects on luminescent dye
monomers and their aggregates, thereby producing a
distinctive fluorescent behavior when subject to different
physical and chemical stimuli.

In this study, we demonstrate a facile method to synthesize a
multi-stimuli responsive Guest@MOF luminescent material by
embedding the well-known fluorescent dye rhodamine B
(RhB) into zeolitic imidazolate framework-71 (ZIF-71).
Although a number of RhB@MOF systems have been
rep01'ted,27_34 there are certain limitations, such as the need
to use complex synthesis steps, no control of RhB aggregates,
inadequate understanding of the underlying mechanisms, and
single-mode sensing functionality (basically, only solvato-
chromism). In contrast, our RAB@ZIF-71 not only shows
solvatochromic response with its described mechanism far
surpassing all reported examples’”’ ! but also exhibits
intriguing mechanochromic and thermochromic sensing
properties that are unknown to date. We employed detailed
photophysical characterization techniques to unravel the
underpinning guest—host mechanisms controlling the perform-
ance of this new composite system. Our results also
demonstrate proof-of-concept RhB@ZIF-71 applications,
opening new pathways for the realization of multimodal
fluorochromic sensing platforms.

2. RESULT AND DISCUSSION

2.1. Synthesis and Structure of the RhB@ZIF-71
System. The RhB@ZIF-71 system was synthesized through
rapid mixing of a solution of zinc acetate with a solution of 4,5-
dichloroimidazole (dcIm) and RhB at room temperature; the
full details are given in the Experimental Section. Through this

straightforward one-step reaction, we observe that the mixed
solution was immediately converted from a transparent pink
color to turbid, indicating the rapid formation of RhRB@ZIF-71.
As shown in Figure 1, the crystal size of RhB@ZIF-71 was
found to be ~800 nm by scanning electron microscopy (SEM)
and atomic force microscopy (AFM). We also characterized
the morphology of RhB@ZIF-71 at different reaction times
(Figure S1, Supporting Information) and found that, after ~10
min, a crystal size of ~800 nm has formed. The rapid
formation of such submicron-sized crystals is consistent with
the previous reports on pure ZIF-71.%

Powder X-ray diffraction (PXRD) was carried out to verify
the crystal structure. As shown in Figure 2a and Figure S2, the
PXRD patterns of RhB@ZIF-71 with different RhB concen-
trations and pure ZIF-71 were consistent with the simulated
XRD pattern of ZIF-71, indicating that the introduced guest
(RhB) does not affect the structure of ZIF-71 significantly.
However, when a very high concentration of RhB (0.5 mmol)
was used, we observed the appearance of the (001) peak at 20
= 3.1° (Figure 2a, inset), while this peak was not obvious in the
samples whose RhB concentrations are relatively low (0.01 and
0.05 mmol). Although the peak at 26 = 3.1° exists in the
simulated pattern, its relative intensity is typically too low to be
observed by XRD. Since a smaller 20 value represents a larger
crystal plane separation, the appearance of the (001) peak
suggests that many ZIF-71 pores may contain more than one
RhB molecule, thereby affecting the preferred orientation
during crystal growth. Because the size of one RhB molecule is
around 16.19 X 12.83 X 6.97 A (including the van der Waals
surface) and the minimum/maximum distance inside the ZIE-
71 pore is 16.58/22.59 A, it is conceivable that the crystal
growth preference will be influenced when more than one RhB
molecule is stacked together. This is further supported by the
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Figure 2. (a) Comparison of the XRD patterns of the simulated/synthesized ZIF-71 and RhB@ZIF-71 featuring three RhB concentrations. Inset:
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from TGA data is presented in Section S1.

results of thermogravimetric analysis (TGA) (Figure 2b) from
which the determined chemical formula shows there was on
average more than one RhB per pore.

Although we did not see the trace of RhB in the PXRD
patterns (Figure S2), it was successfully detected by Fourier
transform infrared spectroscopy with attenuated total reflection
(ATR-FTIR) (Figure 2c), TGA (Figure 2b), and Raman
vibrational spectroscopy (Figure S3). Figure 2b,c demonstrates
that the concentration of RhB inside the RhB@ZIF-71 system
gradually increases as the amount of RhB used in the synthesis
was increased, as evidenced in the systematic rise of the ~1590
cm™' mode shown in the left inset of Figure 2c. Intriguingly,
from the right inset of Figure 2c, we established that the peak
at ~1710 cm™" attributing to the C=0 vibrational mode of
RhB has completely disappeared after confinement. Likewise,
we detected similar phenomena in the Raman spectra (Figure
S3). Vibrational spectroscopic data revealed that the C=0 of
RhB could interact with the zinc atoms of ZIF-71 or with its
dcIm linkers. The TGA results (Figure 2b) not only enabled us
to derive the chemical formula of RhB@ZIF-71 but also
revealed the enhanced thermal stability of RhB when confined
in the system; this finding supports the notion that RhB guests
are residing in the pores of ZIF-71.

2.2. Luminescent Properties of the RhB@ZIF-71
System and Its Constituents. We begin by investigating
the emission properties of the pristine crystals of ZIF-71 and
its dcIm linker under room temperature, as depicted in Figure
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3a,b. It can be seen in Figure S4 that the dcIm linker displays
an intense and broadband emission in the solid state with an
emission maximum at ~468 nm (under a 360 nm UV
excitation), which can be attributed to the 7*—7 transition.*®
From the emission map (Figure 3c) and the emission spectra
(Figure S4) of ZIF-71, we established that ZIF-71 exhibits two
emission peaks at around 456 and 559 nm. Because neither
dcIm nor Zn(II) has an emission at 559 nm, the $59 nm
emission of ZIF-71 could be from the ligand—metal charge
transfer (LMCT), and the 456 nm emission comes from the
linker itself in ZIF-71. Previous literature®” mentioned that the
LMCT process is usually expressed in MOF containing Zn(II),
especially when the linker contains benzene derivatives, and
MOFs often emit a green color fluorescence (500—565 nm)
when LMCT occurs. Clearly, the structure and performance of
ZIF-71 almost completely conform to this commonality, which
supports our reasoning.

To confirm the aforementioned phenomena, we measured
the emission lifetimes of dcIm (Table 1) and ZIF-71 (Table 2)
employing the time-correlated single-photon-counting
(TCSPC) technique. The most noticeable variation is when
the observed wavelength changed from 450 to SS8 nm (in
Table 2); the ¢; of ZIF-71 dramatically increased, which we
attribute to the effect of LMCT. However, it is not certain that
75 is the lifetime of LMCT because the 73 of dcIm itself is 4.44
ns (in Table 1), and after forming the ZIF-71 framework
structure, theoretically, it will increase due to the caging
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Figure 3. (a) RhB, ZIF-71, and RhB@ZIF-71 with different RhB concentrations seen in the visible light and (b) their luminescence under the 365
nm UV excitation. (c) Emission map of the ZIF-71 powder. (d) Kubelka—Munk (KM) function for estimating the band gaps based on the photon
energy intercepts. (e) Normalized excitation spectra (measured under em@650 nm) and (f) the normalized emission spectra (measured under
ex@51S nm). (g) Lifetime data of RhB@ZIF-71 obtained using three different RhB concentrations.

effect.”® The increase in 75 of dcIm itself may be very close to
the lifetime of the LMCT, which may cause the two to become
indistinguishable. Thus, we consider that the 7; of dcIm itself
and the lifetime of LMCT together constitute the 7; of ZIF-71.

Subsequently, we characterized the band gap (Figure 3d),
solid-state excitation and emission spectra (Figure 3ef),
absorption (Figure SS) of RhB@ZIF-71, and the emission
spectra (Figure S6) of pure RhB solution with different
concentrations at room temperature. However, the emission of

37480

all the RhB@ZIF-71 powders is dominated by the guest itself
(rather than simultaneously manifested by emissions of the
guest and the LMCT of ZIF-71). The other possible
interactions involving C=0 with the zinc atoms or the linkers
or the possible interaction between nitrogen atoms/the
xanthene ring of RhB and the open metal sites/linker’” may
interrupt the LMCT process causing the single emission peak
of RhB@ZIF-71. Of course, we do not rule out the possibility

https://dx.doi.org/10.1021/acsami.0c10257
ACS Appl. Mater. Interfaces 2020, 12, 37477—-37488


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c10257/suppl_file/am0c10257_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c10257/suppl_file/am0c10257_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c10257?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c10257?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c10257?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c10257?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c10257?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Table 1. Values of Time Constants (7;), Normalized Pre-Exponential Factors (4;), and Fractional Contributions (; = 7; * a;) of
the Emission Decay of the Pristine dcIm Linker in a Solid State and in Methanol Solutions upon Excitation at 362.5 nm (R, =

Zael ~ Y% R, is the Quantity/Counts at Time t)

dcIm Aobs [nm] 7,[ns] a, o [%] 7,[ns]
solid state 470 0.36 0.041 11.89 1.76
0.0365 M 442 0.36 0.057 17.57 1.76
0.5 M 423 0.36 0.061 20.28 1.76
443 0.36 0.060 18.80 1.76

463 0.36 0.058 18.26 1.76

a o[%] 73[ns] asz c3[%] )(2
0.038 53.95 4.44 0.010 34.16 1.052
0.033 49.49 4.44 0.009 32.94 1.115
0.034 55.09 4.44 0.006 24.63 1.258
0.037 55.64 4.44 0.007 25.55 1.082
0.036 54.73 4.44 0.007 27.02 1.168

Table 2. Values of Time Constants (7;), Normalized Pre-Exponential Factors (a;), and Fractional Contributions (¢; = 7; *

a;) of

the Emission Decay of the Pristine ZIF-71 Powder upon Excitation at 362.5 nm

ZIF-71 Aops [nm] 7,[ns] a, o [%] 7,[ns]
solid state 450 0.58 0.049 26.43 2.11
558 0.58 0.041 14.74 2.11

a %] 73[ns] as c3[%] )(2
0.029 57.24 5.61 0.003 16.32 1.150
0.026 34.50 5.61 0.015 50.76 1.215

that the emission of the ZIF-71 host could not be observed due
to its relatively low quantum yield (Table S1).

In terms of their emission spectra (Figure 3f), it is shown
that the bathochromic (red) shift was detected when the
concentration of RhB increased. We propose that one of the
reasons for this red shift is related to the formation of more
RhB aggregates. Because of the relative dimensions of RhB
molecules and ZIF-71 pores, the XRD results (Figure 2a) and
the chemical composition derived from TGA results (Figure
2b) suggest that more than one RhB molecule may occupy the
pore of ZIE-71. It follows that more RhB introduced during
synthesis will lead to more aggregates. In principle, both of H-
type (head-to-head) and J-type (head-to-tail) aggregates of
RhB are able to form during the synthesis.””*' Since the
emission of H-type aggregates is theoretically forbidden and
the emission of J-type aggregates is allowed but with a longer
wa\velength,42 we could observe the red shift. This idea is
confirmed by the excitation spectra in Figure 3e. It can be seen
that there are three excitation areas: humps at around 495 nm,
peaks at 531 nm, and shoulders located between 552 and 590
nm. Using Kasha’s exciton model,** we assigned the humps to
H-type aggregates, peaks to RhB monomers, and the shoulders
to J-type aggregates. Compared with the peaks (~531 nm), the
intensity of the humps (~495 nm) increased so it follows that
the amount of aggregates increased when a higher concen-
tration of RhB was used during synthesis. The reason why the
shoulders (552—590 nm) did not increase is explained below.

Comparing the variation of H-type and J-type aggregates, we
found that the excitation peaks of the J-type aggregates showed
a red shift as the concentration of RhB increases, while the H-
type did not show a blue shift. This difference arises because
the J-type aggregates have a longer spatial dimension than the
H-type aggregates,”’ which might allow the J-type aggregates
to interact with another J-type aggregate in adjacent pores. Our
group has reported that perylene@ZIF-8 also showed a similar
phenomenon in which perylene and 2-methylimidazole can
form an energy transfer pathway through the adjacent pores.*
Likewise, other researchers have demonstrated the preparation
of long-range crystalline MOFs by mechanochemistry under
solid conditions,**** which means that chemical reactions can
occur between solid crystals. On this basis, weak interactions
involving J-aggregate interaction across the pores are plausible.
Moreover, because the maximum size of the ZIF-71 window
aperture is 5.08 A, which is spatially larger than some parts of
the RhB molecules (e.g, the distance of C—C on the xanthene
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ring is 4.79 A), we suggest that part of the J-type aggregates
may protrude out of the ZIF-71 window, which will strengthen
the interaction by bridging the pores. In contrast, the packing
of H-type aggregates is tighter, and the occupied space is
relatively small,*' allowing them to be better confined inside
the pores and less likely to interact with guests in adjacent
pores. Hence, when the concentration of RhB used in the
synthesis was increased, it will cause more J-type aggregate-
based interactions (bridging the pores) in the RhB@ZIF-71
system, which leads to a smaller band gap (Figure 3d). This is
another reason for the observed red shift in the emission and
the reason behind the declining intensity of the emission
shoulders (552—590 nm in Figure 3e).

To further study the formation of aggregates and analyze
their luminescent properties, the emission lifetimes of pure
RhB and RhB@ZIF-71 were measured by the TCSPC
technique. For pure RhB in MeOH solution (0.0001 M), the
lifetime is 2.93 ns, and for all the RhB@ZIF-71 powders, we
obtained three decay times, as summarized in Figure 3g (see
also Table S2 and Figure S7). We propose that 7; can be
assigned to the H-type aggregates, 7, corresponds to the J-type
aggregates, and 73 is due to the RhB monomers. First, it can be
seen that 7, is greater than 2.93 ns, which also is evidence that
RhB is residing inside the pore because the vibration of RhB
monomers confined in the pore becomes restricted (i.e., caging
effect), greatly reducing their nonradiative decay and thus
increasing the lifetime. Second, it can also be seen that, as the
RhB concentration increases, the values of a; and ¢, rose, while
ay and ¢, fell (Table S2), which indicates an increase in the
content of H-type aggregates and a relative decrease in the
monomer content. Third, 7, was found to decrease as the RhB
concentration increases; this supports the notion that the J-
type aggregates could interact with each other across the
adjacent pores. This kind of interaction can also be proven by
comparing a, and ¢, (Table S2). As the observed wavelength
(Agps) increases, the magnitude of the change in a, and ¢,
decreases, which results in more interactions and hence
broadening of the emission component of the J-type
aggregation. However, comparing the changes in aj, c, a,
and c,, we can see that the increase of J-type aggregates is not
as high as the H-type aggregates. Given the space limitation of
the ZIF-71 pore, the larger J-type aggregates are harder to form
than the H-type. Herein, the lifetime data have substantiated
the previous inferences obtained from the emission and
excitation spectrum.
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The quantum yields of RhB;@ZIF-71, RhB;@ZIF-71, and
RhB;;@ZIF-71 were characterized, and the results are
summarized in Table 3.

Table 3. Quantum Yield of RhB@ZIF-71 with Different
RhB Concentrations

Qr” [%] Qr” [%]
sample ex@485 nm  ex@525S nm  ex@485 nm  ex@52S nm
RhB,@ZIF-71 23.99 28.25 35.43 39.53
RhB@ZIF-71 13.74 14.15 17.51 18.30
RhB;@ZIF-71 1.68 1.85 2.32 3.31

“Samples were directly measured. bSampIes (10 wt %) were first
mixed with BaSO, (90 wt %) and then measured.

2.3. Mechanochromic Sensing Response. To study the
mechanochromism of the RhB@ZIF-71 system, the RhB;@
ZIF-71 material was chosen and compressed into pellets under
different pressures. Figure 4a,b depicts the color of the pellets
viewed under daylight and their emissions when subject to a
365 nm UV excitation, respectively. Here, we focus on the
RhB;@ZIF-71 pellets because the RhB@ZIF-71 has a
relatively low quantum yield (Table 3), while the emission
of the RhB;@ZIF-71 pellets (Figure S8) is not as linear as
RhB;@ZIF-71. Figure 4d and Figure S9b reveal that the
emission spectra of these pellets red-shifted as the pressure was
systematically increased up to ~350 MPa, demonstrating a
very linear relationship that is highly desirable for stress sensing
applications (Figure 4f).

Combined with the excitation spectra (Figure 4c and Figure
S9a), the lifetime data (Figure 4g and Figure S10 and Table
§$3), and the PXRD patterns (Figure 4e and Figure S11) of the
pellets, we investigate the reason for the observed red shift in
the emission. On the one hand, it can be seen that the
excitation peaks of J-type aggregates (575—590 nm) showed a
red shift with increasing pressure, and in the PXRD pattern
(Figure 4e and Figure S11), it can be seen that the pressure has
caused some amorphization of the ZIF-71 structure. These
results suggest that the pelleting pressure leads to the
mechanical deformation of the ZIF-71 structure where
framework distortion will cause the tighter packing of
aggregates and make the adjacent pores to come closer,
causing stronger interactions inside the pores and promoting
stronger interactions between the J-type aggregates across
adjacent pores. Together, these factors result in a red shift. In
principle, the stronger the interaction, the shorter the
luminescent lifetime becomes,* but the 7, in Figure 4g did
not decrease. This is because RhB aggregates are present in the
pores of ZIF-71, and hence, the pore shrinkage from
mechanical stress introduces a stronger caging effect,
suppressing the nonradiative decay and preventing the
decrease of lifetime. Based on this hypothesis, it is easy to
understand the increase of the monomer’s lifetime inside the
pores (73), which is dependent only upon the caging effect.

On the other hand, we consider that the red shift of the
emission is also related to the increase in the relative content of
the J-type aggregates. Table S4 shows that the RhB@ZIF-71
pellets had a smaller FWHM (full width at half-maximum)
than the ZIF-71 pellets under pressure, which means that the
RhB@ZIF-71 pellets possess a higher crystallinity than ZIF-71
(Figure S12) and reveals that the encapsulated guests can
mechanically enhance the structural stability of the overall

framework under stress. Therefore, we propose the reason why
a3 and ¢; in Table S3 started to drop significantly at a relatively
low pressure, a; and ¢, rose first and then fell, and a, and ¢,
continuously increased is that the pores containing monomers
are initially destroyed to form new H-type and J-type
aggregates at a relatively low pressure. Subsequently, as the
pressure keeps rising, the ZIF-71 crystals continue to deform
under shear deformation,*’ causing the aggregates to transform
from H-type to J-type (Scheme 1). Moreover, in the excitation
spectra of the RhBy@ZIF-71 pellets (Figure 4c), the intensity
of the H-type aggregates first rose and then fell, but the peak
position of H-type aggregates (450—506 nm) is always blue-
shifted with increasing pressure, which also supports this
hypothesis.

2.4. Thermochromic Sensing Response. RhB@ZIF-71
exhibits thermochromic behavior as a function of temperature;
here, we use RhB;@ZIF-71 as an example to explain the
underlying mechanism. Figure Sa,b shows the excitation and
emission spectra from room temperature to 200 °C,
respectively. As shown in Figure 5 and Figure S13, the
luminescent intensity of RAB@ZIF-71 decreases, accompanied
by a red shift with increasing temperature. The decrease in
intensity is very similar to the performance of pure RhB itself
in solution at different temperatures,‘lg’49 which is due to the
increase in a nonradiative decay rate. In the previous
research,” the temperature range of this kind of intensity
decrease of RhB was generally from S to 80 °C. Above this
temperature range, the luminescent intensity of RhB was too
low to be detected accurately. Remarkably, we demonstrate
that the nonradiative decay of RhB was greatly reduced due to
the caging effect of ZIF-71; not only overcoming the restriction
that thermochromism of RhB can only be achieved in
solutions, but our solid-state system also significantly extends
the operational temperature range by at least a factor of 2
(Figure Sd). Figure S13d shows that, when the temperature
rises from 200 to 250 °C, RhB@ZIF-71 experienced a
relatively large red shift, which can be attributed to the
thermal decomposition of RhB itself beyond 200 °C
(consistent with TGA results in Figure 2b).

By analyzing the temperature range from room temperature
to 200 °C, we established that there is a linear scaling
relationship between the red shift of the emission peak and the
temperature increment (Figure S5d); this effect is highly
attractive for photonics-based thermometry applications.
Note that the red shift of RhB in the solid state observed
here is as yet unreported in the literature, unlike for pure RhB
solutions in which the increase in temperature has produced
no red shift.** The normalized excitation spectra (Figure Sa)
reveal that, in this linearly changing region (room temperature
to 200 °C), the relative intensity of H-type aggregates and
monomers did not change much with the increase of
temperature, while the J-type aggregates showed a relatively
large intensity enhancement at high temperatures (i.e., 150 and
200 °C). Since the crystal structure of RhB@ZIF-71 can
withstand a temperature of up to 250 °C (evidenced from the
XRD patterns in Figure Sc and Figure S13e), we reason that
the different spatial sizes between the H- and J-type aggregates
and its monomers determine the trend of their intensity and
wavelength change.

As discussed above, H-type aggregates and monomers
possess smaller size than J-type aggregates, so the J-type
aggregates will experience a stronger caging effect, therefore
becoming less sensitive to temperature variation. In other
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Figure 4. (a) RhB @ZIF-71 pellets prepared using different pelleting pressures, their colors viewed in visible light, and (b) their luminescence
under the 365 nm UV excitation. (c) Normalized excitation spectra (measured under em@650 nm) and (d) normalized emission spectra
(measured under ex@51S nm) of the RhB;;@ZIF-71 pellets. (e) XRD of the RhB;;@ZIF-71 pellets. (f) Linear relationship between the emission
peak wavelength and the applied pressure for RhB@ZIF-71. (g) Lifetime data of RhB@ZIF-71 pellets showing the contributions from the

monomer, H-aggregates, and J-aggregates.

words, when temperature rises, the excitation intensity of J-
type aggregates decreases less than that of H-aggregates and
monomers. It is this effect that causes the red shift observed in
the emission peak. Additionally, at high temperatures, it can be
seen that the excitation peaks of the H-type and J-type
aggregates showed a very small degree of red and blue shifts,
respectively, but the peaks associated with the monomers
remain unchanged. This indicates that both H-type and J-type
aggregates slightly expand at high temperatures, thereby
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weakening the interactions within themselves. The absence
of any variation to the excitation peaks of monomers reveals
that the interactions between RhB and ZIF-71 are weak or
negligible. Likewise, in the mechanochromism studies, we note
that the peak wavelength of the monomer also did not change
when subject to mechanical stress (Figure 4c), which also
indicates that the interactions are weak or negligible.

2.5. Solvatochromic Sensing Response. Another
promising property of RhB@ZIF-71 is its solvatochromic
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Scheme 1. Proposed Deformation of the RhB@ZIF-71
Subject to a Mechanical Pressure”

a b

RhB@ZIF-71 pores Under pressure, R\B@ZIF-71

begins to deform

c d
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As pressure rises, monomers
become H-type and J-type
aggregates

At high pressure, shear
deformation transforms
H-type aggregates to J-type

“Red nodes and blue rods represent the ZnN, coordination
environment and the dcIm linker, respectively. Yellow ellipses
represent the RhB guest molecules within the pore of the ZIF-71
host. (a) Possible interactions between J-aggregates are denoted by a
pair of black arrows. (b, c) Illustration of how the structural distortion
under pressure causes the formation of new H- and J-type aggregates.
The gray rods represent the broken linkers under pressure. (d) Due to
shear deformation (denoted by antiparallel pink arrows), the majority
of the H-type aggregates transform into the J-type.

response, as shown in Figure 6 and Figure S14. To understand
the subtle changes of emission due to solvatochromism, we
chose the RhB;@ZIF-71 system, which has the lowest RhB
concentration. We observed that the peak intensity and peak
position of RhB;@ZIF-71 were distinctively different when
exposed to different solvents. To explain this phenomenon, we
propose that this solvatochromic response is linked to the
nature of RhB itself. Because RhB can exist in three different
forms in the solution state (i.e., lactone, zwitterion, and
cation),* the lactone has no color under visible light or UV,
while the zwitterion and cation have luminescence but their
emission wavelength and intensity are different. Generally,
polar protic solvents can stabilize the zwitterion™ and
therefore will give an intense luminescence. Meanwhile, in
highly polar aprotic solvents, such as dimethylformamide
(DMF), RhB has no luminescence due to the complete
conversion to lactone, and in less polar aprotic solvents, such
as acetonitrile (ACN), it can show luminescence.”” Thereby,
RhB is solvatochromic,**** and we propose that this is also the
basis for the solvatochromism observed in the RhB@ZIF-71
system.

However, after confinement within ZIF-71, we found that
the luminescence of RhB@ZIF-71 is greatly enhanced
compared with the pure RhB (Figure S14). Notably, pure
RhB has poor solubility or it is simply insoluble in many
nonpolar solvents. For example, in this study, we tested
toluene, hexane, and cyclohexane and confirmed that there was
no luminescence in these hydrocarbons due to the

aforementioned limitations. Conversely, we discovered that
the RhB@ZIF-71 crystals exhibit good dispersion and
luminescence (Figure S14 and Figure 6) in hexane and also
in cyclic hydrocarbons (e.g, toluene and cyclohexane), thereby
demonstrating a sensing property previously not achievable by
pure RhB alone. To date, most of the RB@MOF studies”” ~>*
have focused on the field of solvatochromism, and many of
these systems possess a similar sensing behavior. However,
almost all the authors attributed this kind of sensing to
different solvents that affect the energy transfer between the
MOF they used and RhB and lack of in-depth understanding
of the emission wavelength change. Moreover, their theory is
also unable to satisfactorily explain the luminescence of RhbB@
MOF systems in some highly polar aprotic solvents because no
matter how the energy transfer occurs, when RhB turns into
the lactone in strong polar aprotic solvents, in principle, the
luminescence of the systems will be largely deteriorated.
Here, our systematic analysis of RhB@ZIF-71 based on the
new confinement strategy provides new insight into the
complex solvatochromism of RbB@MOF systems, as can be
seen in Figure 6d. All RhB@ZIF-71 samples in polar aprotic
solvents exhibit a longer wavelength accompanied by a reduced
intensity than in polar protic solvents. Remarkably, compared
with the poor luminescence of RhB in highly polar aprotic
solvents, the introduction of ZIF-71 greatly improves the
luminescence of RhB (Figure S14). This phenomenon can be
explained via the concept of aggregates we introduced above.
When the pores of ZIF-71 contain monomers, there is enough
room for the monomers to contact the aprotic solvent
molecules to convert to lactone; when the pores contain
aggregates (especially the J-type), it is likely that the remaining
space in the pores cannot accommodate the solvent molecules.
In other words, the ZIF-71 (host) can protect or shield the
aggregates from direct exposure to the solvent molecules. On
this basis, compared with the protic solvents, much more
monomers inside the ZIF-71 pores converts to the colorless
lactone in aprotic solvents, but the luminescence of aggregates
is better protected. Consequently, RhB@ZIF-71 in polar
aprotic solvents can exhibit luminescence with a longer
wavelength and relatively lower intensity. This is the reason
why RhB@ZIF-71 can show a better luminescence and sensing
performance than pure RhB alone. Additionally, our
interpretation can also be confirmed by observing the
luminescent response of the RhB@ZIF-71 subject to polar
protic solvents (Figure S14c), e.g., methanol (MeOH), ethanol
(EtOH), and isopropanol (IPA) because Figure Sl4c reveals
that the emission wavelength of RhB@ZIF-71 changes less
than pure RhB, especially for IPA, which again can be
attributed to the ZIF-71’s protection of the RhB aggregates.

3. CONCLUSIONS

In summary, through a facile guest—host nanoconfinement
strategy performed under ambient conditions, we demonstrate
the encapsulation of fluorescent RhB monomers (or switchable
aggregates) caged within the pores of ZIF-71. The new RhB@
ZIF-71 system not only allows RhB to easily yield
luminescence in the solid state but also provides remarkable
mechanochromism, thermochromism, and solvatochromism
properties that are not achievable to date by a traditional use of
RhB dispersion in the liquid state or indeed by any other
means of RhB@MOF systems known thus far. Above all, in the
process of analyzing mechanochromism, thermochromism, and
solvatochromism, we found several unique mechanisms
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Figure 5. (a) Normalized excitation spectra (measured under em@650 nm) and (b) normalized emission spectra (measured under ex@365 nm) of
RhB@ZIF-71 at different temperatures. (c) XRD patterns of RhB@ZIF-71 pellets after being tested at different temperatures. (d) Linear
relationship of the emission peak wavelength as a function of temperature for RhB@ZIF-71.

summarized below. (i) Under mechanical stress, the RhB@
ZIF-71 crystals deform by shear causing the conversion of H-
type aggregates into J-type aggregates inside the MOF pores,
giving rise to pressure sensing. (ii) The J-type aggregates are
less affected by temperature due to the strong caging effect
provided by the ZIF-71 pores, resulting in the red shift of
emission in a very linear fashion, giving rise to noninvasive
temperature sensing. (iii) The protective effect of ZIF-71 pores
reduces the influence that solvents have on the RhB aggregates,
leading to solvatochromic sensing of volatile organic
compounds—previously undetected by unconfined RhB dyes
alone.

Our RhB@ZIF-71 nanoconfinement strategy demonstrates
the concept of a Guest@MOF system with multimodal
fluorescent sensing response, presenting a new platform for
the design of smart luminescent sensors. Moreover, we show
that the exploitation of luminescent aggregates confined in
MOF pores studied through the characterization of excitation
spectrum combined with the luminescent lifetime data is a
powerful approach for understanding the mechanisms of novel
fluorochromic materials like the dye-encapsulated composite
exemplified in this study.

4. EXPERIMENTAL SECTION

4.1. Synthesis of RhB@ZIF-71. A 90 mL methanol clear solution
of 2.40 mmol of zinc acetate was rapidly poured into a 90 mL
methanol solution of 9.60 mmol of dcIm and different amounts of
RhB (I, 0.01 mmol; II, 0.05 mmol; III, 0.5 mmol) under stirring. The
mixed solution immediately changed from clear to turbid. After 24 h
of stirring at room temperature, the sample was centrifuged at 8000
rpm to remove the excess reactants and subsequently washed twice
with methanol (the sample was first put into methanol followed by
sonication for 10 min, and then, the product was separated by
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centrifugation) to remove the excess reactants and any RhB adhered
on the surface of ZIF-71. We observed that, for the RhB;@ZIF-71
(0.01 mmol) and RhB;;@ZIF-71 (0.05 mmol) samples, the methanol
became clear after the second washing cycle, indicating the negligible
loss of RhB guest molecules from the ZIF-71 host. Conversely, the
RhB;@ZIF-71 (0.5 mmol) sample has RhB molecules that remained
on the surface after two or more washing cycles, as evidenced from
the pink color of the methanol solvent after multiple washes. The
latter indicates surface adhesion of RhB molecules when a high
concentration of the guest was being introduced during the synthesis
step.

The procedure for preparing ZIF-71 was the same, except no RhB
was added during the synthesis process.

4.2. Sample Preparation for Fluorochromic Character-
ization. For mechanochromism, the powders were pressed into
pellets by using manual hydraulic pressure equipment with a 1 cm
diameter die under forces of 1, 2, 3, and 4 tonnes. For
thermochromism, no extra preparation was required. For solvato-
chromism, a concentration of 1 mg of RhB@ZIF-71 in 20 mL of
solvents was chosen to avoid the negative influence of too intense
emission. Then, to compare the performance of pure RhB and RhB@
ZIF-71 in different solvents, several different concentrations of RhB-
MeOH solutions were tested, and a concentration of 7.5 X 107° M
was selected at which the emission peak wavelength of pure RhB was
identical to that of 1 mg of RhB@ZIF-71 in 20 mL of MeOH.
Subsequently, the solutions of pure RhB in different solvents were
also formulated at this concentration.

4.3. Materials Characterization. The structures and morphol-
ogies were examined under scanning electron microscopy (SEM; Carl
Zeiss EVO LS1S) and atomic force microscopy (AFM; Veeco
Dimension 3100). An FS-5 spectrofluorometer (Edinburgh Instru-
ments) was used to characterize the steady-state emission, excitation
spectra, QY, CIE 1931, and lifetime measurements (more details are
described in the Supporting Information). FTIR and Raman results
were recorded by using a Nicolet iS10 FTIR spectrometer and a
MultiRam FT-Raman spectrometer (Bruker), respectively. A UV-
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Figure 6. (a) Emission spectra (ex@525 nm) of RhB,@ZIF-71 when exposed to different volatile organic compounds (VOCs). (b)
Solvatochromism observed under the 365 nm UV excitation where the concentration ratio used was 1 mg of RhB;@ZIF-71 dispersed in 20 mL of
the solvent. (c) Color variation presented on the CIE 1931 chromaticity diagram. (d) Change in the emission wavelength and peak intensity of

RhB@ZIF-71 when tested in a wide range of polar protic, polar aprotic, and nonpolar solvents.
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SUMMARY

Tailored luminescent guest@metal-organic framework (Guest@MOF) materials
with outstanding photophysical properties are enabling materials for emergent
technologies in smart sensors and optoelectronics. However, the practical utility
of Guest@MOF currently is impaired by its poor stability and difficult-to-handle
powder form. Here, we combine a luminescent-sensing Guest@VIOF system
with a non-luminescent polymer matrix and, for the first time, demonstrated
the easy-to-apply electrospinning of luminescent fibers comprising nanocrystals
of RhB@ZIF-71 (rhodamine B@zeolitic imidazolate framework-71) homogeneous-
ly dispersed in a polyvinylidene difluoride (PVDF) matrix. The luminescence of
RhB@ZIF-71/PVDF fiber is tunable and exhibits a quantum yield exceeding
90%. Compared with RhB fluorophore in PVDF fiber, the ZIF-71 (host) protects
the nanoconfined RhB guest molecules (especially the J-aggregates of RhB), giv-
ing the composite fiber its unique thermofluorochromic response and enhanced
thermal stability to 200°C. Our results reveal the exciting opportunities for
implementing electrospun luminescent fibers functionalized with bespoke
Guest@MOF nanocrystals for multifunctional device applications.

INTRODUCTION

Light-emitting materials (LEMs) convert absorbed energy into light; they are therefore central to technological
applications and widely integrated into LEDs for lighting and display, fluorescent sensors, bio-imaging, photo-
switches, and optoelectronics (Li et al., 2020; Luo et al., 2020; Lustig et al., 2017; Stassen et al., 2017). In recent
years, with the advent of device miniaturization, portability, and energy saving requirements of modern opto-
electronics, improving the performance of solid-state LEMs has become increasingly demanding (Kamtekar
et al., 2010; Kanagaraj et al., 2019). That has stimulated a lot of research on exploring new solid-state LEMs.
Among the many new types of solid-state LEMs studied, metal-organic frameworks (MOFs) have been demon-
strated as one of the most promising candidate materials for engineering fluorescent optics and sensors
because of their porous, ordered, and highly adjustable structure for tunable photophysics and photochem-
istry (Mollick et al., 2019; Gutiérrez et al., 2021; Chaudhari and Tan, 2020; Aguilera-Sigalat and Bradshaw, 2016;
Takashima et al.,, 2011). In principle, the luminescent properties of MOFs can be designed and controlled by
tailoring the molecular building blocks to meet the varied application requirements (Cui et al., 2012; Dolgo-
polova et al., 2018; Easun et al., 2017; Heine and Muller-Buschbaum, 2013; Yao et al., 2020).

The physical and chemical functions of MOFs can be enhanced further by leveraging the concept of
"Guest@MOF" system (Allendorf et al., 2015), yielding luminescent composite materials attractive for
solid-state lighting and optical sensing applications (Zhang et al., 2020; Gutiérrez et al., 2020; Chaudhari
etal., 2017; Linetal., 2019). This “guest-host” system takes advantage of the porous nature of MOF (serving
as a "host”) to confine luminescent molecules (as a “guest”) into the nanoscale pores or by trapping them
within the extended MOF structures. MOF can apply a caging effect to the nanoconfined guests; this mech-
anism helps to limit the non-radiative decay of fluorophores and thus improving the guests’ luminescent
properties (Wang et al., 2019; Tang et al., 2014; Mieno et al., 2016; Hao and Yan, 2015; Asadi et al.,
2019). Furthermore, because many MOF structures are themselves also luminescent, the MOF host can
form a dual-emission system with the guest or transfer the absorbed energy to the guest, further improving
the overall luminescent performance (Dong et al., 2014; Fu et al., 2018; Qin and Yan, 2018; Yoo et al., 2019;
Zhao et al., 2018). For example, our research group developed a RhB@ZIF-71 system (i.e., rhodamine B flu-
orophores confined in zeolitic imidazolate framework-71 host), which not only overcomes the drawback
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functions, namely mechanochromism, thermochromism, and solvatochromism (Zhang et al., 2020). Howev-
er, the Guest@MOF materials may suffer from certain shortcomings, especially of poor long-term stability
under real-world engineering application conditions. Besides, this material’s loose powdery morphology
may not be suitable for certain applications, such as optical fibers and precision devices.

To address the outstanding challenges in the field, herein we demonstrate a Guest@MOF material that can
be facilely combined with polymers to form a composite, which enables the Guest@MOF material to retain
its luminescent properties, enhance thermal stability, and improve its processability so that it can afford
practical engineering applications. In this study, we combined RhB@ZIF-71 nanocrystals, as an example,
with a PVDF (polyvinylidene difluoride) polymer matrix, which has excellent durability and is non-lumines-
cent, to make easy-to-apply nanofibers by electrospinning technology. Compared with RhB@ZIF-71 pow-
der, we found the composite fibers show a high quantum yield (QY) combined with excellent thermal sta-
bility, broadening the application of this Guest@MOF material.

RESULTS AND DISCUSSION
Nanocrystals of RhRB@ZIF-71 from high concentration reaction

Recent studies have shown that the nominal size of the RhB@ZIF-71 crystals synthesized by the traditional
method is about 800 nmto 1 um (Yin et al., 2017; Zhang et al., 2020), which is way too large for incorporation
into nanofibers (bigger crystals may not to be completely covered by polymer matrix). To reduce the size of
the RhB@ZIF-71 crystal, herein we applied the high concentration reaction (HCR) method (see detailed re-
action steps in the experimental section). HCR uses a small quantity of solvents to increase the reactants
concentration, when coupled with triethylamine (NEts) this accelerates the deprotonation of the linkers
to enhance nucleation rate and reducing the crystal size (Chaudhari et al., 2017). In contrast to traditional
synthesis, which takes many hours to stir the solution during a slow crystallization step, the HCR method
yields nanocrystals spontaneously. The Guest@MOF product is formed instantaneously during solution
mixing, which considerably shortens the synthesis time and this could benefit future industrial production.

Figure 1 shows the morphology, crystal structure, and the solid-state luminescent properties of the HCR-
synthesized RhB@ZIF-71 measured by atomic force microscopy (AFM), powder X-ray diffraction (PXRD),
and spectrofluorometry, respectively. From Figures TA and 1B, it can be seen that the size of the obtained
RhB@ZIF-71 nanocrystal is about 50-150 nm. Importantly, the RAB@ZIF-71 retains the crystalline structure
of ZIF-71 (Figure 1C) and exhibits the characteristic luminescent properties of the RhB fluorophore (Fig-
ure 1D). These unique features of RhB@ZIF-71 provide the opportunity to fabricate nanofibers via electro-
spinning, as described below.

Morphology and microstructure of electrospun fibers

After dispersing the nanocrystals of RhB@ZIF-71 within the PVDF solution (polymer matrix), we used elec-
trospinning technology to process the composite mixture into RhB@ZIF-71/PVDF nanofibers. SEM images
in Figure 2 show that the surface of the obtained fibers exhibits a highly uniform dispersion of nanocrystals
coated by the PVDF matrix, and there is no sizable RhB@ZIF-71 aggregate present on the fiber surface. For
comparison, the “normal” (without HCR) RhB@ZIF-71/PVDF fibers were made using the same electrospin-
ning technique; the SEM images (Figure S1) revealed that there are many micron-sized crystals and large
aggregates prevalent on the fibers.

To confirm that the prepared fibers still retain the functional RhB@ZIF-71 instead of being decomposed or lost
during the electrospinning process, we tested the fibers under a UV lamp. Compared to pure PVDF, which is
not luminescent, the RAB@ZIF-71 fibers show a distinctive fluorescence (Figures 3A and 3B). This observation
proves that the RhB@ZIF-71 is intact in the fiber. Subsequently, we have systematically performed the X-ray
diffraction (XRD), ultraviolet-visible (UV-Vis) diffuse reflectance spectroscopy, and attenuated total reflection
Fourier-transform infrared spectroscopy (ATR-FTIR) characterization on these fibers (Figure 3). From the
XRD patterns in Figure 3C, we can identify the peaks of RhB@ZIF-71/PVDF fibers at 20 of about 4° and 7.5°;
these correspond to the characteristic peaks of the RhB@ZIF-71 nanocrystals. In addition, the appearance
of the peaks at ~20° in the PVDF fiber and RhB@ZIF-71/PVDF fiber indicates that the introduction of
RhB@ZIF-71 into the polymer matrix has no effect on the transformation of PVDF from a to 8 phase during elec-
trospinning (Flyagina et al., 2017); this finding suggests that there is no strong interaction between RhB@ZIF-71
and PVDF. From Figures 3D and 3E, we can also get the same inference by observing the similar RhB charac-
teristic absorbance peak between 450 and 600 nm and the FTIR peak of ZIF-71 at 1052 cm™". We infer that the

2 iScience 24, 103035, September 24, 2021

iScience



iScience

A B 50
B
£
b=
=y
[7)
T
0 T T T T
0 50 100 150 200 250
Length (nm)
Cc D
T —— Simulated ZIF-71 Excitation
— —— RhB@ZIF-71 — ——— Emission
3 5
e s
=71 | >
k) k%)
= =
L 2
£ £
o o)
o) @
1] 28
T ©
£ £
[e) )
P4 =z
1
4 6 8 10 12 14 16 18 20 450 500 550 600 650 700 750
20 (deg.) Wavelength (nm)

Figure 1. Characterization of RhB@ZIF-71 nanocrystals

(A and B) AFM height topography showing the nominal size of the RhB@ZIF-71 nanocrystals synthesized by the HCR
method.

(C) PXRD patterns of RhnB@ZIF-71 powder where peak broadening is due to nanocrystals, compared with the simulated
pattern of ZIF-71.

(D) Solid-state excitation and emission spectra of the RhB@ZIF-71 powder.

high hydrophobicity originated from the chemical structure of ZIF-71 produces many surface-bound negative
charges (Nauruzbayeva et al., 2020), and it is due to this repelling electrostatic effect that RhB@ZIF-71 nano-
crystals achieve a relatively uniform dispersion in the PVDF fiber.

Photoluminescent properties of RhB@ZIF-71/PVDF fibers

It is expected that the different processing parameters during electrospinning will modify the fiber prop-
erties, which in turn might affect the luminescence behavior of RhB@ZIF-71/PVDF fibers. To investigate this
possible effect, we compared the excitation and emission spectra of the electrospun fiber mats containing
different mass fractions (wt.%) of RRB@ZIF-71 nanocrystals (Figures 4A and 4B) and those obtained by vary-
ing the polymer flow rates (uL/min) through the nozzle (Figures 4C and 4D).

From Figures 4B and 4D, it can be seen that with the increase in the mass fraction and flow rate, the lumi-
nescence of RhB@ZIF-71/PVDF fibers yields a redshift. Observing Figures 4A and 4C, we note that the exci-
tation peak became wider and the shoulder to the peak ratio increases, suggesting that with the increase in
the mass fraction and flow rate, the number of RhB@ZIF-71 nanocrystals per unit fiber length also rises
(Note: for samples with increased flow rate, the reason is due to the larger fiber diameter, see Figure 4D
inset and Figures S2-54). On this basis, the reason for the observed redshift may be associated with
more RhB@ZIF-71 crystals causing more interactions between the RhB J-aggregates over the contacting
crystal interfaces. This mechanism is similar to the interaction described in the previous literature (Chaud-
hari and Tan, 2018;Zhang et al., 2020).

Lifetime data determined from time-correlated single-photon counting (TCSPC) measurements (Figure 5,
Tables ST and S2) can help to validate this hypothesis. The time constant 7, in Figure 5, Tables S1, and S2,
which represents the lifetime of RhB J-aggregates, was found to decrease with the increase of mass fraction
and flow rate. This trend indicates a stronger interaction between the J-aggregates. On the other hand, the
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Figure 2. Electron micrographs of electrospun PVDF fibers incorporating RhB@ZIF-71 HCR nanocrystals

The orientation of the individual fibers (random vs aligned) and the overall architecture of fiber mat can be controlled by
employing collectors of different geometries. The high-resolution images at the bottom images reveal the uniform
dispersion of the HCR nanocrystals coated by the PVDF matrix.

pre-exponential factor and fractional contribution of J-aggregates (a; and ¢, respectively) both show
higher values as the flow rate increases (Table S2), which we attributed to the stronger caging effect expe-
rienced by the J-aggregates. With a faster flow rate, a greater negative impact on RhB luminescence is also
anticipated due to the incorporation of residual polar aprotic solvents (i.e. dimethylacetamide (DMA) will
turn RhB into the less emissive lactone form) (Zhang et al., 2020; Hinckley et al., 1986). The relatively large
J-aggregates will receive a stronger caging effect (Zhang et al., 2020), becoming more difficult to be
affected by the solvent molecules (i.e. reducing pore space to accommodate additional solvent molecules)
and thus resulting in the increase in the values of a; and ¢,. The lifetime data therefore enable us to explain
why a higher wt.% loading of RhB and/or a higher flow rate will give an emission redshift.

Further to the tunable luminescence elucidated above, another striking feature of RhB@ZIF-71/PVDF fiber
is that it exhibits a high QY (Figures 5C and 5D, Tables S3 and S4). Because the caging effect reduces the
non-radiative decay of RhB (Zhang et al., 2020; Mieno et al., 2016; Cui et al., 2012) and the introduction of
PVDF significantly decreases the self-absorption of well-dispersed RhB@ZIF-71 nanocrystals (ascribed to
the overlapping excitation-emission phenomenon, see Figure 1D), we found that the fibers obtained under
the conditions of 1 wt.% and 8 pL/min achieve a QY of ~92% (versus QY ~25% in the corresponding bulk
powder sample). This value of QY is the highest yet among the MOF-polymer systems reported to date
(Zhangetal., 2007; Bai et al., 2018) and when compared against the RhB-based fluorescent materials whose
QYs are commonly lying in the relatively lower bound of 30-60% (Table S5) (Ahmed and Saif, 2013;
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Figure 3. Characterization of RhRB@ZIF-71/PVDF fibers

(A and B) (A) Emission map for a range of excitation wavelengths ranging from 400 to 600 nm (B) RhB@ZIF-71/PVDF fiber
mats (random and textured) under the visible light and their luminescence under the UV lamp (365 nm excitation).
(C-E) (C) XRD, (D) UV-Vis diffuse reflectance spectra (the insert figure is the Kubelka-Munk function for estimating the
optical band gaps based on the photon energy intercepts), and (E) ATR-FTIR spectra of RhB@ZIF-71/PVDF fibers,
RhB@ZIF-71 HCR powder, and PVDF fibers. The * symbol in (E) denotes the position of the 1052 cm ™" peak of ZIF-71.

Khader, 2008; Sagoo and Jockusch, 2011; Stobiecka and Hepel, 2011). Our findings reveal that this high QY
fiber can be a promising candidate for optoelectronics and sensing.

Comparison of thermofluorochromic properties between RhB@ZIF-71/PVDF fibers

and RhB/PVDF fibers

In order to further study the thermofluorochromic properties of RRB@ZIF-71/PVDF fibers, we focused on
the highest QY fiber mat, i.e. RhB@ZIF-71/PVDF prepared under the conditions of 1 wt.% and 8 pL/min,
and systematically studied its thermochromism compared with the RhB/PVDF fibers.

From the excitation and emission spectra (Figure S5) of these two kinds of fibers, it is clear that the lumi-

nescent properties of the two were similar under ambient conditions. However, under a high-temperature
environment, the luminescence of RhB@ZIF-71/PVDF fiber was significantly more stable than the RhB/PVDF
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Figure 4. Fluorescent properties of RhRB@ZIF-71/PVDF fibers with different processing parameters

Excitation and emission spectra of RhB@ZIF-71/PVDF fibers with different mass fraction of guest loading wt.% (A and B)
and by using different PVDF flow rate for electrospinning (C and D), respectively. The spectra of the pristine RhB@ZIF-71
powder are plotted together for contrast. The inset of (D) shows the normal distributions of the fiber diameters associated
with the differential flow rates in electrospinning.

fiber. From the excitation and emission spectra measured at different temperatures (Figures 6 and Sé), we
established that when the temperature was close to 200°C, the RhB@ZIF-71/PVDF fiber still maintains its
good RhB luminescence characteristics, but the emission of RhB/PVDF fibers was significantly degraded.
This thermally induced material damage can also be seen with the naked eye as depicted in the insets
of Figure 6E, showing the luminescent properties of RhB/PVDF are considerably deteriorated after heating
to 200°C due to the dramatic increase in non-radiative decay as a function of temperature (Hinckley et al.,
1986), and subsequently the molecular decomposition of RhB when approaching 200°C (Zhang et al., 2020).

Moreover, in a gradually heating environment, the RhB@ZIF-71/PVDF fiber showed a systematic redshift
(Figures 6B and 6C), and its corresponding excitation (550-600 nm, Figure 6A) exhibited a relative increase
in intensity. In contrast, the optical response of RhB/PVDF fiber has no correlation to the temperature at all,
see Figure 6D. These phenomena are in line with the conclusions in our previous study: the J-aggregates
are subjected to a stronger caging effect in ZIF-71, leading to a relative increase in intensity at high tem-
perature (Zhang et al., 2020), which will result in a luminescent redshift. After cooling, we found that the
emission of RhB@ZIF-71/PVDF fiber retained a certain degree of redshift (Figures 6B and 6C), the peak
position of its excitation did not change, and the relative intensity of the right shoulder of the excitation
(560-580 nm) increased (Figure 6A). These observed characteristics support the notion that the J-aggre-
gates within the RhB@ZIF-71/PVDF fibers are better protected under an elevated temperature. In addition,
we observed that the luminescence of RhB@ZIF-71/PVDF fiber was not affected by the melting point of
PVDF (Figure S7), notably the luminescence property of RhB is retained after undergoing multicyclic heat-
ing (Figure S8). Our results show that the caging effect conferred by the ZIF-71 host framework can greatly
enhance the thermal stability of the nanoconfined RhB guest molecules.
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Figure 5. Fluorescent lifetime characteristics and quantum yield of RhRB@ZIF-71/PVDF fibers
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Figure 6. Thermochromism of RhB@ZIF-71/PVDF and RhB/PVDF fibers
Excitation, emission, and peak wavelength changing during heat treatment of (A-C) 1 wt.% RhB@ZIF-71/PVDF fibers and (D-F) RhB/PVDF fibers at different
temperatures.

Conclusions

In summary, we report the first example of a thermofluorochromic electrospun fiber comprising a novel
Guest@MOF/polymer composite system, termed RhB@ZIF-71/PVDF. We show that it is critical to employ
the nanosized crystals of RhnB@ZIF-71 (derived from the HCR method) to accomplish a uniform coverage of
luminescent crystals dispersed within the polymer matrix. Using fluorescent lifetime spectroscopy, we char-
acterized the interaction of the J-aggregates of RhB between adjacent RhB@ZIF-71 nanocrystals; this
mechanism gave the electrospun fiber its luminescence tunability which was subsequently exploited for
fluorescent thermometry. Significantly, because the PVDF matrix is helping to greatly reduce the self-ab-
sorption effect of RNB@ZIF-71, the composite fiber obtained has a remarkably high QY of ~92%. This value
markedly surpasses the typical QY values reported for RhB-based solutions (<66%) and composite solids
(<40%). Furthermore, the electrospun composite fibers have achieved enhanced thermal stability under
thermal cycling to 200°C and show a notably improved thermochromic performance due to the confine-
ment by the ZIF-71 host. The versatility of electrospinning to tailor composite fiber diameter and architec-
ture combined with the enhanced luminescent sensing properties of the integrated Guest@MOF system
bodes well for future engineering applications.

Limitations of the study

RhB@ZIF-71 exhibits multifluorochromic sensing properties which have not been fully investigated in this
work apart from its thermofluorochromic effects reported herein. According to the ideas of this article,
the fluorescent electrospun fibers with other sensing properties could be further studied.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

4,5-Dichloroimidazole Alfa Aesar CAS: 15965-30-7
Triethylamine Alfa Aesar CAS: 121-44-8
Rhodamine B Alfa Aesar CAS: 81-88-9
Zinc acetate dihydrate Thermo Fisher Scientific CAS: 5970-45-6
HSV900 poly(vinylidene fluoride) Kynar CAS: 24937-79-9
Deposited data

ZIF-71 crystal structure (Phan et al., 2010) CCDC code: GITVIP
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Prof. Jin-Chong Tan (jin-chong.tan@eng.ox.ac.uk).

Materials availability
Raw materials used in the study are commercially available.

Data and code availability

This study did not generate computer code. All data and analytical methods are available in the main text
orinsupplemental information section. The ZIF-71 crystal structure data used is from The Cambridge Crys-
tallographic Data Center (CCDC code: GITVIP). Any additional information required to reanalyze the data
reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Synthesis of RhB@ZIF-71 by using HCR method

15 mL methanol solution of 4,5-dichloroimidazole (dclm, 9.6 mmol) plus triethylamine (NEtz, 9.6 mmol) was
combined with 1 mL methanol solution of rhodamine B (RhB, 0.05 mmol). After the combination, 15 mL
clear solution of zinc acetate (2.4 mmol) was immediately added into the mixture, producing a sol-like prod-
uct. Then the product was washed thoroughly three times using methanol to remove the guests adhered to

the MOF surface. The nanocrystals of RhB@ZIF-71 were separated from the suspension by centrifugation at
8000 rpm for 10 min.

Preparation of RhB@ZIF-71 and RhB in PVDF solution

The electrospinning polymer solution was prepared by dissolving 15 g HSV900 polyvinylidene fluoride
(PVDF) powder in 94 g dimethylacetamide (DMA), to yield 13.7 wt.% PVDF in DMA. Then the appropriate
amount of RhB@ZIF-71 in acetone solution was added to the PVDF in DMA solution to make the mass ratio
of RhnB@ZIF-71 to PVDF of 1:99, 3:97, 5:95 and the volume ratio of DMA to acetone was 3:1. According to the
Beer-Lambert Law, an acetone solution of RhB with the same absorbance as RhB@ZIF-71 acetone solution
was prepared (Figure S9), and then the RhB acetone solution with the same weight as RnB@ZIF-71 acetone
solution was used to mix with PVDF.

Electrospinning

Electrospinning was carried out at 10.5 kV from a DC high-voltage generator. The PVDF solution was
supplied to a G19 needle emitter (nozzle) with a blunt tip via a syringe pump at a processing rate of
8-20 uL/min. The distance from the collector (aluminum foil or diamond-shaped mesh) to the tip was
16 cm. Further details about the formation of the textured mat by electrospinning can be found in ref

iScience 24, 103035, September 24, 2021 1


mailto:jin-chong.tan@eng.ox.ac.uk

¢? CellPress

OPEN ACCESS

(Titov and Tan, 2016), where they described the application of electrostatic lensing interaction to fabricate
fibers with predefined orientations mirroring the architecture of a conductive wire mesh.

Materials characterization

The structures and morphologies were examined under scanning electron microscopy (SEM; Hitachi
TM3030Plus and LYRA3 GM TESCAN) and an atomic force microscope (Neaspec s-SNOM under tapping
mode). The PXRD pattern was recorded using a Rigaku MiniFlex with a Cu Ka source (1.541 A). UV-2600 UV-
Vis diffuse reflectance spectrophotometer (Shimadzu) equipped with an integrating sphere was used to
measure the reflectance spectra of the solid samples. The melting temperatures were measured by using
TA Instruments DSC Q2000. ATR-FTIR absorption spectra were recorded by using a NicoletiS10 FTIR spec-
trometer. An FS5 spectrofluorometer (Edinburgh Instruments) equipped with different accessories was
used to measure the steady-state emission and excitation spectra, quantum yield (QY), fluorescent lifetime
by time-correlated single-photon counting (TCSPC), and thermochromic response.
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Mechanofluorochromic materials are of great significance for the fabrication of innovative sensors and
optoelectronics. However, efficient mechanofluorochromic materials are rarely explored due to the defi-
ciency of existing design strategies. Here, we demonstrate the incarceration of aggregation-induced emis-
sion (AIE) materials within metal-organic framework (MOF) single crystals to construct a composite sys-
tem with turn-on mechanofluorochromism. A new type of AIE@MOF material was designed: integrating a
zeolitic MOF (ZIF-71) and tetraphenylethylene (TPE, a topical AIE material) to generate a TPE@ZIF-71 sys-
tem with exceptional turn-on type mechanofluorochromism. Using terahertz vibrational spectroscopy, we
show the unique fluorochromism mainly emanates from the enhanced nanoconfinement effect exerted
by ZIF-71 host on TPE guest under pressure. Compared with pure TPE, we demonstrate the nanocon-
finement in AIE@MOF not only changes the TPE's turn-off type sensing behavior to a turn-on type, but
boosts the original sensitivity markedly by tenfold. Significantly, because ZIF-71 prevents the spontaneous
recrystallization of TPE upon unloading, this allows TPE@ZIF-71 to record the stress history. This is the
first demonstration of the Guest@MOF system combining the concepts of AIE and MOF; its promising
properties and potential engineering applications will stimulate new directions pertaining to luminescent
stress sensors and smart optics.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Mechanofluorochromic material is a new type of smart material
that changes its fluorescent color when subjected to an external
mechanical force stimulus [1,2]. This kind of material has received
extensive attention in the field of solid-state optics because of its
potentially wide applications in several advanced technologies [2-
4], such as fluorescence switches [5], mechanosensors [6-8], opto-
electronics [9], and data storage [10].

Hitherto, there are only a few reported examples of materi-
als that can exhibit efficient mechanofluorochromism by means of
physical structural change [1,11]. The reason is that most of the
existing fluorescent materials often have no emission in the solid-
state due to the aggregation-caused quenching (ACQ) effect [12].
Even if some are able to show a weak mechanofluorochromic sens-
ing behavior, they are essentially the “turn-off” types, which leads
to difficulty in fabricating practical applications, because turn-off
type sensors are easily affected by external environmental factors,
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such as temperature and humidity, causing the intensity of the
emission signal to decrease and interfere with the sensing accu-
racy [13].

It has been proposed that one of the most effective ways to
overcome the aforementioned obstacles is to prepare a “turn-on”
type mechanofluorochromic material, which is not negatively af-
fected by the ACQ effect [14-18]. Therefore, increasingly more re-
searchers have turned their attention to studying materials with
aggregation-induced emission (AIE) property. The AIE materials,
contrary to ACQ materials, have zero or only weak emission when
in a diluted solution state but emit strong luminescence in the
aggregated state [19], and they may also possess mechanofluo-
rochromic properties to some extent [1].

In the field of AIE materials, one of the most well-known ex-
amples is tetraphenylethylene (TPE) [14,20-24]. Nonetheless, TPE
only has a weak turn-off type sensing ability in the lower pres-
sure range under 1.5 GPa because of additional non-radiative decay
caused by closer intermolecular interactions [25]. Worse still, due
to its spontaneous recrystallization, the stress-induced lumines-
cence of TPE will immediately reverse to its (original) low-intensity
state once the applied pressure is removed [25,26], which hin-
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Fig. 1. (a) and (b) Atomic force microscopy (AFM) images (left) and optical phase images (right) of ZIF-71 and TPE@ZIF-71, respectively. (c) PXRD patterns of the TPE,
TPE@ZIF-71, and ZIF-71 powder. (d) Near-field IR absorption spectra of TPE, TPE@ZIF-71, and ZIF-71 crystals.

ders measurement from being done ex situ (upon force removal).
Many researchers have attempted to use organic chemistry meth-
ods to synthesize TPE derivatives for improving and optimizing
its mechanofluorochromic properties [1,12,27], but these methods
have limited success, and the complex synthesis also restricted its
further development.

To address these challenges and promote the engineering appli-
cation of TPE, herein, we propose the use of metal-organic frame-
works (MOFs) as a ‘host’ and TPE as a ‘guest’ to form a TPE@MOF
system. Notably, MOFs have highly porous and extended crystalline
structures, giving themselves the ability to capture, isolate and sta-
bilize other emitter molecules, including bulky fluorophores [28-
36]. We hypothesize that the nanoscale caging effect induced by
MOF pores could modify or enhance the mechanofluorochromic
performance of the pristine TPE molecules.

In this work, we report how TPE can be encapsulated into the
zeolitic imidazolate framework-71 (ZIF-71) single crystal through
an easy-to-implement one-pot synthetic method. Compared with
the weak turn-off type sensing performance of pure TPE in
the < 1.5 GPa pressure range, the introduction of ZIF-71 success-
fully allows the obtained TPE@ZIF-71 materials to exhibit turn-on
sensing and enhances the sensitivity by 10 folds. Furthermore, the
ZIF-71 solves the problem of spontaneous recrystallization in TPE,
enabling the retainment of mechanofluorochromic behavior after
the pressure is removed. Unlike the poor processability of other
guest@MOF systems, we have successfully prepared turn-on type
pressure sensing fibers and membranes with industrialization po-
tential by leveraging TPE@ZIF-71/polymer composites. To the best
of our knowledge, the TPE@ZIF-71 system is the first guest@MOF
system to realize the turn-on type mechanofluorochromic sensing
capability. This work has paved a new pathway for practical engi-
neering applications of AIE-based mechanofluorochromic materials.

2. Synthesis and structure of TPE@ZIF-71

The synthesis of TPE@ZIF-71, known as the one-pot synthesis
method, is straightforward: by directly mixing solutions of zinc
acetate, 4,5-dichloroimidazole (dclm), and TPE at room tempera-
ture. The full details are given in the Experimental Section. Fig. 1a

and 1b show the morphology of the ZIF-71 and TPE@ZIF-71 crys-
tals obtained, revealing the nominal size of the crystals to be
~200 nm. In addition, we performed powder X-ray diffraction
(PXRD) characterization for the TPE, ZIF-71, and TPE@ZIF-71 sam-
ples. The PXRD patterns (Fig. 1c) of TPE@ZIF-71 and ZIF-71 are in-
distinguishable from each other, and there is no Bragg peak be-
longing to TPE that also shows in the TPE@ZIF-71 spectrum. The
patterns suggest that the crystal structure of ZIF-71 has formed
normally, and the added TPE molecules do not affect the long-
range periodicity of the ZIF-71 structure.

To ensure that the TPE is captured by the ZIF-71 pores in-
stead of being attached to the surface, we conducted near-
field infrared nanospectroscopy characterization. This technique
combines scattering-type scanning near-field optical microscopy
(s-SNOM) and nano-Fourier transform infrared (nanoFTIR) spec-
troscopy, which can perform detailed chemical and physical anal-
ysis on the surface of the nanocrystal to determine the pres-
ence/absence of guest material on the external surface of crys-
tals [37]. The obtained s-SNOM optical phase images (Fig.la
and 1b) show that the surface composition of the ZIF-71 and
TPE@ZIF-71 crystals are very uniform, and there are no clus-
ters/regions of guest material on the surface. The nanoFTIR spec-
tra of TPE, TPE@ZIF-71 and ZIF-71 (Fig. 1d) reveal that the ZIF-71
and TPE@ZIF-71 are almost identical. Moreover, combined with the
simulated infrared vibrations of TPE using density functional the-
ory (DFT) (see Fig. S1, Supporting Information), it can be found that
the main peaks of TPE (1067.6 cm~?, 1432 cm~!, 1483 cm~!, which
correspond to the Cy,,~H in-plane bending, and 1246 cm~!, which
corresponds to the C-Cp,;, asymmetric stretching and the Cp,,-H in-
plane bending) are not detected in the IR spectrum of TPE@ZIF-71.
Therefore, it is reasonable to believe that the TPE is encapsulated
and not attached to the exterior of the crystals.

Similarly, using Fourier transform infrared spectroscopy with
attenuated total reflection (ATR-FTIR) characterization (Fig. S2) of
the bulk polycrystalline sample, the traces of TPE molecules were
not found in the TPE@ZIF-71 spectrum as well. Subsequently, by
employing thermogravimetric analysis (TGA, Fig. S3) and solution
TH nuclear magnetic resonance (NMR) spectroscopy (Fig. S4), we
found that the material contains only a low concentration of TPE
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Fig. 2. (a) Normalized excitation spectra, (b) emission spectra and (c) lifetime data of TPE suspension (THF-water mixture containing 99% volume fraction of water), ZIF-71,
and TPE@ZIF-71 powder. Time constants (t;) and fractional contributions from fluorescent lifetime measurements.

molecules: from TGA ~0.24 wt.%, and from NMR the molar ratio of
TPE: dcIm = 0.00029 (guest loading calculated is 1 TPE for every
146 cages of ZIF-71). Additionally, according to the DFT simulation,
the size of a TPE dimer is about 18.06 A (including the van der
Waals surface, see Fig. S5); because the minimum distance inside
the ZIF-71 pore is 16.58 A, this means that most TPE guest can only
exist as a monomer in the pores of the ZIF-71 host.

3. Fluorescent properties of TPE@ZIF-71

To understand the photophysical properties of the resulting
composite system, we performed fluorescence spectroscopy on the
TPE (pristine guest), ZIF-71 (pristine host), and TPE@ZIF-71 sam-
ples (Fig. 2). The excitation and emission spectra (Fig. 2a and 2b)
show that the luminescence of ZIF-71 and TPE@ZIF-71 are almost
identical to each other. The excitation peak (300-350 nm) and
emission peak (470 nm) pertaining to the pure TPE molecules do
not appear in the TPE@ZIF-71 spectra. Therefore, we established
that virtually all the fluorescence of TPE@ZIF-71 powder comes
from the ZIF-71 itself, which indicates that the TPE is well dis-
persed in the ZIF-71, and the ZIF-71 pore does not effectively re-
strict the intramolecular vibrations of TPE in the absence of an ex-
ternal mechanical force stimulus (or pressure). Besides, ZIF-71 pos-
sesses an emission peak at 565 nm (Fig. 2b), which is attributed to
the ligand-metal charge transfer (LMCT) as identified by previous

research [38]. We may surmise that there is initially no strong in-
teraction between the TPE and ZIF-71, because the encapsulation
of TPE materials does not lead to the disappearance of the LMCT
peak.

Using the time-correlated single-photon-counting (TCSPC) tech-
nique to analyze the lifetime data of TPE@ZIF-71, ZIF-71, and TPE,
we further verified the assumption made above. The lifetimes (7)
of TPE@ZIF-71 and ZIF-71 shown in Fig. 2c and Table S1 are the
same, and the contributions (c) for each 7 are also comparable,
which proves that the fluorescence of TPE@ZIF-71 powder orig-
inates from the ZIF-71 alone, thereby confirming that: (i) TPE
molecules are uniformly dispersed in ZIF-71, and (ii) there is no
strong interaction between TPE and ZIF-71.

4. Mechanofluorochromism of TPE@ZIF-71

To study the mechanofluorochromism of the TPE@ZIF-71 sys-
tem, we compressed it into pellets under different pressures us-
ing a hydraulic press. Fig. 3a and 3b show the color of the pel-
lets viewed under ambient daylight and UV light (365 nm), re-
spectively. Clearly, it can be seen with the naked eye that TPE@ZIF-
71 exhibits a turn-on type mechanofluorochromic behavior even in
the low-pressure range below 350 MPa. Conspicuously, the quan-
tum yield (QY) of TPE@ZIF-71 pellets (Table S2) increases with in-
creasing pelleting pressure. Moreover, the fluorescent property of
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Fig. 3. (a) TPE@ZIF-71 pellets prepared under different pressures, their colors viewed in ambient light, and (b) their fluorescence observed under the 365 nm UV lamp. (c)
Normalized excitation spectra and (d) normalized emission spectra of the TPE@ZIF-71 powder and pellets. (e) Linear relationship between the emission peak wavelength,
peak intensity, and the applied pelleting pressure for TPE@ZIF-71. (f) PXRD patterns of the TPE@ZIF-71 powder and pellets. (g) Time constants (t;) and fractional contributions

from fluorescence lifetime measurements of TPE@ZIF-71 pellets.
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the TPE@ZIF-71 pellets is maintained after pressure removal, which
indicates that the nanoconfinement of ZIF-71 suppresses the spon-
taneous recrystallization of TPE molecules.

Then the excitation and emission spectra of these pellets were
measured and analyzed (Fig. 3). The excitation spectrum (Fig. 3c)
reveals that with the increase of pelleting pressure, the intensity
of the peak belonging to TPE in the range of 300-350 nm rises,
and there is a small redshift, while the intensity of the peak be-
longing to ZIF-71 (400-450 nm) gradually decreases and a greater
redshift appears. The emission diagram (Fig. 3d) shows that the
TPE@ZIF-71 pellets present a larger fluorescence intensity and peak
wavelength under higher pelleting pressure. The observed trend of
increasing intensity and shifting wavelength also shows a certain
degree of linear relationship with the applied nominal pressure
(Fig. 3e). From these phenomena, we inferred that as the pressure
increases, the TPE molecules within the ZIF-71 pore are becom-
ing more and more confined, resulting in a stronger caging effect.
This causes more restrictions to the intramolecular vibrations of
TPE, giving a brighter red-shifted emission [38,39]. In contrast, as a
control experiment, a mechanically mixed powder of TPE and ZIF-
71 was also prepared and subjected to the same pressure. It can
be seen that, without the guest-host caging effect, this physically
combined powder does not exhibit any mechanochromism under
that same condition (Fig. S6).

Detailed analysis of lifetime data further verifies our specula-
tion. From Fig. 3g and Table S3, it is clear that the lifetimes 7,
T,, and t3 of pellets rise with the incremental pressure, and the
values become closer to the ones of pure TPE. In particular, when
the pressure is above 259.95 MPa, the value of 73 approximates
to or even exceeds the T3 of pure TPE. These findings prove that
as the pressure increases, the emission of TPE starts to dominate,
which results from the fact that the intramolecular vibrations of
TPE are becoming more and more restricted. Moreover, Fig. 3g and
Table S3 also indicate that under low pressure, the relationship

between the contributions (c) of each lifetime is: ¢; > ¢ > c3,
and when the pressure increases, c3 rises significantly, while c;
decreases distinctly. The reason for this variation is that the fluo-
rescence of TPE within the pores is turning increasingly dominant,
because the contribution of pure ZIF-71 is ¢c; > ¢y > c3 and the
contribution of pure TPE is ¢3 > ¢; > c¢; (Fig. 2¢ and Table S1).
Hence, it follows that the data of lifetime further confirm our hy-
pothesis on the relationship between the deformed structure and
fluorescence property of TPE@ZIF-71.

Using synchrotron radiation Fourier-transform infrared spec-
troscopy (SR-FTIR) in Beamline B22 MIRIAM at the Diamond Light
Source (Oxfordshire, UK), more evidence was obtained to substan-
tiate the proposed mechanism. As shown in Figs. 4 and S7, we
identified that: (i) the collective vibrational modes of TPE@ZIF-71
in the terahertz region (< 325 cm~!, < 10 THz) broaden grad-
ually with an increase of pelleting pressure; (ii) the vibrational
peaks in the region of 490-590 cm~! (< 20 THz) decrease in their
wavenumbers and progressively broaden as the pressure increases.
From literature [40], the former mode corresponds to the Zn-N
bond stretching of ZIF-71, and the widening trend indicates that
the framework is becoming structurally distorted or more amor-
phized under pressure; the latter spectral change is attributed
to the dcIm ring mode vibrations, and the reduced wavenum-
bers represent the longer bond length, hence reflecting a weaker
bond strength. The results support the notion that as the pres-
sure increases, the TPE molecule begins to interact with the dcIim
linker, and this intermolecular interaction becomes increasingly
stronger with higher stress. The SR-FTIR spectra therefore confirm
our proposed theory that the TPE experiences a more significant
mechanically-induced caging effect as the pressure increases.

On the other hand, from the XRD patterns of pellets (Fig. 3f),
we could observe a progressive decline in intensity and sharpness
of the XRD peaks, indicating that the crystalline structure of ZIF-
71 is being amorphized with greater pressure. The evolving XRD
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uniformly distributed,
separated by MOF cages

Under shear deformation,
TPE and MOF linker interact
with each other, inducing
a strong caging effect
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When greater pressure causes MOF
failure, TPE experiences a stronger
caging effect, and adjacent TPEs may
form aggregates to enhance turn-on
type sensing

Scheme 1. (a) Proposed deformation of the TPE@ZIF-71 structure subject to a mechanical pressure. White sticks represent the secondary building units (SBUs) of ZIF-71.
Purple hexagons, cyan balls, and black sticks represent the TPE molecules. Yellow arrows represent possible interactions. (b) As pressure increases, the ZIF-71 structure begins
to mechanically deform and shear under stress, resulting in a strong caging effect. (c¢) When pressure continues to increase further to cause framework fracture, some ZIF-71
pores will collapse and become amorphized, causing TPE molecules located in adjacent pores to form aggregates.

patterns lead us to propose that, upon the collapse of the initially
periodic framework, the TPE molecules in the adjacent pores could
form new aggregates to help enhance the emission, contributing to
the further rise of intensity and redshift of the excitation and emis-
sion spectra. The mechanically-induced rupture of the crystalline
structure also results in the decrease and redshift of the excita-
tion of ZIF-71 (375-450 nm, Fig. 3c). As the pressure progresses,
the framework is gradually amorphized. Such a structural collapse
could be triggered by shear deformation [41,42], thus reducing
the distance between the linkers. Therefore, more interaction will
occur between the discrete linkers or the remaining framework,
causing the excitation peak to fall and redshift. The gradual dis-
appearance of the 565 nm LMCT peak also proves our inference.
Based on the systematic findings from photophysical analysis com-
bined with structural evolution data evidenced from XRD patterns,
the proposed mechanism of TPE@ZIF-71 mechanofluorochromism
can be illustrated in Scheme 1.

Through the comparison of other TPE@MOF composites, the
proposed mechanofluorochromic mechanism is further validated.
Meanwhile, the TPE@ZIF-71 system is also proven to have bet-
ter sensitivity than other TPE@MOF systems. Here we chose an-
other two “stable” MOFs, UiO-67 (UiO: University of Oslo) and
MIL-68(In) (MIL: Materials Institute Lavoisier), to encapsulate TPE.
Fig. S8 shows the mechanofluorochromic behavior of TPE@ZIF-71,
TPE@UiO-67, and TPE@MIL-68(In) under the same pressure. It can
be seen with the naked eye that TPE@ZIF-71 exhibits a more con-
siderable peak intensity increase and wavelength shift as the pres-
sure rises. The reason is closely related to the mechanical rigid-
ity of the different frameworks. Due to the different organic link-
ers in the MOF structure, MIL-68(In) and UiO-67 are perceived to
be more rigid than ZIF-71 [43-45], resulting in TPE experiencing
a weaker caging effect inside MIL-68(In) and UiO-67, which ex-
plains why they both did not display as good of a sensing perfor-
mance compared with TPE@ZIF-71. Concomitantly, this also proves
the proposed turn-on sensing mechanism from another perspec-
tive.

Unlike other delicate guest@MOF systems [39], TPE@ZIF-71 of-
fers facile processability and unique turn-on luminescence un-
der stress. This further motivates us to combine TPE@ZIF-71 with
polyurethane (PU) and polyvinylidene difluoride (PVDF) matrices
to prepare TPE@ZIF-71/PU fiber by electrospinning and TPE@ZIF-
71/PVDF membrane by doctor-blade technique. Fig. S9 shows that
both the fibers and membranes maintain the excellent turn-on
type mechanochromism and can realize fluorescence sensing un-

der compressive stress. To our best knowledge, this is also the first
turn-on type mechanofluorochromic electrospun fiber and mem-
brane to be demonstrated to date. The detailed performance of
these proof-of-concept TPE@ZIF-71/polymer composites and their
practical deployment warrants further investigations.

5. Conclusions

In summary, through a simple one-pot synthesis method, we
successfully encapsulated the bulky TPE monomers as guest into
the pores of the ZIF-71 host framework. The new TPE@ZIF-71 com-
posite based on the Guest@MOF concept, for the first time, exhibits
the turn-on mechanofluorochromic sensing behavior under stress.
Furthermore, TPE@ZIF-71 can retain the results of the mechanoflu-
orochromism after the pressure is removed. Utilizing far-infrared
vibrational spectroscopy to probe the THz collective modes of
TPE@ZIF-71, it was determined that this stress-induced response
mainly originates from the caging effect bestowed by MOF pores
upon the TPE molecules, where (permanent) plastic deformation
of the ZIF-71 framework constraints the intramolecular rotation
and motion of TPE under stress/pressure. Compared with pure TPE
and other TPE@MOF systems, the introduction of ZIF-71 not only
reverses the turn-off type sensing of TPE (observed at pressure
< 1.5 GPa) [25] to a turn-on type, but further boosts the sensi-
tivity of TPE by 10 folds to detect a mechanical force stimulus (Ta-
ble S4). The TPE@ZIF-71 system reported herein is the first study
of its kind to combine AIE materials with stable MOFs, the high-
sensitivity fluorescent properties and the potential engineering ap-
plication of which have opened up a new way to design bespoke
AIE materials by harnessing the nanoscale confinement effect.

Experimental Section

Synthesis of TPE@ZIF-71: 90 mL methanolic solution of
19.2 mmol 4,5-dichloroimidazole (dcim), 10 mL tetrahydrofuran
(THF) solution of 0.2 mmol tetraphenylethylene (TPE), and 90 mL
methanolic solution of 4.8 mmol zinc acetate were quickly com-
bined under stirring. After stirring for 24 h, the sample was cen-
trifuged at 8000 rpm for 10 min to remove excess reactants, and
then washed 4 times (2 times with THF, 2 times with methanol).
The crystals of TPE@ZIF-71 were separated from the suspension by
centrifugation at 8000 rpm for 10 min. The procedure for prepar-
ing ZIF-71 was the same, except no TPE was added.

Synthesis of TPE@UiO-67: 68 mL dimethylformamide (DMF)
solution of 4.8 mmol biphenyl-4,4’- dicarboxylic acid (BPDC) plus
triethylamine (NEts, 14.4 mmol) was combined with 10 mL THF
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solution of 0.2 mmol TPE. After the combination, 20 mL acetic acid
solution of 4.8 mmol zirconium chloride was heated at 80 °C for
one hour and then added into the mixture, producing a sol-like
product. Subsequently, the product was heated at 120 °C for 24 h
and washed thoroughly 5 times (2 times with THF, 2 times with
DMF, 1 time with methanol) to remove any excess guests adhered
to the MOF surface. The nanocrystals were separated from the sus-
pension by centrifugation at 8000 rpm for 10 min.

Synthesis of TPE@MIL-68(In): 9 mL DMF solution of 4.8 mmol
benzenedicarboxylate (BDC) plus triethylamine (NEt3, 9.6 mmol)
was combined with 2 mL THF solution of 0.2 mmol TPE. After the
combination, 6 mL DMF solution of 4.8 mmol indium nitrate was
immediately added into the mixture. Then the product was washed
thoroughly 5 times (2 times with THF, 2 times with DMF, 1 time
with methanol) to remove the guests adhered to the MOF surface.
The nanocrystals of TPE@MIL-68(In) were separated from the sus-
pension by centrifugation at 8000 rpm for 10 min.

Sample Preparation for Fluorescence Characterization: TPE
suspension was prepared by diluting 0.1 M TPE THF solution in
water (the volume ratio of water to THF was 99:1). The pellets for
mechanofluorochromism study were made by using a manual hy-
draulic press (Specac Atlas) with a 1.2 cm diameter steel die under
compressive forces of 1, 2, 3, and 4 tones.

Electrospinning: The solution for electrospinning was prepared
by dissolving 13.7 g of polyurethane (PU) in 86.3 g of N, N-
dimethylformamide (DMF), yeilding 13.7 wt.% of PU in DMF, and
afterward, 100 mg of TPE@ZIF-71 powder was added into a 10 g of
as-prepared solution. The mixed solution was loaded into a 5 mL
glass syringe with a G-19 needle emitter (nozzle) connected and
dispensed utilizing an automatic syringe pump. The infusion rate
was set to 0.25 mL/h. A high voltage of 11.5 kV was applied be-
tween the nozzle and the base collector set 18 cm vertically apart.

Doctor Blade: The polymer solution for doctor-blade membrane
fabrication was prepared by dissolving 13.7 g HSV900 polyvinyli-
dene fluoride (PVDF) powder in 86.3 g dimethylacetamide (DMA)
to yield 13.7 wt.% PVDF in DMA. Then, 100 mg of TPE@ZIF-71 pow-
der was added into the 10 g of 13.7 wt.% PVDF solution. The mem-
branes were deposited using an automatic doctor-blade apparatus
(MTI Corporation, MSK-AFA-II). The thickness was set to 0.95 mm,
and the coating speed was set to 10 mm/s.

Materials Characterization: The morphologies, optical phase
images, and nanoFTIR results were examined using the neaSNOM
instrument (neaspec GmbH) based on a tapping-mode AFM where
a platinum-coated tip (cantilever resonance frequency 250 kHz,
nominal tip radius ~20 nm) was illuminated by a broadband in-
frared laser. To suppress background contributions, the signal was
modulated at the third harmonic of the tip frequency for optical
phase images, and at the second harmonic for nanoFTIR absorption
spectra. Each spectrum was obtained from averaging over 14 indi-
vidual measurements with an integration time of 14 s, and subse-
quently normalized to the spectrum of the silicon substrate. The
PXRD pattern was recorded using a Rigaku MiniFlex with a Cu Ko
source (1.541 A). Steady-state fluorescent spectra, lifetime, and QY
were recorded employing the FS-5 spectrofluorometer (Edinburgh
Instruments). For lifetime TCSPC measurement, a 362.5 nm laser
was used and the stop condition was set to be at 10,000 counts.
FTIR results were recorded by using a Nicolet iS10 FTIR spectrom-
eter. TGA was performed using a TGA-Q50 machine (TA Instru-
ments) equipped with a platinum sample holder under an N, inert
atmosphere at a heating rate of 10 °C/min from 30 to 800 °C.

Solution '"H NMR Spectroscopy: Samples for NMR were dis-
solved in a solution composed of 500 uL methanol-d4 and 50 uL
DCl /| D0 (35 wt%). All NMR spectroscopy was done at 298 K
using a Bruker Avance III spectrometer operating at 600 MHz,
equipped with a BBO Prodigy cryoprobe. Data was collected with
64 k points and a sweep width of 20 ppm, giving a digital resolu-
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tion of 0.37 Hz. For the samples containing only TPE and only ZIF-
71, a relaxation delay of 2 s was used. For the sample containing
both TPE and ZIF-71, a relaxation delay of 20 s was used. Data was
processed and analyzed using JEOL Jason. The ratio of TPE: dclm
was calculated from the integral ratio of the peak corresponding to
the 8 ortho protons of the TPE phenyl groups and the peak corre-
sponding to the single proton of the dclm imidazole ring of ZIF-71.
As each cage of ZIF-71 contains 24 dclm ligands, the molar ratio
was multiplied by 24 to obtain the guest loading (see Fig. S4).

Synchrotron Radiation Infrared Spectroscopy: High-resolution
infrared (IR) vibrational spectra of all compounds were recorded at
the Multimode InfraRed Imaging and Microspectroscopy (MIRIAM)
Beamline B22 at the Diamond Light Source synchrotron. IR spec-
troscopy was performed in vacuum via a Bruker Vertex 80 V
Fourier Transform IR (FTIR) with an Attenuated Total Reflection
(ATR) accessory (Bruker Optics, Germany). The mid-IR spectra were
collected using a standard DLaDTGS detector. For the far-infrared
spectral range below 700 cm~!, a bolometer cooled by liquid he-
lium was used for the detection of terahertz signals. All spectra
were acquired with a resolution of 4 cm~! and a scanner velocity
of 20 kHz.

Simulation of TPE molecules: Geometry optimization of the
electronic ground state of TPE was performed using density func-
tional theory (DFT) at the B3LYP/6-311G* level of theory [46-50],
followed by normal mode analysis to confirm that the stationary
structure is a local minimum, using the quantum chemical package
Gaussian 16 [51]. The vibrational frequencies obtained were scaled
by an empirical factor of 0.97 [52]. Also, efforts to obtain the sim-
plest form of aggregates, i.e., dimers, were made to evaluate the
possibility of encapsulation of aggregates by the MOF. For the sim-
ulations for dimers, the DFT-D3 version of Grimme et al [53]. was
used to account for the dispersion correction.
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Abstract

Most of the current fluorescence sensing materials belong to the turn-off type, which are hard
to detect toxic substances such as benzene, toluene, and xylene (BTX) due to the lack of active
chemical sites, thereby limiting their development and practical use. Herein we show a guest-
host mechanism stemming from the confined emitter’s self-trapped exciton (STE) states or
electron-phonon coupling to achieve turn-on fluorescence. We designed a luminescent
guest@metal-organic framework (LG@MOF) composite material, termed perylene@MIL-
68(In), and established its E-type excimeric emission properties in the solid-state. Upon
exposure to BTX, especially xylene, we show the E-excimer readily converts into the
Y-excimer due to nanoconfinement of the MOF structure. Such a transformation elevates the
fluorescence intensity, thus realizing a turn-on type fluorescent sensor for detecting BTX
solvents. Our results further demonstrate the controlling of the STE states of perylene at room
temperature (versus previous report of < 50 K) made possible via nanoscale confinement,

paving the way to enabling turn-on type fluorescence sensors fit for engineering practical use.

Keywords: Turn-on fluorescent sensor; Self-trapped exciton states; Perylene; Metal-organic
framework (MOF); Luminescent guest@ MOF
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1. Introduction

Fluorescence sensing has recently become a popular research direction because of its
simplicity, portability, rapid response, high selectivity, and high sensitivity [1-4]. It works
mainly through weakening of the fluorescence intensity (i.e. quenching mechanism) of the
materials by affecting the photoinduced electron transfer [5], FOrster resonance energy transfer
(FRET) [6, 7], and/or charge transfer [8] to achieve “turn-off” type fluorescence sensing.

These mechanisms pose two major limitations in principle. The first is that the side effects
of environmental interference cannot be efficiently ruled out. For example, molecules in the
environment, like water moisture and oxygen, may also cause a decrease in emission intensity
[9, 10]. The second limitation is that it is hard to produce a fluorescent sensor to detect
molecules that do not have active chemical sites [11], such as “BTX”, namely benzene, toluene,
and xylene. However, the demand for BTX sensing is urgent because exposure to this kind of
substances presents the risk of reproductive toxicity, and it is prevalent in industrial production
and daily life [12-15].

To address the foregoing problems, herein we demonstrate a novel “turn-on” type
fluorescence sensing for the detection of BTX molecules without active chemical sites, we
accomplished this by controlling the self-trapped exciton (STE) states of the emitters.
Theoretically, the analyte may affect the coupling effect between excitons and phonons,

thereby resulting in different fluorescent response that can be harnessed for sensor applications.

In terms of STE, perylene is a good starting point to discuss. This material is widely used
in light-emitting diodes [16, 17], photovoltaics [18], and organic field effect transistors [19].
More importantly, perylene possesses two different STE states (Y- and E-state) with different
fluorescent properties [16, 20-22]. Nevertheless, it is hard to use perylene itself as a sensor.
The reasons are that perylene is susceptible to aggregation-caused quenching (ACQ) effect, it
thus has no fluorescence in the solid-state form, and the solubility of perylene is not high in

many solvents, making it challenging to form a dimeric structure or STE states [23].

Because of their porous, ordered, and highly adjustable crystalline structure, metal-organic
frameworks (MOFs) are believed to be one of the most promising materials to combine with
perylene to yield tunable luminescent sensing properties [24-28]. In principle, the
pores/channels of the MOF “host” can be used to encapsulate and isolate perylene “guest”
molecules to overcome the ACQ effect, and when confined within a MOF structure, the

solubility of perylene is no longer a concern [29]. Of note, the emerging concept of confinement



of a luminescent guest (LG) in a MOF host, conferring a “LG@MOF” composite system, has
huge potential for designing and engineering unconventional turn-on type luminescent sensors

and lighting devices [30].

In this work, we demonstrate a fluorescence sensing LG@MOF material by encapsulating
perylene into an easy-to-synthesise and stable Materials of Institut Lavoisier-68(In)
[MIL-68(In)]. For this perylene@MIL-68(In) composite, we show that perylene exhibits the
E-state excimer fluorescence in solid-state powder form, and it changes to Y-state excimer
emission when exposed to BTX, resulting in a prominent turn-on type sensing response. To the
best of our knowledge, this kind of turn-on sensing from the transformation of STE states is
the first example realized in the research field of LG@MOFs [30]. Significantly, it is also the
first time the transformation of perylene E-state to Y-state is evidenced at room temperature

condition.

2. Synthesis and Structure of the Perylene@MIL-68(In) Composite System

The perylene@MIL-68(In) system was synthesized by using the simple one-pot high
concentration reaction (HCR) method, a facile approach first described by Chaudhari et al [31,
32]. Full details of the synthetic steps for perylene@MIL-68(In) are given in the Experimental
Section. It is worth mentioning that due to the deprotonation of triethylamine (TEA), this is the
first method to produce MIL-68(In) at room temperature. The resulting composite materials
were subsequently characterized by powder X-ray diffraction (PXRD), attenuated total
reflection Fourier-transform infrared spectroscopy (ATR-FTIR), synchrotron radiation infrared

spectroscopy (SR-IR), nanoindentation, and scanning electron microscope (SEM).

From Figure 1a, it can be seen that the PXRD patterns of prepared MIL-68(In) MOF host
and perylene@MIL-68(In) are consistent with the simulations, which indicate that MIL-68(In)
crystal structure is successfully generated by HCR method and the introduction of perylene
molecules will not hinder the crystal formation of the MOF host [33]. The same conclusion can
also be drawn from the FTIR results (Figure 1c) due to the high similarity between the spectra
of MIL-68(In) and perylene@MIL-68(In). The nanoindentation results show the hardness of
the crystal increased by ~20% after the encapsulation of perylene (Figure S1 and Table S1),
suggesting the formation of perylene@MIL-68(In) may have given rise to an interstitial
hardening effect. SEM images (Figure 1b and Figure S2) show the synthesized MIL-68(In) and

perylene@MIL-68(In) possess nanosized columnar crystals, which coincide with the typical



crystal morphology of MIL-68 produced through a long reaction time (hours) under high
temperature (> 55 °C) [34]. Together, our results demonstrate that the HCR method can
produce MIL-68(In) immediately under a significantly milder reaction condition potentially

useful for future commercialization.
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Figure 1. (a) Comparison of the XRD patterns of the simulated/synthesized MIL-68(In) and
perylene@MIL-68(In) featuring three perylene concentrations (1P, 05P, and 025P designate the amount
of perylene used in the synthesis to be 1 mmol, 0.5 mmol, and 0.25 mmol). (b) SEM images of MIL-

68(In). (c) FTIR results of the MIL-68(In) and perylene@MIL-68(In), (left: from SR-FTIR; right: from
ATR-FTIR).



3. Luminescent Properties of Perylene@MIL-68(In)

We then performed photophysical characterization of the perylene@MIL-68(In) with
different amounts of perylene guest loading. The excitation and emission spectra are shown in
Figures 2a and 2Db, respectively. It is apparent that the fluorescence properties of the
perylene@MIL-68(In) systems are derived from perylene molecules because pure MIL-68(In)
is virtually non-emissive at the selected excitation wavelength of 440 nm. For the
perylene@MIL-68(In) at all three concentrations, their emission peaks can be divided into two
parts: 1) a small peak at around 475 nm; 2) a broad and intense peak at around 600 nm. On the
basis of previous studies on perylene [16, 20-23], we reasoned that the first peak originates
from the emission of free excitons, and the second peak is attributed to the STE emission. These
photophysical characteristics indicate the a-perylene-like structure is generated inside the
MIL-68(In) channel and emits as the E-state excimer [35]. Furthermore, the lifetime data of
the system obtained by using the time-correlated single-photon-counting (TCSPC) technique
(Table S2, Figure S4) show a lifetime component (t4) that is around 18 ns, further supporting
the existence of the E-state excimer. It is worth mentioning that the fluorescence performance
of perylene solutions with different concentrations verified our theoretical hypothesis in the
introduction part: Perylene is challenging to form a dimeric structure and induce excimer
emission due to the solubility problem, but MOFs can help to overcome this limitation through

confinement in nanoscale pores/channels.
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Figure 2. Normalized (a) excitation spectra (measured under em@600 nm) and (b) emission spectra
(measured under ex@440 nm) of perylene solutions, MIL-68(In) powders, and perylene@MIL-68(In)
in solid state. Note: MIL-68(In) is not normalized due to its weak signal.



Considering the E-state emission characteristic, the channel size of MIL-68(In) (16 and
6 A), and the previous research outcome in ref [20], it is reasonable to infer that in the channel
of MIL-68(In), perylene molecules exist as disordered dimeric structure. This means the
longest axis of perylene molecules tilts in the radial direction of MIL-68(In) channels, as shown
in Scheme 1(c). This kind of structural alignment of confined guests also explains the
incremental red-shift evidenced for the 025P, 05P, and 1P@MIL-68(In) samples (Figure 2b),
because the dimeric perylene can interact with the adjacent perylenes, and the interaction will
be enhanced with the increase of perylene amount trapped within the MOF channel. The
decrease in quantum yields (QY, Table S3) and excimer lifetime (s, Table S2, Figure S4) when
the perylene amount increases also supports the proposed structure, as the enhanced

interactions will increase the non-radiative decay [24, 28].
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Scheme 1. (a-b) lllustrations of the LG@MOF crystal structure of perylene@MIL-68(In) and its initial
molecular configuration under confinement of 1-D channels. (b) Proposed sensing mechanism of
perylene@MIL-68(In) subject to benzene, toluene, xylene (BTX) molecules. Color scheme: indium in
dark red, carbon in gray, and oxygen in red.

4. BTX Sensing Performance of Perylene@MIL-68(In)

Subsequently, we tested the benzene, toluene, and xylene (BTX) sensing properties of the
perylene@MIL-68(In) system. In order to better observe the subtle changes, we chose the
025P@MIL-68(In) with the least amount of perylene and the highest QY for testing. As shown
in Figure 3, perylene@MIL-68(In) delivers prominent turn-on sensing response with a slight



blue-shift and splitting of the emission peak (~600 nm) when exposed to the BTX molecules
in solution. On the contrary, when exposed to DMF/acetone, such polar aprotic electron-

deficient solvents, the peak at 600 nm exhibits a red-shift with a decline in its intensity.
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Figure 3. (a) Excitation (measured under em@600 nm) and (b) emission spectra (measured under
ex@440 nm) of 025P@MIL-68(In) in different solvents. The inset of (b) shows the emission spectra of
025P@MIL-68(In) in p-, 0-, m-xylene. (c) Lifetimes (excimer component) and (d) QYs of 025P@MIL-
68(In) powders and when mixed in BTX. () Normalized excitation (measured under em@600 nm) and
emission spectra (measured under ex@380 nm) of 025P@MIL-68(In) and its pellets.



The rising intensity and splitting of the peak at ~600 nm (Figure 3b) can be explained by
the perylene in the MIL-68(In) channels undergoing a transformation from the E-state to
Y-state [22]. This kind of transformation can be attributed to the formation of the n-n
interaction bridge depicted in Scheme 1. When the perylene inside encounters BTX, such
electron-rich solvents, the organic linker of MIL-68(In) (BDC), BTX, and dimeric perylene
form a relatively strong n-n interaction “chain”, thereby inducing an effect similar to the lattice
confinement effect [22, 24, 36, 37]. In that situation, the electron-phonon coupling of the
E-state will be affected to generate the Y-state. Compared with the single emission
characteristic of E-state, Y-emission itself possesses multiple luminescent peaks, higher peak
intensity, and a shorter peak wavelength [22]. Therefore, when exposed to BTX, the
perylene@MIL-68(In) peak showed an intensity enhancement, splitting, and blue-shift. The
deconvolution result of the emission peak (Figure S3) reveals the typical feature of the Y-
excimer, in which the fitted peaks denoted as 2, 3, and 4 obviously correspond to the emission

of Y-excimer reported by ref [22].

Furthermore, based on that, the occurrence of higher peak intensity and more pronounced
peak splitting upon contact with xylene (compared to benzene and toluene) can also be
understood. As the electron-donating ability of BTX becomes stronger (i.e., benzene < toluene
< xylene), the n-m interaction bridge will become stronger correspondingly, resulting in a more
substantial confinement effect for perylene in the channel [38]. It is worth mentioning that the
Y-emission can only be observed at temperatures below 50 K for pure perylene [22].
Remarkably, herein we show for the first time that, thanks to the LG@MOF assembly the
transformation between the E-state and Y-state is realized at room temperature.

To further validate the proposed theory, we performed the lifetime and QY measurements
on perylene@MIL-68(In) (Figure 3c and 3d). The lifetime data shown in Figure 3c, Table S4,
and Figure S5 suggest that the 18 ns time component (belonging to the E-state) increases when
contacting BTX solvents [23]. Meanwhile, the QY also shows an increasing trend. More
importantly, this rise can be associated with BTX electron-donating ability (Figure 3b-d):
higher electron-donating ability, larger lifetime and QY. These phenomena indicate that the
non-radiative decay of perylene in the MIL-68(In) is reduced due to the n-m interaction bridge,
thus inducing a strong confinement effect and proving the transformation from the E- to

Y-emission.



The fluorescence performance of perylene@MIL-68(In) subject to different compressive
pressures also supports our theory. According to the previous studies [24, 37, 38], it can be
deduced that when the pressure increases, the n-n interaction between the linker (BDC) and
perylene will increase, thus causing perylene to becoming more tightly constrained. The
excitation and emission spectra of the perylene@MIL-68(In) under pressure (Figure 3e and 3f)
illustrate that, when the interaction is enlarged, the peak intensity corresponding to the perylene
excimer increases. Furthermore, the 4 excimer lifetime also increases sharply with pressure
rise (Table S5, Figure S6), compared with the 71 to t3 lifetime components which are relatively
unchanging. Therefore, it is shown that enhancing the n-m interaction in this LG@MOF system
does enhance the confinement effect and hence resulting in a stronger excimer emission. The
pressure-dependent luminescence data further substantiate the rational of our proposed theory

from another standpoint.

By way of comparison, the behavior of perylene@MIL-68(In) when exposed to electron-
deficient solvents can be explained by the proposed theory as well. When the system is in
DMF/acetone solvents, the emission at ~600 nm shows a relative decline and red-shift (Figure
3b). In Table S4 and Figure S5, the perylene@MIL-68(In) lifetime is smaller in DMF and
acetone than in BTX. Based on the theory, those can be interpreted as electron-deficient
solvents reducing the m-m interaction between the BDC linkers and perylene, making the

dimeric structure to becoming more closely combined.

5. Conclusions

In conclusion, we have shown the facile synthesis of perylene@MIL-68(In) at ambient
conditions by harnessing the HCR method. Of note, the perylene@MIL-68(In) exhibits the E-
excimer emission characteristics in the solid-state. When exposed to BTX, the perylene
molecules present in the MIL-68(In) channels will receive a strong confinement effect and
affect the STE states. This guest-host confinement effect switches the E-state to Y-state
emission, resulting in the turn-on fluorescent response when subject to the electron-rich BTX
solvents. The sensing mechanism proposed here using the transformation between different
STE states is the first exemplar in the field of LG@MOF research. The simple synthesis method
and the uncommon turn-on type sensing behavior have opened up a new approach for

developing highly-selective fluorescence sensors.
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Experimental Section

Synthesis of Perylene@MIL-68(In) and MIL-68(In) by using HCR method: The synthesis
was accomplished by leveraging the high-concentration reaction (HCR) method [31, 32]. 15
mL dimethylformamide (DMF) solution of 4.8 mmol benzenedicarboxylate (BDC) plus
triethylamine (TEA, 9.6 mmol) was combined with 50 mL dichloromethane (DCM) solution
of 0.25/0.5/1 mmol perylene. After the combination, 15 mL DMF solution of 4.8 mmol indium
nitrate was immediately added into the mixture. Then the product was formed instantly and
washed thoroughly 5 times (2 times with DCM, 2 times with DMF, 1 time with methanol) to
remove the excess guests adhered to the external MOF surfaces. The nanocrystals of
perylene@MIL-68(In) were separated from the suspension by centrifugation at 8000 rpm for

10 mins.

Sample Preparation for Fluorescence Characterization: The pellets for
mechanofluorochromic study were made by using a manual hydraulic press (Specac Atlas)
with a 1.2 cm diameter die under a uniaxial compressive force of 4 and 8 tones.
Perylene@MIL-68(In) suspensions for solvatochromic study were prepared by diluting 5 mg
of perylene@MIL-68(In) in 8 mL solvent.

Materials Characterization: The crystal morphologies and structures were examined under
field-emission scanning electron microscopy (FESEM LYRA3z GM TESCAN). Powder X-ray
diffraction (PXRD) patterns were recorded using a Rigaku MiniFlex with a Cu Ka source
(1.541 A). The nanoindentation tests were conducted using an iMicro nanoindenter (KLA-
Tencor). Steady-state fluorescent spectra, lifetime, and quantum yield (QY) were recorded
employing the FS-5 spectrofluorometer (Edinburgh Instruments). For TCSPC lifetime
measurement, a 445 nm laser was used and the stop condition was set to be at 10,000 counts.
Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectra were recorded by
using a Nicolet iS10 FTIR spectrometer.

Synchrotron Radiation Infrared (SR-IR) Spectroscopy: High-resolution SR-IR vibrational
spectra of all compounds were recorded at the Multimode InfraRed Imaging and
Microspectroscopy (MIRIAM) Beamline B22 at the Diamond Light Source synchrotron.

Measurements were performed in vacuum via a Bruker Vertex 80V FTIR with an ATR



accessory (Bruker Optics, Germany). For far-infrared spectral range below 700 cm?, a
bolometer cooled by liquid helium was used for the detection of terahertz signals. All spectra

were acquired with a resolution of 4 cm™ and a scanner velocity of 20 kHz.
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