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ABSTRACT: We have designed and synthesized an isoreticular series of
luminescent metal—organic frameworks (LMOFs) by incorporating a strongly
emissive molecular fluorophore and functionally diverse colinkers into Zn-
based structures. The three-dimensional porous networks of LMOF-261, -262,
and -263 represent a unique/new type of nets, classified as a 2-nodal, (4,4)-c
net (mot-e type) with 4-fold, class Illa interpenetration. All compounds
crystallize in a body-centered tetragonal crystal system (space group I4,/a). A
systematic study has been implemented to analyze their interactions with
heavy metals. LMOF-263 exhibits impressive water stability, high porosity,
and strong luminescence, making it an excellent candidate as a fluorescent
chemical sensor and adsorbent for aqueous contaminants. It is extremely
responsive to toxic heavy metals at a parts per billion level (3.3 ppb Hg**, 19.7
ppb Pb**) and demonstrates high selectivity for heavy metals over light metals,
with detection ratios of 167.4 and 209.5 for Hg**/Ca®* and Hg’*/Mg™,
respectively. Mixed-metal adsorption experiments also show that LMOF-263 selectively adsorbs Hg** over other heavy metal
ions in addition to light metals. The Pb** Ky value for LMOF-263 (55,017 M™") is the highest among LMOFs reported to date,
and the Hg”* Kgy value is the second highest (459,446 M™'). LMOF-263 exhibits a maximum adsorption capacity of 380 mg
Hg*"/g. The Hg*" adsorption process follows pseudo-second-order kinetics, removing 99.1% of the metal within 30 min. An in
situ XPS study provides insight to help understand the interaction mechanism between Hg** and LMOF-263. No other MOFs
have demonstrated such a high performance in both the detection and the capture of Hg** from aqueous solution.

KEYWORDS: [luminescent metal—organic framework, heavy metal detection, heavy metal adsorption, ligand-based emission,
isoreticular series

B INTRODUCTION

Effective detection and removal of toxic heavy metals (Hg™,
Pb**, Cd*", and so forth) from water sources are paramount to
regions spanning the globe. Pollution from mines, factories, or
even poorly constructed water supply pipes lead to devastating
effects on the environment and vital biological processes,
including human health. Recent crises involving drinking water
contamination in Flint, Michigan and Newark, New Jersey have

leech into the soil and accumulate in plants and animals. This
expands the number of exposed people and ecosystems beyond
the agricultural communities.

The ability to detect ultralow levels of toxic metals is of
emerging importance. In order to remediate water supplies, it is
best to detect toxic metals as early as possible, before the
concentrations increase, accumulate in the local environment
and cause considerable damage. Previous studies have used a

proven that these issues do not just exist within developing
nations—heavily industrialized areas and cities with antiquated
water regulations have a direct and detrimental effect on our
drinking water supplies." Alternatively, agricultural commun-
ities in under-industrialized areas have high concentrations of
heavy metals in groundwater (from assorted agrochemicals,
textiles, metallurgy, and so forth).” Not only does contaminated
groundwater affect drinking supplies, but also these metals also

-4 ACS Publications  © 2016 American Chemical Society

variety of materials that have lowered the threshold for
detection. Electrochemical methods®™® for the detection of
mercury have vastly lowered sensing limits, however these
methods are expensive, cumbersome, and require higher
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technical prowess. Techniques that measure sample absorbance
to detect trace mercury levels”* have allowed for more portable
instrumentation, but it has been shown that fluorescence based
sensors have lower detection limits.”

The possibility of synthesizing new fluorescent materials that
selectively bind heavy metals has drawn further attention.'®~"*
Luminescent metal—organic frameworks (LMOFs) have
recently been developed as chemical sensors due to their
high porosity, tunability, and mild synthetic conditions."*~**
Most of the previous studies making use of LMOFs for heavy
metal detection have focused on functionalized prototype
materials to increase selectivity for toxic metal ions or to
enhance luminescence, without addressing their capture/
removal potential from aqueous solution.”*~*° Other studies
have centered on tailoring MOFs to boost their uptake capacity
for heavy metal ions, without providing fluorescence-based
quantitative detection ability for these contaminants.”' ™
Obtaining a material that can simultaneously detect and
remove heavy metals from water would greatly enhance the
water remediation process, although research that places a
spotlight on both functionalities is sparse.””**

Effective fluorescence detection and adsorption of heavy
metals relies on both selectivity and sensitivity—namely the
signal responses must be sensitive to the change in
concentration and interactions should be analyte specific.”*>*°
Dual-ligand MOFs that offer both luminescence and targeted
functionality provide a unique scaffold that can echo these
important properties.37’38

Following these guidelines, we have recently developed a
new strategy to design highly porous LMOFs for possible use
as dual-functional fluorescence sensors and adsorbents.””~*' By
incorporation of a chromophore-based ligand along with a
structure-modulating coligand,42 we have succeeded in
synthesizing a number of LMOFs with high stability, specified
porosity, surface functionality, targeted emission energy, and
strong luminescence. For example, the combination of a green-
emitting chromophore and a tricarboxylate coligand leads to
LMOF-251 with desired yellow emission and significantly
enhanced fluorescence quantum yield.*

The aforementioned characteristics make these LMOFs
promising candidates for selective detection and effective
capture of heavy metals. In this study, we report the design
and synthesis of a series of isoreticular LMOFs" built on a
tetradentate chromophore and a dicarboxylate-based coligand
with varying functional moieties and a detailed study of their
heavy metal detection and uptake potential. We show that the
LMOF with thio-functionalization exhibits extremely sensitive
and selective optical detection of heavy metals over non-
hazardous lighter metals, as well as high performance in the
removal of heavy metals from aqueous solution.

B EXPERIMENTAL SECTION

General Information. All reagents are used as purchased unless
specified otherwise. Detailed information on the sources of chemicals
is in the Supporting Information (SI).

Synthesis of Chromophore Ligand. 1,1,2,2-tetraphenylethene
(tpe, A) powder was reacted with liquid bromine to produce 1,1,2,2-
tetrakis(4-bromophenyl)ethene (Br,-tpe, B) and further purified via
recrystallization in methylene chloride/methanol, as shown in Scheme
1. To attach the pyridine moiety to the tetradentate segment, a Suzuki
coupling was carried out between Br,-tpe and pyridine-4-boronic acid,
catalyzed by palladium(II) acetate.

Scheme 1. tppe Synthesis

%%H]

The fluorophore 1,1,2,2-tetrakis(4-(pyridine-4-yl)phenyl)ethane (4-
tppe, C) product was synthesized according to literature procedures.’
Product yield was 75%.

Synthesis of H,hfdc. The linker Hyhfdc (E) was synthesized
through use of the Huang Modification.”” H,ofdc [9-oxo-9H-fluorene-
2,7-dicarboxylic acid] (D) (3 g 11.2 mmol) and NaOH (2.64 g, 6
equiv) were mixed with hydrazine monohydrate (2.25 mL, 16 equiv)
and ethylene glycol (100 mL) for 12 h at reflux (Scheme 2). Hydrazine

Scheme 2. H,hfdc Synthesis

]
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monohydrate was evaporated from the mixture and the temperature
raised to keep the ethylene glycol at reflux. After the reaction ceased,
the solution was neutralized using excess water, and the pH was slowly
decreased to ~1 using aliquots of concentrated HCL. The orange solid
(2.5 g, 86% yield) was filtered and washed with excess water.
Synthesis of H,dbtdcO,. The sulfone-functionalized ligand
H,dbtdcO, [G, dibenzo[b,d]thiophene-3,7-dicarboxylic acid-5,5-diox-
ide} was synthesized according to the work of Olkhovik et al.** As
Scheme 3 shows, dimethyl biphenyl-4,4’-dicarboxylate (F, S g, 18.5

Scheme 3. H,dbtdcO, Synthesis
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mmol) was dissolved in chlorosulfonic acid (21.57 g, 10 equiv). The
mixture was heated at reflux for 3 h, or until no more HCIl was
produced as a byproduct. At this time, the mixture was poured onto
crushed ice to quench the reaction. White solid was separated via
vacuum filtration, washed with water, and dried to produce H,dbtdcO,
(4.5 g, 80% yield).

Synthesis of Zn,(ofdc),(tppe) (LMOF-261). Solvothermal
reactions of Zn(NO,),-6H,0 (0.030 g, 0.1 mmol), tppe (0.024 g,
0.4 mmol), and ofdc (0.0134g, 0.05 mmol) in a mixed solvent system
(DMA:iPrOH:DMSO, 4:1:1) were prepared in 20 mL glass vials. The
reaction mixture initially was kept under sonication until all solids were
dissolved, then the vials were kept at 150 °C for 24 h. After the
reaction mixture was cooled to room temperature, the yellow needle-
shaped crystals were collected via vacuum filtration and washed with
DMA.

Synthesis of Zn,(hfdc),(tppe) (LMOF-262). Solvothermal
reactions of Zn(NO,),-6H,0 (0.015 g, 0.05 mmol), tppe (0.019 g,
0.3 mmol), and hfdc [9H-fluorene-2,7-dicarboxylic acid] (0.025 g, 0.1
mmol) were prepared similarly to LMOF-261 reactions, instead
reacting at 120 °C for 3 d. Orange rod crystals were filtered after the
reaction was brought to room temperature and washed with DMA.

Synthesis of Zn,(dbtdcO,),(tppe) (LMOF-263). Solvothermal
reactions of Zn(NO,),-6H,0 (0.030 g, 0.1 mmol), tppe (0.024 g, 0.4
mmol), and H,dbtdcO, [dibenzo[b,d]thiophene-3,7-dicarboxylic acid
5,5-dioxide] (0.030 g, 0.1 mmol) were prepared similarly to LMOF-
261 reactions. After the reaction mixture was cooled to room
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temperature, pale yellow needle-shaped crystals were collected via
vacuum filtration and washed with DMA.

Structural Analysis of LMOF-261. Single crystal X-ray diffraction
data for LMOF-261 were collected on a Bruker D8 diffractometer with
PHOTON 100 detector using the synchrotron source (4 = 0.7749 A)
at the Advanced Light Source 11.3.1 Chemical Crystallography
beamline (Table 1). All non-hydrogen atoms were refined anisotropi-

Table 1. Single Crystal Data of LMOF-261

compound LMOE-261
formula C;3sH,,N,04Zn
M 651.94
crystal system tetragonal
space group I4,/a

a (&) 33.9529(14)
b (A) 33.9529(14)
¢ (A) 17.1833(8)
a/deg 90

P/deg 90

y/deg 90

V (A3) 19808.9(19)
V4 16
temperature (K) 100(2)

A (radiation wavelength) (A) 0.7749

D (g/cm?) 0.874
reflections collected 126056

R1 [I > 26(1)] 0.0585
wR2Y [1 > 20(I)] 0.1516
goodness-of-fit 1.066
CCDC no. 1478942

“R1 = YIF, — Fl/ YIF| PwR2= Y [w(F,2 — F2)*]/w(F,2)*]"?

cally; hydrogen atoms were placed geometrically, constrained, and
refined with a riding model. The unresolvable electron density from
the void space in the structure was removed by SQUEEZE.

The powder X-ray diffraction (PXRD) patterns were collected on a
Rigaku Ultima-IV diffractometer using monochromatic Cu K,
radiation (4 = 1.5406 A). Data were collected between 3 and 45°
20 with step size 0.02° and scanning rate 2.0°/min.

Fluorescence Titration. Stock solutions of M** (M: Hg*', Pb*,
Ca®* and Mg*") were prepared by dissolving MCl, salts into ultrapure,
deionized water. An as-made sample of LMOF-263 was placed into
water (0.25 g/L) and gently sonicated. LMOF-263 was easily
suspended in water. Photoluminescence (PL) titrations were carried
out by incrementally adding aliquots of M*" stock solutions to the
LMOEF-263 suspension and kept under continuous stirring. The
fluorescence spectra were recorded 5 min after adding the appropriate
amount of M** stock solution. This exposure time ensured that analyte
entered the LMOF pores. Each measurement was repeated three
times, and the average value was used.

B RESULTS AND DISCUSSION

Synthesis of an Isoreticular LMOF Series. An isoreticular
LMOF series has been synthesized using the tetradentate tppe
ligand and several functionalized dicarboxylate linkers as
coligands. The formation of a group of LMOFs with the
same structure and topology using such coligands would allow
us to study, compare, and understand the difference in their
sensing behavior in a direct and systematic manner. Crystals of
LMOF-261 were obtained through procedures reported above.

Crystal Structure Analysis. LMOF-261 or
[Zn,(ofdc),(tppe)]-S (S = solvent guest molecules) crystallizes
in the tetragonal crystal system with space group I4,/a. Each
Zn** has distorted tetrahedral coordination to two carboxylate

groups from ofdc linkers and two pyridine groups from tppe
ligands, forming the PBU (Figure 1a). Each PBU is connected
to three other PBUs through ofdc linkers to create a distorted
square, with four Zn** in the same plane (Figure 1b). This
distorted square is further connected by tppe ligands to expand
the framework in three dimensions. Viewed down the b-axis, an
individual net of LMOF-261 exhibits 1D, edge sharing
pentagonal and rhombohedral channels (Figure 1b). Along
the c-axis, there are two types of 1D channels having square and
octagon shaped cross sections, respectively. (Figure 1c). The
tetrahedral channels have an aperture of ~1.7 nm, while the
octahedral channels have an aperture of ~3.7 nm. These
channels proliferate down the c-axis, with carbonyl groups
pointed directly into the LMOF channels.

The overall structure of LMOF-261 involves a 4-fold
interpenetrated framework containing four of these identical
nets (Figure 1d). When tppe and ofdc are simplified as 4-c
nodes, the structure would be a 2-nodal, (4,4)-c net (mot-e
type) with 4-fold, class Illa interpenetration. This is a unique
net type, according to the ToposPro Database. The inter-
penetrated structure encloses two types of 1D channels down
the c-axis: one having a pentagon-shaped cross section (8.1 A
aperture) and the other, with a narrower tetragon-shaped
aperture 7.2 A in diameter.

The simulated pattern from single crystal X-ray diffraction
(SCXRD) on LMOF-261 matched the PXRD patterns of
LMOF-262 and -263 samples (Figure 2), confirming their
structures are isoreticular with respect to the parent LMOF-
261.

Pore Characterization. Gas sorption isotherms of LMOF-
261 and -263 were collected on a Quantachrome Instruments
Autosorb-1 MP volumetric gas sorption analyzer using ultra
high purity N, (99.999%). Liquid nitrogen was the coolant used
to reach cryogenic temperature (77 K). As-made samples of
LMOF-261 and -263 were outgassed at 120 °C for 8 h, and the
subsequent degassed samples were used. The N, isotherm was
collected in a pressure range from 1077 to 1 atm at 77 K
Surface area was analyzed using Autosorb V1.50 software. The
Brunauer—Emmett—Teller (BET) surface area of LMOF-261
and —263 were 977 and 1004 m?/g, respectively.

Optical Properties of LMOF-261, -262, and -263. The
optical diffuse reflectance spectra of the tppe ligand and the
isoreticular series of LMOFs were collected using a Shimadzu
UV-3600 spectrophotometer, after which transformation to the
Kubelka—Munk function allowed their optical band gaps to be
estimated. The HOMO—LUMO energy gaps of tppe, LMOEF-
261, -262, and -263 are estimated to be 2.3, 2.55, 2.6S, and 2.7
eV, respectively (Figure S4).

Photoluminescence (PL) excitation and emission spectra
were collected for samples of the LMOF series at room
temperature. The ligand tppe showed strong green emission
when excited by UV light (4, = 365 nm) with an emission
maximum at 500 nm.” The emissions of all three LMOFs are
ligand based, with a maximum of intensity at 514, 516, and 464
nm, for LMOF-261, -262, and -263, respectively (Figure 3).
After outgassing these materials for 8 h at 120 °C, the emission
energies red-shifted considerably, as seen in (Figure SS). A
Hamamatsu C9220-03 spectrophotometer with integrating
sphere was used to determine internal quantum yield (IQY)
of LMOF-261, -262, and -263 at 4., = 360 nm (Table S1).

A comparison among three isoreticular counterparts
indicated that LMOF-263 has the highest chemical stability as
well as fluorescence quantum yield (Table S1). In addition, the
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a tppe
@
Zn?* PBU > 7
|'/j/l
ofdc : o1
@ o0
Zn* O N C

Figure 1. (a) The PBU of LMOF-261, depicting a pseudotetrahedrally coordinated Zn center bound to two fluorophoric tppe ligands and two ofdc
linkers. (b) An individual net of the LMOF-261 framework viewed along the b-axis, containing 1D, edge sharing pentagonal and rhombohedral
channels. (c) The same net depicted down the c-axis, showcasing edge sharing octahedral and cylindrical channels. The ofdc linkers point directly
into the cylindrical channels extending down the c-axis. (d) Simplified LMOF-261 depicting 4-fold interpenetration. Each of the three other nets
occupies one octahedral pore of the fourth net to create narrow pentagonal channels, sharing edges from multiple nets.

sulfone functional group on the coligand, clearly detected by
FTIR (Section S8), is likely to enhance the interactions
between heavy metal ions and LMOF sensor, and therefore,
was chosen as the target system for the subsequent sensing
experiments.

Heavy Metal Detection. Heavy metals have been
identified as serious water contaminants that lead to the
dysfunction of vital biological processes. Simple and highly
efficient probes that can be used for on-site measurements are
vital to monitor low concentrations of heavy metals in water.
However, light metals, such as Ca** or Mg**, are commonly
found in drinking water supplies and provide important

30297

functions in biological processes. Therefore, selectivity for
toxic metals over these harmless elements would be an
important criterion for fluorescent detectors.

Detection of various metal ions (Hg**, Pb**, Ca®*, Mg**) was
accomplished by observing the change in PL signal of an
aqueous LMOF-263 suspension before and after addition of the
analyte. Figure 4a shows the LMOF-263 emission wavelength
(Aem = 464 nm, A, = 365 nm) stays the same in the solid-state
or as a suspension in water, yet the intensity is decreased when
suspended in water. LMOF-263 was stable in water for 14 days
and stable in pH 4—10 for up to 1S h (Figure S2). The
emission intensity at 464 nm (4., = 365 nm) decreased when

DOI: 10.1021/acsami.6b 10890
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Figure 2. PXRD patterns of the LMOF isoreticular series (LMOF-261,
-262, and -263).
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Figure 3. Optical emission (solid) and excitation (dotted) spectra of
LMOF-261, -262, and -263.

immersed in water, however that intensity was maintained 15 h
after the initial immersion (Figure 4a). While Hg** detection
could be plagued by formation of nonuniform suspensions,*
LMOF-263 forms a uniform suspension in water, promoting its
ease as an on-site detection material.

Upon addition of M?* solution aliquots, the emission
intensity of LMOF-263 was quenched to varying degrees,
depending on the M?' analyte and concentration. Approx-
imately 84% of the total intensity of LMOF-263 was quenched
upon addition of only 19.6 uM of Hg*" (Figure 4b), while 64%
of the total intensity was quenched when exposed to 19.6 uM
of Pb*" (Figure 4c). The quenching efficiency was quantified
using the Stern—Volmer (SV) equation:

I,/1=Kg[Q] + 1

where I, is the initial emission peak intensity (pre-exposure to
analyte), I is the emission peak intensity after addition of
analyte, [Q] is the molar concentration of the analyte (or
quencher), and Kgy is the Stern—Volmer constant, which can
be used to quantitatively measure the performance of LMOF-
263 as a sensor for heavy metals (Hg** and Pb**). As shown in
the inset of Figure 4d, at low concentrations, the value I,/I is
directly proportional to metal ion concentration. The Ky was
determined to be 459 446 and 55017 M™" for Hg** and Pb*",
respectively (Figure S21). The detection limit for Hg®* was

determined to be 3.3 and 19.7 ppb for Pb**. The Hg*
detection limit of LMOF-263 is on par with all photo-
luminescent MOFs that have been investigated for heavy metal
fluorescence detection and exhibits the second highest MOF
Ky value reported to date.”****”?*#**~% The only MOF to
exhibit a higher quenching efficiency for Hg*" was the heavily
studied PCN-224, for which uptake capacity was not
reported.”” Certain nanomaterials have also demonstrated
higher Hg** Kgy values than LMOF-263, however they have
no reported adsorption capacity for heavy metals, limiting their
use for water remediation efforts.”">> The Pb*" fluorescence
detection limit and Kgy value exceed the performance of any
other luminescent MOFE.**%%*

In addition to its high sensitivity toward heavy metals,
LMOF-263 also exhibits excellent selectivity. On the basis of
the Stern—Volmer plots shown in Figure 4d, the Kgy values for
Ca’ and Mg*" were calculated to be 2745 and 2193 M,
respectively, which correspond to a detection ratio of 167.4 and
209.5 for Hg**/Ca®" and Hg**/Mg?", respectively. These values
clearly indicate that LMOF-263 acts as a highly selective
detector for heavy metals only.

Heavy Metal Removal. Materials with high performances
for both detection and capture of toxic/hazardous species are
rare. Similar to detection requirements, selectivity for heavy
metals over light metals is important when removing these
contaminants from water. To assess the heavy metal removal
performance of LMOF-263, as-made samples (S, 10, and 1S
mg; 0.20, 041, and 0.62 mM, respectively) were placed in
dilute aqueous solutions (35 mL) of HgCl,, PbCl,, CdCl,,
CaCl,, and MgCl, (concentration of M**, 10 ppm; ~0.350 mg
of M?*). After these mixtures were stirred at room temperature
for 12 h, the solutions were filtered from the adsorbent and the
residual M?>* concentrations were determined via ICP-OES,
using a Spectro Arcos analyzer with standards from VHG
Laboratories (#SM45-500 and SM70B-500). Displayed in
Figure 5, LMOF-263 lowers the concentration of Hg** from
10 ppm to 36 ppb—the adsorbent effectively removes ~99.6%
of Hg** from solution), which is among the highest
performances for MOFs.*

LMOF-263 (15 mg, 0.62 mM), when exposed to 35 mL
solutions of 10 ppm M* (~0.350 mg M), lowers the
concentration of Pb*, Cd**, Ca’, and Mg** to 1.96, 6.60,
10.03, and 7.34 ppm, respectively. LMOF-263 exhibits distinct
selectivity toward heavier metals (Hg®*, Pb**) over lighter
metals (Ca’*, Mg®"), as highlighted in Figure S. Even with an
increased amount of adsorbent, the concentrations of Ca*" and
Mg** in the postexposure solutions did not significantly
decrease. This is consistent with the detection results shown
above.

To further evaluate the selectivity of LMOF-263 for heavy
metals over light metals, we carried out adsorption experiments
using mixed-metal solutions. Solutions of 10 ppm of Hg**, Pb**,
Ca®, and Mg** (35 mL, ~0.350 mg of each M**) were
prepared and exposed to 10 and 15 mg amounts of LMOF-263
for 15 h (0.41 and 0.62 mM LMOF-263, respectively). Similar
amounts of LMOF-263 were also exposed to solutions of 10
ppm of Hg>" as a control and solutions of 10 ppm of Hg**, Ca**
and Mg’ to investigate the interference of Pb** ions. Figure 6
displays the LMOF-263 adsorption performance under these
competitive conditions. When all four heavy and light metals
are mixed, LMOF-263 clearly shows preference toward Hg>*
adsorption—approximately 99.2% of the initial amount of Hg**
was removed, lowering the concentration of Hg** from 10 ppm

DOI: 10.1021/acsami.6b 10890
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Figure 4. (a) LMOF-263 optical emission in the solid-state and as a suspension in water (0.25 g/L). (b) Emission spectra of LMOF-263 after
incremental additions of an aqueous Hg*" solution and (c) Pb** solution. (d) Stern—Volmer curves (4., = 365 nm) for heavy and light metal ions,
monitoring LMOF-263 selectivity (inset, Hg?* detection at low concentrations). See Section S11 for average standard deviations of I,/I values in

Hg** and Pb** detection trials.
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Figure S. Metal ion concentrations after exposure to S, 10, or 15 mg of
LMOEF-263 in 35 mL solutions.

to 78 ppb (Figure 6, 15 mg LMOF-263). When the same
amount of adsorbent was exposed to 10 ppm of Hg** (single-
metal solution), 99.6% of the initial Hg2+ amount was extracted,
lowering the solution Hg*" concentration to 41 ppb. These
results provide strong evidence that LMOF-263 selectively
interacts with and captures Hg** over light metals.

To emphasize its practical use as an on-site remediation
material, LMOF-263 adsorption kinetics were analyzed.
LMOF-263 (15 mg, 0.62 mM) was exposed to solutions of
10 ppm of Hg** (35 mL) for specific time intervals. As shown
in Figure S9, LMOF-263 displays fast pseudo-second-order
adsorption kinetics®** (adsorption rate constant: 0.295 g mg™
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Figure 6. Remaining Hg®* concentrations after exposure to various
amounts of LMOF-263 in mixed metal solutions (initial concen-
trations: 10 ppm M?*, as specified in the legend).

min~"), with 99.1% of Hg*" removed from solution within 30
min.

Recyclability of an adsorbent is a highly desirable feature for
environmental remediation. After the initial exposure to 10
ppm of Hg2+ solutions, two additional cycles were carried out
on the same MOF sample. The luminescence was fully
recovered after each desorption, as determined through PL
quenching/enhancement (Figure S6a). The structure of
LMOF-263 was well maintained during these cycles (Figure
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S6b) but began to show signs of degradation after that,
indicating its limited water stability.

One measure of a sorbent’s affinity for some target metal ion
is the distribution coefficient (K,), defined as follows:>

Ky=[(C,— C)/Ce] x (V/m)

where C; is the initial metal concentration, C; is the final
equilibrium metal jon concentration, V is the volume of treated
solution (mL), and m is the mass of sorbent used (g). K4 values
of 1.0 X 10° mL g~' are usually considered to have excellent
performance.’® The Ky value for LMOF-263 on Hg** in this
analysis was determined to be 6.45 X 10° mL g~". This is on the
same order of magnitude as other high performance materials,
including Zr-DMBD (9.99 X 10° mL gfl),‘)"3 sulfur-function-
alized mesoporous carbon (6.34—6.82 X 10° mL g_1)56 and
commercial resins (10*~5.10 X 10° mL g™').”’

As further confirmation of mercury uptake into LMOF-263,
X-ray fluorescence spectroscopy (XRF) was employed to
determine the amount of Hg** left in filtered LMOF samples
after Hg”* exposure. Approximately 15 mg of LMOF-263 was
immersed in 35 mL water solutions of various concentrations of
Hg*" (10 through 30000 ppm) for 36 h. After filtration and
washing with copious amounts of water, XRF analysis was used
to determine the relative weight ratios of Zn** and Hg*" in the
samples (Table S3). The structure of LMOF-263 was stable
after exposure to Hg*" for 36 h (Figure S10). Figure 7 displays
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Figure 7. Molar ratio of Hg/Zn (blue dots) in LMOF-263 samples
after exposure to 10, 100, 1000, 10 000, 20 000, and 30 000 ppm of
Hg*" solutions. These values represent averages over three trials. The
error bars represent the average standard deviation of the molar ratio
(+0.152 Hg/ Zn) over all concentrations.

the molar ratios of Hg*" to Zn>" for samples treated at varied
concentrations. After exposure to higher concentrations of
Hg*, the relative weight ratio of Hg®" to Zn®" approaches
~80% and ~20%, respectively, corresponding to approximately
1.3 Hg** ions per Zn*" ion.

For each unit cell of LMOF-263, there are equimolar
amounts of Zn** and sulfone groups ([Zn,(dbtdcO,),tppe],
from SCXRD analysis on LMOF-261 described above), so
there are also 1.3 Hg** per sulfone moiety. Previous work has
demonstrated similar metal analyte interactions with sulfur (>1
metal ion per sulfur atom).”® From the XRF data, LMOF-263
exhibits an estimated maximum uptake capacity of ~380 mg

30300

Hg*"/g, which is at the similar scale compared with the best-
performing MOFs for Hg2+ adsorption, although in all other
cases no quantitative data were provided on their selectivity or
sensitivity of fluorescent detection.*”*~” While unsaturated
metal nodes in HKUST-1 or ligands within UiO-66 have been
functionalized with thiol groups to enhance Hg*" uptake (714
and 769 mg Hg**/g, respectively), these MOFs were reported
to have no fluorescence, thus negligible detection potential.”"**
LMOEF-263 displays both a low detection limit and a high
uptake performance, establishing itself as an ideal, dual-
functional material for water purification applications.

Hg?* Interactions. Details about the microscopic inter-
action of Hg** within LMOF-263 can be derived from XPS
measurements through analyses of the core level shifts, as
detailed in the SI (Section S9). Specifically, the binding
energies of C, O, and S were monitored as a function of Hg*"
loading. The data show a small (~0.3—0.4 eV) but clear shift of
the S core level, and an enhancement of a secondary oxygen
peak as the Hg”* concentration increases (Figure S12—S17,
Table S4—S5, and Figure S19), and no observed shift of the C
core level. When LMOF-263 was exposed to 20 000 ppm Mg*",
there was no shift in the sulfur core level or any enhancement
of a secondary oxygen peak (Figure S18). This observation
points to a selective interaction of LMOF-263 with heavy
metals compared to light metals. These findings are similar to
previous studies of Hg*" incorporation in materials (typical XPS
binding energy shifts upon Hg** exposure).**”

Although oxygen and sulfur have similar binding energies
with mercury (100.7 and 101 eV, respectively), the sulfur atom
within the sulfone group has no lone pairs to interact directly
with Hg2+, which also limits the sulfur atom from forming
hydrogen bonds in an aqueous environment.*® Instead, the
sulfur atom forms weak z-bonds with the surrounding oxygen
atoms, which accumulate more electron density than the sulfur
atom. The elevated electron density on the outer oxygen atoms
increases donating ability”® and the soft base character of the
sulfone. Soft bases have a higher affinity to soft acids like
mercury and silver, and less affinity to hard acids like calcium
and magnesium, based on the HSAB Pearson acid—base
concept.” Figure 8 illustrates the potential configuration and
interaction of Hg®" with the sulfone group based on earlier
work.”” More details are provided in the SI (Section S9).

B CONCLUSIONS

We have designed, synthesized, and structurally characterized a
new series of isoreticuar LMOFs containing tppe chromophore
ligand and a functionalized coligand. In addition, we have
performed a systematic study to investigate, compare, and
understand their photoluminescent properties and to assess

Figure 8. Interaction mechanism of Hg2+ with the sulfone functional
group.
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their potential as chemical sensors and adsorbents for heavy
metals. LMOF-263, specifically, is a porous, water-stable, blue-
emitting MOF with a high IQY (89.2%) and a BET surface area
of 1004 m?/g. LMOF-263 acts as a highly sensitive and
selective sensor, capable of detecting heavy metal ions in water
at very low concentrations (e.g,, 3.3 ppb for Hg*" and 19.7 ppb
for Pb*") and has an high Hg*" uptake capacity of ~380 mg/g.
The detection ratio for Hg”* compared to light metals Mg**
and Ca** are 209.5 and 167.4, respectively, illustrating the
excellent selectivity of LMOF-263 for heavy metal ions. The
achieved Ky values are among the highest in their class for
Hg”" (459,446 M™") and Pb** (55,017 M™"). No other MOFs
reported to date have had such high performances in both the
detection and adsorption of toxic heavy metals. The Hg*
adsorption process follows a fast, pseudo-second-order kinetics
model (rate constant: 0.295 g mg™' min~"), removing 99.1% of
the total contaminant amount within 30 min. LMOF-263
selectively adsorbed Hg** when exposed to a mixture of heavy
and light metals.

These results suggest that LMOF-263 is well suitable for the
simultaneous optical detection (through luminescence quench-
ing) and selective removal of heavy metals (e.g, Hg**, Pb*")
from aqueous solution. XPS data provide direct evidence for
the interaction of Hg®* with the sulfone moeity, underscoring
the role of sulfur and oxygen in the LMOF functionality.
Materials that have the ability to detect low concentrations and
selectively adsorb heavy metals can greatly benefit environ-
mental remediation efforts. Simple and cost-effective optical
detection methods using these materials would prove to be
valuable for populations across the globe. Our future work will
continue on the development and optimization of high-
performance LMOFs in solving critical environmental prob-
lems.
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