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Trace-doped metal—organic gels with remarkably
enhanced luminescencet

Xiying Feng, Lihua Zeng, Dianting Zou, Zizhe ZQang, Guihao Zhong, Shuyin Peng,
Liping Liu, Liuping Chen and Jianyong Zhang (& *

A novel approach has been proposed to fabricate MOF-based luminescent gel materials with trace amounts
of doping in order to study the role of trace defects in metal—-organic gel materials. UiO-66-based ZrBDC
(BDC = 1,4-benzene dicarboxylate) gels were first prepared from Zr** and H,BDC under mild conditions,
and subsequently trace doping (as low as 0.01 mol%) of the ZrBDC gel materials with H4TCPE
(tetrakis(4-carboxyphenyllethylene) was achieved successfully. The resulting ZrBDC-TCPE0.01% gel
material features mild synthetic conditions and retains the high porosity of parent UiO-66 gel materials.
Moreover, trace doping causes a remarkable change to the luminescence properties and the gel emits
blue luminescence with high quantum yield (59%). ZrBDC-TCPE0.01% shows responses with high
sensitivity and selectivity for nitroaromatics (picric acid) in the aqueous phase and detects picric acid as
low as parts per billion (24 ppb). The present luminescent gel materials provide new insights into
developing functional metal-organic materials through trace defects, which may remarkably alter the
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Introduction

Defected materials can give rise to a large range of optical,
electronic, magnetic, conductive and other physical properties.
The materials properties can be tuned and optimized by
controlling the defect composition. For example, in traditional
inorganic luminescent materials, doping other elements into
the main body is classic approach to tune the emissive perfor-
mance. As a catalogue of porous materials, metal-organic
frameworks (MOFs) from the self-assembly of inorganic and
organic building blocks usually form highly ordered crystalline
solids, and discussions about the properties of MOFs focus
mainly on features revealed by the crystal structures. However,
the crystal structures of MOFs may not fully relate to their
physical properties, and defects or deviations from an ideally
ordered crystal structure have been recently shown to signifi-
cantly affect their properties.'® There are several methods to
create defects in MOFs, including doping with another ligand or
metal element into the linkers or the inorganic nodes, missing
linkers or components, and partial ligand replacement or metal
ion replacement.”™® Among these methods doping has been
shown to produce novel properties while maintaining the
parent framework topologies,”**'” thus providing abundant
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properties of metal—organic materials.

opportunities in catalysis, sorption, magnetic, optical, conduc-
tive materials, and so on. However, all these studies focus on
stoichiometric loading of defects (typically >10 mol%) and the
role of trace defects has been given little regard.

In the present work we propose a novel approach for fabri-
cating MOF-based gel materials with trace-doped-enhancement
luminescence. MOF-based gel materials are assembled from
MOF nanoparticles, combining the advantages of MOFs and of
gels.'®?> UiO-66-based ZrBDC (BDC = 1,4-benzene dicarbox-
ylate) gel materials have been developed as new members of
these materials. Subsequent trace doping (as low as 0.01 mol%)
of the gel materials with tetraphenylethylene (TPE) lumiphore
has been achieved (Fig. 1). The resulting materials have three
features. (1) MOFs offer a platform with high surface areas,
tuneable framework composition. Among them, UiO-66-type
MOFs have Zrg-based robust and porous networks with high
connectivity with each [Zre(113-0)4(13-OH),]*** node linked to 12
carboxylates of 1,4-benzene dicarboxylate ligands,**>* showing
high thermal and chemical stability.***® (2) Gelation is
a powerful method to prepare micro-meso-macroporous hier-
archical metal-organic materials with surface and inherent
defects under mild conditions.*** It may scale down MOF
crystallites to the nanosize regime and implement hierarchical
porosity to overcome diffusion limitations.’*** (3) Materials
with trace doping may be interesting because it may save
expensive luminescent materials and avoid some problems
caused by high doping concentration such as unstable lumi-
nescence and device aging. Additionally trace-doped materials
are generally isostructural to the parent ones, thus it is easy to

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Preparation of ZrBDC-TCPE0.01% gel from 1,4-benzene-
dicarboxylic acid (H,BDC), Zr**, and tetrakis(4-carboxyphenyl)
ethylene (H4TCPE). The photos were taken under day light (left) and
under irradiation with 365 nm ultraviolet light (right). The bottles are
kept inverted to confirm the gel formation. (b) Schematic illustration
for the construction of ZrBDC-TCPEO0.01% gel.

predict the outcome structure and the synthesis of functional-
ized materials becomes versatile and applicable.

Results and discussion

First, parent ZrBDC gels were prepared through reaction of 1,4-
benzenedicarboxylic acid (H,BDC) with ZrCl, in DMF-EtOH (v/v
1:1) upon mild heating at 80 °C (Fig. S1 and Table S17).2***
When the molar ratio of Zr/BDC ranges from 1 : 1 to 2 : 1, white
opaque gels were obtained within 1-1.5 h. ZrBDC-1:1-0.15 gel,
denoting the molar ratio of Zr/BDC is 1: 1 and the concentra-
tion is 0.15 mol L * based on BDC, was chosen and investigated
in detail. SEM investigations show that the gels have porous
networked structures consisting of cross-linked particles, and
TEM investigations verify that the agglomerated nanoparticles
with 50-100 nm sizes are irregularly interconnected, spanning
large void spaces and sustaining the gel matrix (Fig. 2a and b).
PXRD was applied to establish the microstructures of the gel
materials. The ZrBDC gel materials possess powder X-ray
diffraction (PXRD) patterns that are remarkably consistent
with that reported for the UiO-66 topology (Fig. 3).** This
implies that the gels consist of crystalline components of MOF
structure, that is, an ordered 3D framework of ZrsO,(OH),(-
BDC)e that are bridged by the 1,4-benzene dicarboxylate linkers.
The broadness of the diffraction peaks indicates that the MOF
components in the gel are nanoparticles (71 nm for ZrBDC-1:1-
0.15, as simulated by the Scherer equation), which is in agree-
ment with the SEM and TEM observations. Therefore the
present ZrBDC-1:1-0.15 gel material has a porous networked
structure consisting of cross-linked UiO-66 MOF nanoparticles.

To create luminescent gels, tetraphenylethylene (TPE)
lumiphore is subsequently introduced into the ZrBDC-1:1-0.15
gel via trace doping of tetrakis(4-carboxyphenyl)ethylene
(H4TCPE). In this strategy TCPE is an inherent component as
the organic struts for the construction of the gel matrix via
coassembly of two ligands into gels. TCPE groups replace part of
the 1,4-benzenedicarboxylate linkers in the gel material,
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Fig.2 (a) SEM and (b) TEM images of ZrBDC-1:1-0.15, and (c) SEM and
(d) TEM images of ZrBDC-TCPEOQ.01%. Scale bars represent 500 nm
for SEM images.
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Fig. 3 PXRD patterns of (from bottom to top) simulated UiO-66,
ZrBDC-1:1-0.15, ZrBDC-TCPEx (x = 0.01, 0.1, 1, 10%) wet gels. The
patterns are vertically offset for clarity.

creating luminescent gel materials. Additionally TPE features
aggregation-induced emission (AIE) characteristics showing
highly enhanced emission in the aggregate state.*® Immobili-
zation of H,TCPE into a rigid framework may inhibit the rota-
tion and torsion of phenyl rings, leading to increased quantum
yield.*”** ZrBDC-1:1-0.15 gel with trace doping (0.01%) of TCPE
was prepared, synthetically 0.01% equivalent of H,TCPE with
respect of H,BDC was used to prepare metal-organic gels, and
the sample is denoted as ZrBDC-TCPE0.01% (Fig. 1). For
comparison ZrBDC-TCPEx (x = 0.1, 1, 10%) gels were also
prepared (Fig. S17). In order to characterize the porosity, the
solvent in the wet gels was removed by centrifugation and
exchanged with ethanol, and the resulting materials were dried
by subcritical CO,(1) to obtain dried materials as crushed solid.

SEM and TEM reveal that the introducing of TCPE does not
affect the morphology significantly, showing similar porous

RSC Adv., 2017, 7, 37194-37199 | 37195
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structures with cross-linked nanoparticles (Fig. 2c, d and S2-
S47). In comparison ZrBDC-TCPE0.01% consists of smaller
nanoparticles with ca. 20-50 nm size. The gels give well-resolved
PXRD patterns with salient peaks that precisely match the
simulated patterns of single-crystal UiO-66, indicating that the
crystallinity of UiO-66 is maintained (Fig. 3). The crystallite size
of is ca. 41 nm for ZrBDC-TCPE0.01%, as simulated by the
Scherer equation. The smaller nanoparticles may be attributed
to the presence of increasing surface and inherent defects in the
trace-doped materials.

ZrBDC-TCPEO0.01% gel was also characterized by other
analytical techniques including FT-IR, EDX and XPS (Fig. S5-
S117), but no difference could be identified as expected due to
the trace presence of TCPE. FT-IR spectra account for the
presence of carboxylate in the metal coordination sphere, as
evidenced by the C=0 asymmetric stretching at around 1580
cm . Elemental composition analysis by energy dispersive X-
ray spectroscopy (EDX) reveals that trace of Cl was present as
well in the gels which originate from the precursors. X-ray
photoelectron spectroscopy (XPS) analysis shows that the Zr
3d3, and 3ds, binding energies are 185.2 and 182.8 eV,
respectively, confirming the presence of highly oxidized tetra-
valent zirconium.

Thermogravimetric analysis (TGA) profiles of ZrBDC-1:1-0.15
and ZrBDC-TCPEO0.01% exhibit continuous weight loss of 56%,
related to the removal of moisture, free solvent and ligand and
they may remain thermally stable up to ca. 550 °C (Fig. S12+t). In
the TGA profile of ZrBDC-1:1-0.15, a weight loss from 68 wt% to
44 wt% between 500 and 600 °C means that the as-synthesized
material is defective, exhibiting about 8 BDC ligands per
Zrs04(OH), cluster. In the TGA profile of ZrBDC-TCPE0.01%,
the weight loss from 71 wt% to 46 wt% between 500 and 600 °C
is consistent with a BDC : Zrg ratio of 8, in line with similar
linker deficiency.*” Such defective UiO-66 materials**~*® may be
produced because the present synthesis temperature was low.*”

To evaluate the porosity, N, adsorption-desorption
isotherms were collected for the dried materials (Fig. 4 and
Table S2t). For ZrBDC-1:1-0.15, the BET surface area is 1140-
1236 m® ¢~ and the total pore volume is 0.929-1.107 cm?® g~ !
(two parallel measurements). Its microporosity nature was
indicated by rapid gas sorption at low relative pressure (P/P, <
0.05). Pore size distributions obtained by nonlocal density
functional theory (NLDFT) show main pore size centred at ca.
1.11 and 1.27 nm, interpreted as octahedral cages in the pristine
UiO-66 structure as well as defect-related regions.*® The trace
doping with TCPE (0.01%, 0.1%) does not show much effect on
the porosity of gel materials. For ZrBDC-TCPE0.01%, the BET
surface area is 1145-1280 m” g " and the total pore volume is
0.598-0.832 cm® g~ ! (two parallel measurements). Additionally
the pore size does not change greatly with main pore size cen-
tred at ca. 1.11 and 1.27 nm. This is consistent with the reported
data with only 8 linkers per node* and the above TG data.
However, the BET surface areas (1044-901 m” g~ ') and pore
volumes (0.613-0.682 c¢cm® g ') decrease with high doping
concentration of TCPE (1%, 10%).

The photoluminescence property of ZrBDC-TCPEx gel
materials synthesized with various doping concentration
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Fig. 4 (a) N, adsorption—desorption isotherms (solid symbols repre-
sent adsorption, open symbols represent desorption), and (b) NL-DFT
pore size distribution (model: N, at 77 K on silica (cylinder pore, NLDFT
adsorption branch model)) for ZrBDC-TCPEx (x = 0.01, 0.1, 1, 10%)
and ZrBDC-1:1-0.15. NL-DFT curves are vertically offset for clarity.

(0.01-10% of TCPE with respect to BDC) was examined (Fig. 5a,
S13 and Table S37). ZrBDC-1:1-0.15 gel is nearly weakly emissive
with an emission band at about 498 nm and a fluorescence
quantum yield of 14% in gel state. The fluorescence spectra of
ZrBDC-TCPEx gels display an obvious blue shift and the cor-
responding emission efficiency increases remarkably. In
contrast to ZrBDC-1:1-0.15 gel, ZrBDC-TCPE0.01% is highly
emissive. The fluorescence is blue-shifted with an emission
maximum at 461 nm, which originate from the ligand-based m—
m* transition. The fluorescence efficiency of ZrBDC-TCPE0.01%
is as high as 59%, much higher than that of the parent gel. The
time-resolved emission-decay behaviours show that the
weighted mean lifetime is 3.32 ns for ZrBDC-TCPE0.01%.

The emission peak wavelengths for the ZrBDC-TCPEx gels
dispersed in water range from 461 nm (x = 0.01%) to 521 nm (x
= 10%). With increasing content of TCPE, the emission wave-
lengths presented a red-shift. The emission of the ZrBDC-
TCPEx gels with higher content of TCPE move closer to that of
the ZrTCPE gel (Aer, = 540 nm). Thus the emission of ZrBDC-
TCPE0.01% mainly ascribe to the homogeneous distribution of
TCPE in the framework. The porous network of ZrBDC UiO-66
nanoparticles sterically inhibits the TPE fluorophores from
approaching each other and prevents the aggregation of TCPE
molecules. This leads to the blue-shifted emission of ZrBDC-
TCPE0.01% in comparison with ZrTCPE. The blue shift in the
emission is obvious when the doping concentration is low.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Normalized emission spectra of ZrBDC-TCPEx (x = 0.01,
0.1, 1, 10%), ZrBDC-1:1-0.15, and ZrTCPE gels dispersed in water
(10 g L™. (b) Fluorescence spectra of ZrBDC-TCPE0.01% gel
dispersed in water (10 g L% upon incremental addition of an aqueous
solution of PA (0-330 pL, 0.1 mmol L™ (Aex = 363 nm). (c) Visual
detection of PA (2.3 ppm, 1.0 x 107> mol L) with ZrBDC-TCPE0.01%
gel dispersed in water (10 g L™Y) (right) and blank dispersion (left). The
photographs were taken under 365 nm UV irradiation. (d) Stern—
Volmer plots of various nitro analytes in water for ZrBDC-TCPE0.01%.

The unique porosity and the fluorescence of ZrBDC-TCPEx
gels prompted us to explore their potential application as
fluorescent sensors for nitroexplosives. The open framework

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

structure of ZrBDC-TCPEXx gels with high surface area and large
pore windows may facilitate guest diffusion across the frame-
works and easily interact with active lumiphore sites. Herein
picric acid (PA) was used as a model nitroexplosive (Scheme
S1t). Fluorescence quenching titrations with various PA
concentrations were conducted at room temperature in
aqueous solution because aqueous-phase detection is preferred
for probing of nitro explosives in soil or groundwater.* The gels
were readily dispersed in water with a concentration of 10 g L ™"
for detection. The fluorescent intensity gradually decreases with
the addition of PA into ZrBDC-TCPE0.01% (Fig. 5b, c and S147).
The Stern-Volmer (SV) equation of the relative fluorescence
intensity vs. PA concentration in aqueous solution is I/l =
Ksy[A] + 1, where I, and I are the photoluminescence intensities
before and after addition of the analyte, respectively, and [A] is
the molar concentration of the analyte. Kgy is the quenching
constant (L mol ™). The relative fluorescence intensity is linear
with the concentration suggesting the quenching is mainly
diffusion-limited. The quenching constant for PA is 2.91 x 10° L
mol ! in the low concentration range (0-0.53 mol L") (R* =
0.9962), which is remarkably higher than that of a closely
related TPE-modified Zr-MOF (2.8 x 10" L mol "), lying
amongst the highest of the known luminescent MOF-based
sensors.”** The limit of detection (LOD) is calculated by the
fluorescence quenching data using the 3g/slope criteria using
the equation LOD = 30/m, where o is the standard deviation of
blank measurements, and m is the slope between the fluores-
cence intensity and analyte concentration. The LOD is 1.05 x
1077 mol L™" (24 ppb) for ZrBDC-TCPE0.01%. Interestingly,
both the quenching constant and the LOD decrease when the
doping concentration of TCPE is higher for the ZrBDC-TCPEx
gels (Fig. S15 and S167). The quenching constant is 1.82 x 10°
and 5.64 x 10" L mol ' and the LOD is 1.98 x 10~ (45 ppb) and
5.25 x 1077 (120 ppb) for ZrBDC-TCPE0.1% and ZrBDC-
TCPE1%, respectively. Therefore, the present gel material with
trace doping of TCPE greatly enhances fluorescence response
efficiency and demonstrates the potential as a novel type of
highly sensitive sensors for PA in aqueous phase.
Fluorescence quenching titrations were also performed
with nitroaromatic compounds with similar chemical struc-
tures such as 2,6-dinitrophenol (2,6-DNP), 1,3-dinitrobenzene
(1,3-DNB), 4-nitrophenol (4-NP), 2-nitrophenol (2-NP) and
nitrobenzene (NB), and nitro-aliphatic compounds such as
2,3-dimethyl-2,3-dinitrobutane (DMDNB), 1-nitropropane
(NProp) and nitromethane (NM) (Scheme S17). In a typically
designed experimental protocol, the fluorescence spectrum for
ZrBDC-TCPE0.01% dispersed in water was monitored upon
the incremental addition of an aqueous solution of nitro-
aromatic compounds. Different extents of fluorescence
quenching take place upon the addition of the same amount of
various analytes (400 pL of 0.1 mM) (Fig. 5d and S17-S25%).
The fluorescence quenching efficiencies of various analytes are
calculated using the equation (I, — I)/I, x 100%, where I, and I
are the fluorescence intensities of ZrBDC-TCPE0.01% before
and after the addition of the analytes. The fluorescence
quenching efficiencies are in the order, PA (83.1%) > 4-NP
(51.8%) > 2,6-DNT (41.2%) > 2-NP (30.0%) > 1,3-DNB (15.6%) >

RSC Adv., 2017, 7, 37194-37199 | 37197
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DMDNB (12.3%) > NB (10.0%) > NM (8.6%) > 1-NProp (6.6%).
It suggests that PA shows significant and sensitive fluores-
cence quenching, while other nitroaromatic compounds with
similar chemical structures have much lower fluorescence
quenching efficiencies.

The quenching mechanism may be proposed as follow. The
tested analytes have suitable sizes (e.g., PA 5.0 x 6.2 x 7.1 A) to
enter the pores of gel nanoparticles.* The selective fluorescence
quenching for PA may be attributed to energy transfer of the
excited-state electron of ZrBDC-TCPE0.01% to the electron-
deficient PA molecule with its electron-withdrawing -NO,
group. The absorption bands of the analyte PA display consid-
erable overlap with the emission spectra of ZrBDC-TCPE0.01%,
while nearly absent overlap in the cases of other nitro
compounds (Fig. S267). Resonance energy transfer can effec-
tively occur from the fluorophore to non-emitting analytes. In
addition, the fluorescence emission decays instantly upon the
addition of PA solution into ZrBDC-TCPE1% and maintain an
equilibration afterwards (Fig. S261). The decay time is short to
fall in the data collection time of the fluorometer (<1 min). It
suggests facile diffusion (mass transfer) of PA across the porous
gel network of ZrBDC-TCPE0.01%.

Conclusions

In summary, we develop a facile and simple gelation
approach for fabricating highly luminescent UiO-66 MOF
based ZrBDC materials with trace doping of TPE lumiphor
(as low as 0.01%). TCPE groups replace part of the BDC
linkers in the parent gel material and the TPE chromophore
is incorporated dilutely into the UiO-66 MOF nanoparticle
matrix, creating highly luminescent materials. The gel
material ZrBDC-TCPE0.01% displays the merits of MOFs,
gels and trace doping. It consists of interconnected highly
porous MOF nanoparticles having the framework structure of
UiO-66 and the unique feature of trace occupied TCPE sites
(0.01%), causing large change to its luminescent properties.
The aqueous dispersion of ZrBDC-TCPE0.01% gel emits blue
luminescence with high quantum yield. It shows ability to
selectively identify the presence of a trace quantity of nitro-
aromatic explosive in aqueous phase through fluorescence
quenching, attractive in virtue of high sensitivity, and rapid
response time. These results demonstrate that trace defective
sites within metal-organic materials can significantly alter
the properties, showing that this class of gel materials and
MOFs can serve as a tunable porous platform for novel
applications. The method may be utilized for the design of
functional porous materials which incorporate a fraction of
functional sites into a known phase built from simpler
building blocks to avoid tedious synthesis.
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