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Nitroaromatic compounds (NACs) are known explosives and environmental pollutants posing a risk for
public health and national security. Thus, the development of efficient sensors for their rapid and
efficient in-field detection is of high importance. Analytical methods based on fluorescence are gaining
interest as current light detection technology allows the fabrication of miniaturized portable devices
suitable for in-field use. Herein, we report the rational design and synthesis of Zr-1, a Zr(v) based metal—
organic framework (MOF) which is structurally analogous to UiO-66 with the assigned formula
{ZrgO4(OH)g(H20)4(L-1)4_,(NH,bdc),}, (L-1 = 2-((benzyllamino)-terephthalate; NH,bdc?™ = 2-aminotere-
phthalate). Zr-1 incorporates a fluorescent ligand (L-1) with a pendant n-electron rich aromatic group
and a basic secondary amine functionality, thereby targeting the selective detection of electron deficient
and acidic NACs, 2,4,6-trinitrophenol (TNP) and 2,4-dinitrophenol (DNP). The stability of Zr-1 in an

Received 14th June 2022, aqueous environment was confirmed by powder X-ray diffraction analysis on water treated samples.

Accepted 28th July 2022 Fluorescence titration experiments on agueous suspensions of acid activated Zr-1 (pZr-1) demonstrate
that the material responds to small concentrations of TNP and DNP by displaying strong emission

quenching, even in the presence of potentially competing compounds. The estimated limits of detection
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Introduction

Nitroaromatic compounds (NACs) are among the most impor-
tant groups of industrial chemicals as they are widely used
precursors and/or intermediates in the preparation of a variety
of chemical products including pesticides, explosives, and
pharmaceuticals. They are potently toxic and/or carcinogenic
compounds with a highly explosive nature and their extensive
industrial use renders them widely distributed environmental
pollutants presenting a considerable danger to human population.
Furthermore, NACs constitute one of the main ingredients for the
preparation of explosive devices, thereby posing a major human
safety and national security risk. NACs are xenobiotics resistant to
chemical and biological oxidation and hydrolysis due to the
electron-withdrawing character of nitro groups. Consequently, they
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were found to be as low as 0.011 uM (2.5 ppb) for TNP and 0.026 uM (4.8 ppb) for DNP.

are persistent contaminants of soil, groundwater and waste-
water, and their constant monitoring is indispensable for the
protection and safeguarding of the environment." Presently,
determination of NACs is based mainly on traditional separa-
tion (i.e. GC, HPLC) and spectrometric (i.e. MS, IMS, IR)
techniques, while their in-field detection is dominated by the
use of trained canines. Despite their effectiveness, traditional
analytical methods suffer from high cost, the requirement for
highly trained personnel and lack of portability.”

In search of more convenient and cost-effective alternatives,
great attention is directed to luminescence-based techniques
that employ fluorescent materials as sensing elements. These
sensors respond to their interaction with targeted analytes by
producing detectable changes in their emission characteristics
(i.e. emission intensity, wavelength of emission maxima, quantum
yield). The advances in light generation and detection technol-
ogies allow detection limits at the single-molecule level to be
easily attainable. Furthermore, device miniaturization is feasi-
ble, thereby allowing the potential development of small,
portable, and user-friendly systems suitable for in-field use.?

Organic Conjugated Polymers (CPs) have been successfully
employed in building optical sensors for nitro-explosives.

J. Mater. Chem. C, 2022,10, 12307-12315 | 12307


https://orcid.org/0000-0001-9676-3499
https://orcid.org/0000-0003-0224-0916
https://orcid.org/0000-0001-7645-5560
https://orcid.org/0000-0001-6636-3769
https://orcid.org/0000-0001-8658-8500
https://orcid.org/0000-0001-8624-9963
http://crossmark.crossref.org/dialog/?doi=10.1039/d2tc02494b&domain=pdf&date_stamp=2022-08-09
https://doi.org/10.1039/d2tc02494b
https://doi.org/10.1039/d2tc02494b
https://rsc.li/materials-c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2tc02494b
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC010034

Open Access Article. Published on 01 August 2022. Downloaded on 8/3/2025 11:14:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Swager and Yang first reported the synthesis of luminescent
polymeric films displaying high sensitivity towards TNT and
DNT.* Conjugated polymers provide a key advantage for optical
sensing applications: the polymer chain, featuring multiple inter-
connected chromophores, provides a platform with high exciton
mobility. The energy migration processes that occur in such
systems amplify the material’s response, as a single analyte
binding event may affect a large number of chromophores thereby
resulting in greatly enhanced detection signals.” This is in con-
trast to sensors which are based on small molecules, where each
analyte binding event essentially only affects one chromophore.®

Luminescent Metal Organic Frameworks (LMOFs) is another
promising class of luminescent materials that produce signal
gain upon interaction with analytes.” MOFs are crystalline
porous organic/inorganic hybrid materials that can be self-
assembled from their corresponding metal ions/clusters and
organic bridging ligands.® The introduction of luminescent
properties in MOFs can be achieved by incorporation of fluor-
escent bridging ligands and/or photoactive metal anions in their
framework, that leads to infinite arrays of chromophores, analo-
gous to what is observed for CPs.” Moreover, MOFs exhibit
well defined crystalline structures with permanent porosity,
structural diversity and tunability, and surface functionality that
distinguishes them from luminescent organic CP sensors. Lumi-
nescent MOFs can respond to the encapsulation of various guest
species within their structure’s pores and therefore, display great
potential for use in next generation sensing devices for in-field
detection.'® In recent years, they have been extensively studied as
optical sensors, however, relatively few research works focus on
the rational design of MOF’s pores structural design with the
employment of tailored functional ligands.**

Herein, we study the rational design and synthesis of a hydro-
lytically stable Zr(iv) UiO-type'> MOF with an average connectivity
of 8 (Zr-1), based on a strongly fluorescent dicarboxylic ligand with
a pendant n-electron rich benzylamino aromatic group (L-1). The
incorporation of L-1 into the MOF structure yields a material with
pores lined with m-electron rich units, which, in combination with
the basic amino groups, form a favourable environment for
electron-deficient and acidic nitroaromatic guests. Fluorescence
titrations with suspensions of protonated Zr-1 (pZr-1) and 2,4-
dinitrophenol (DNP) and 2,4,6-trinitrophenol (TNP),§ have shown
that our material can act as an efficient and selective optical sensor
for the determination of these analytes in water displaying emis-
sion quenching with exceptionally low detection limits.

Results and discussion
Synthesis and characterization

We synthesized the porous Zr*" MOF Zr-1 using the functionalized
dicarboxylic ligand 2-benzylaminoterephthalic acid, L-1. The
syntheses of L-1 and Zr-1 are summarized in Scheme 1.

i Caution: This work involves the study of nitroaromatic compounds which are
toxic and potentially explosive. To avoid the risk of explosion, nitroaromatics
should only be handled in small quantities and in aqueous solution. Gloves and
appropriate eyes and face protection should be worn at all times.
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L-1 was prepared in a two-step process previously reported
by our group™ using the approach of reductive alkylation
whereby the reaction of 2-aminorerephthalic acid with benzal-
dehyde affords an intermediate imine which is reduced i situ with
sodium borohydride to the desired product. Zr-1 was prepared
following well-established solvothermal synthetic methods'**** by
the reaction of L-1 with ZrCl, in dimethylformamide (DMF) in a
closed vial at 120 °C using acetic acid as the reaction modulator.
As will be discussed below, the incorporation of the pendant
benzylamino groups of L-1 within the structure of Zr-1 ensures
that the material’s pores are lined with functional groups which
possess both a n-electron-rich system and Brgnsted basicity. To use
this material as a fluorescent sensor for nitrophenols, we treated
Zr-1 with 4.0 M HCI for 8 h to protonate the material’s secondary
amino groups to ArRNH," Cl ™, to produce a cationic and r-electron
rich framework with exchangeable Cl™ anions (pZr-1) thus forming
a favourable environment for hosting m-electron deficient and
anionic nitroaromatic guests such as nitrophenol anions.

It has been observed by many researchers that ligands which
are based on N-alkyl substituted 2-aminoterephthalic acid, often
show various degrees of elimination of the alkyl substituent to
form the parent ligand during MOF synthesis."” Therefore, in
order to examine the stability of L-1 once it is incorporated into
the framework of Zr-1, we measured the 'H-NMR spectra of
digested MOF samples in D,0/NaOD both before and after
acid activation. As seen in Fig. S5 (ESIY), the spectrum of the
digested as-synthesized MOF clearly shows the "H-NMR signals
corresponding to L-1 along with weak signals due to 2-amino-
terephthalate (NH,bdc?") indicating less than 10% elimination
of the benzyl groups. However, "H-NMR spectra of digested
samples of pZr-1, showed increased signals due to 2-aminotere-
phthalate. After conducting protonations of Zr-1 with different
HCI concentrations and reaction times, we found that the use of
4.0 M HCI for 8 h produces highly active pZr-1 in terms of
nitrophenol sensing, with ca. 30% benzyl group elimination (Fig.
S7, ESIT). Thus, pZr-1 henceforth refers to the activated material
produced under these conditions. In accordance with the 'H-
NMR and thermogravimetric (see next section) analysis of Zr-1
and pZr-1, the MOF formula is proposed to be {ZrsO,(OH)g
(H,0)4(L-1);_»(NH,bdc),} (x = 0.4-1.2).

COOH COOH Q coom\/@
<>/NH2 MeOH, TEA ©/N D NaBH, N
+ —_— -

COOH CHO COOH COOH

DMF, CH3COOH
+  zrCl, _ DMF, CHyCOO0H _

COOH

O = ZrgO4(OH)g(H20)4

Scheme 1 Schematic representation of the synthesis of ligand L-1 and
MOF Zr-1.

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 PXRD patterns of UiO-66 (black line), Zr-1 (red line), pZr-1 (blue
line) and Zr-1 after water treatment (green line).
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Powder X-ray diffraction (PXRD) patterns of as synthesized
Zr-1, pZr-1 and the parent material UiO-66 can be seen in Fig. 1.
All 20 peaks of the diffraction pattern of Zr-1 are consistent with
UiO-66, which demonstrates that the two materials are structurally
equivalent. However, as will be discussed below, the average
connectivity of Zr-1 is reduced to 8 compared to the 12-
connectivity'** of UiO-66.

Chemical and thermal stability

Stability in water is a prerequisite for the potential application
of a material in pollutant detection processes in aqueous
environments. The stability of Zr-1 towards H,O was studied
by treating the material with H,O for 24 h at room temperature.

After treatment, the solid was isolated via centrifugation and
dried at 50 °C for 24 h before PXRD analysis was performed.
The PXRD pattern of Zr-1 after water treatment is identical
to the PXRD pattern of the as-synthesized material (Fig. 1).
Evidently, the overall framework remains unaltered confirming
that Zr-1 displays high stability in aqueous environment.

The thermogravimetric analysis (TGA) curve for Zr-1 after
H,0 exchange is seen in Fig. 2. TGA analysis of the water
treated sample under air reveals that Zr-1 loses weight in two
distinct steps: the first is completed at ca. 200 °C, and is
attributed to the loss of lattice and coordinated water molecules,
while the second, which is completed at ca. 550 °C, corresponds
to complete ligand loss and formation of Zr0,'?>1° (see ESIt for
details). It is interesting to mention that Zr-1 exhibits a much
lower weight loss due to the removal of water in comparison to
what is observed for UiO-66-NH, (ca. 10% vs. 30%, Fig. S10,
ESIt). This is attributed to the presence of benzyl side groups in
Zr-1, which (i) decrease the free volume within the material’s
pores and (ii) render the material less hydrophilic. In contrast to
Zr-1, HCl treated pZr-1 shows a more extensive initial weight loss
due to (i) an increased water content because of the partial
elimination of benzyl side groups (vide supra) and (ii) the
possible additional elimination of HCI (Fig. S10, ESIT).

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 TGA curve for Zr-1 after water treatment, under air.

Assuming 10% cleavage of the benzyl side group (as estimated
by '"H-NMR analysis on digested Zr-1), we would expect a 12-
connected material to have the formula {ZrsO,(OH)s(H,O)s-
(L-1)5.4(NHy-bdc)o e}, while an 8-connected material would
have the formula {ZrgO,(OH)g(H,0)4(L-1);6(NH,-bdc)o 4} Thus,
the expected relative weight loss from 200 to 600 °C is expected
to be 68.1% and 58.7% in the case of 12- and 8-connectivity,
respectively. Based on the above, the experimentally determined
59.1% relative weight loss (Fig. 2) agrees with Zr-1 having an
average connectivity of 8. The missing linker defects of our
material can be attributed to the steric hindrance induced by
the bulky side group of ligand L-1. The lower connectivity of Zr-1
possibly accounts for its lower decomposition temperature
(~390 °C) compared to that observed for UiO-66 (>500 °C)."*
The presence of missing-linker defects is a common feature of
UiO-66(Zr)-type MOFs and defective materials reported in litera-
ture retain high crystallinity and thermal stability,’” as is also
observed in our work.

BET surface area and porosity

To evaluate the porosity and specific surface area, we per-
formed N, adsorption-desorption measurements (77 K) on
both Zr-1 and pZr-1 (Fig. 3). Both isotherms can be classified
as Type I physisorption isotherms, typical of microporous
materials.'® The surface area was calculated by the Brunauer-
Emmett-Teller (BET) model to 893 m?* g~ * for Zr-1 and 932 m* g~ *
after activation with 4.0 M HCI (pZr-1). These values fall within the
range of surface area values calculated for functionalized UiO-66-
type materials prepared with solvothermal reactions.'® The partial
benzyl group cleavage that occurs during MOF activation possibly
accounts for the slightly higher surface area determined for pZr-1.
For comparison, we performed the same measurement on a
sample of UiO-66-NH,,*® the 12-connected amino derivative of
Ui0-66, (Fig. S11, ESIT) and the BET surface area was determined
to be 1274 m? g, in good agreement with literature results>***'
The more open framework due to the 8-connectivity of Zr-1
partially compensates for the presence of the bulky benzyl side

J. Mater. Chem. C, 2022,10, 12307-12315 | 12309
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Fig. 3 Nitrogen sorption isotherms at 77 K of Zr-1 and pZr-1 after
treatment with acetone and overnight evacuation (120 °C).

group thereby resulting in a BET surface area which is not
dramatically lower than that of UiO-66-NH,.

Photophysical properties

As described in the Experimental Part, Zr-1 was treated with
4.0 M HCI prior to its use in sensing studies. Acid activation is
an essential step to achieve detection of nitrophenols. The pK,
values for TNP and DNP are 0.3 and 4.0, respectively, indicating
that the analyte molecules are found in their deprotonated
form in the aqueous environment of the MOF suspension (pH =
4.5). Treatment with HCl ensures that the MOF’s secondary
amine units are protonated and introduces exchangeable Cl™
counter-ions. Combined, these features yield a favourable
environment inside the MOF’s pores so that the material can
function as an ion exchange sensor for the anionic nitrophenols.

The activated material pZr-1 readily forms a fine suspension
in water and exhibits turquoise fluorescence upon selective
ligand excitation at 400 nm. To examine the stability of the
suspension we repeated multiple fluorescence measurements
on a suspension of pZr-1 in H,0 (0.1 mg mL™ ") in the span of
1.5 h and as can be seen in Fig. S12 (ESIf), the emission
spectrum remains unaltered. Our group has previously reported
the capability of a similar protonated Zr*-terephthalate MOF
(MOR-2) to form fine and stable suspensions."?

The emission spectrum of pZr-1 consists of a broad band
with maximum at 470 nm (Fig. 4), similar to the emission
spectrum of ligand L-1 (Fig. S13, ESIt). The excitation spectrum
of pZr-1 (Fig. 4) consists of a broad band with a maximum at
370 nm that shows good agreement with the UV-vis absorption
band of L-1 (Fig. S13, ESI{) and with what is observed in UiO-
66-NH,(Zr/Hf)-type MOFs.*” The emission quantum yields of
aqueous suspensions of Zr-1 and pZr-1 were found to be ca.
1.2% (Fig. S14 and S15, ESIt), double compared to that of a
suspension of UiO-66-NH, (ca. 0.56%, Fig. S16, ESIt). The
emission quantum yields of MOFs are much lower than those
of the free ligands in methanol solution (®;., = 39%j; Dnu,bde =
62%, Fig. S17 and S18, ESIf). This can be attributed to
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Fig. 4 Excitation and emission spectra (lexe = 400 nm) of pZr-1 sus-
pended in H,O (0.1 mg mL™).

self-quenching phenomena due to the relative proximity of the
chromophores within the MOF matrix.”* The latter assumption is
further supported by the much higher emission intensity displayed
by the 8-connected pZr-1 compared to the 12-connected UiO-66-
NH,, despite the free ligand NH,bdc having a higher quantum
yield than L-1. Despite its modest fluorescence quantum yield, pZr-
1 (aqueous suspension 0.1 mg mL ") displays a clear fluorescence
signal which can be recorded easily and accurately. This phenom-
enon has also been observed in MOFs that emit in the near IR
region and has been attributed to the large number of lumino-
phores per unit volume enabling the material to emit a large
number of photons thereby leading to a clear and strong emission
sigmal which is suitable for sensing and imaging studies.”

It has been demonstrated, through electron paramagnetic
resonance, time-resolved absorption spectroscopy and theore-
tical calculations, that the fluorescent excited state in Zr*'
MOFs with 2-aminoterephtahlate as bridging ligand predomi-
nantly involves shift of electron density from an orbital which is
largely localized on the amino group to an unoccupied anti-
bonding orbital of the aromatic ring without an appreciable
contribution from a ligand-to-metal-charge-transfer (LMCT)
component.® This type of intraligand charge transfer (ILCT)
transitions show sensitivity to the local environment around
the chromophore, such as the presence of hydrogen bond
donors and/or electron accepting/donating moieties, and are
thus well suited for optical sensing applications.>>°%24

Fluorescence titrations

Benefitting from the stability in water and its strong emission
signal, we investigated the ability of pZr-1 to sense trace
amounts of nitrophenols in aqueous media. To evaluate the
sensing ability of the material, we performed fluorescence
titration experiments with gradual addition of aqueous solutions
(5.0 x 107> M) of TNP and DNP to a suspension of pZr-1 in H,0
(0.1 mg mL™") at pH 4.5. It should be noted that we applied
Inner Filter Effect (IFE) correction to all our experimental data
(see ESIt for details). As can be seen in Fig. 5, fluorescence

This journal is © The Royal Society of Chemistry 2022
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measurements clearly demonstrate that TNP and DNP have
a strong quenching effect on the initial emission intensity of
PZr-1, up to 92% and 86% at the end of the titration, respectively.
For both titration experiments, the calibration curves show good
linearity with respect to analyte concentration up to ca. 250 ppb.
Through analysis of the linear fitting, we determined the Limits
of Detection (LOD) and Quantification (LOQ) (see ESIf for
details). LOD and LOQ values were calculated to be 0.011 and
0.037 puM (2.5 and 8.5 ppb) for TNP and 0.026 and 0.086 uM
(4.8 and 16.0 ppb) for DNP detection, respectively. These values
demonstrate that pZr-1 exhibits effective sensing behaviour
towards TNP and DNP in aqueous solutions.

The pores of pZr-1 are lined with n-electron rich units which
are potentially suitable for donor-acceptor association with the
electron-deficient nitroaromatic compounds. Furthermore, we
theorize that entry of analytes in the pores could be further
assisted by H bonding interactions and electrostatic interac-
tions between the positively charged protonated secondary
amine units and the anionic nitroaromatic guests. An identical
titration experiment with TNP carried out using Zr-1, the as
synthesized material that is not fully protonated, produced non
consistent results with higher LOD and LOQ values (0.030 uM
and 0.139 uM, respectively). Additionally, the same experiment
with a deprotonated MOF sample, treated with triethylamine/
MeOH solution, resulted in much weaker fluorescence quenching.
(Fig. S23, ESIt) These observations support our proposition that the
MOF-analyte interaction has a strong electrostatic component.

To further examine the quenching efficiency, we analyzed
the data with the Stern-Volmer equation, eqn (1)

(Io/I) =1 + Ksy x [A] 1)

where I, and I are the integrated fluorescence intensities of pZr-1
aqueous suspension before and after the addition of the analyte,
respectively, Kgy is the quenching constant (M~") and [4] is the
molar concentration of the analyte.>® The Stern-Volmer (SV)
plots for both analytes (Fig. 5¢) are nearly linear at low concen-
trations and show an upward curvature at higher concentrations.
The non-linear nature of the Stern-Volmer plots is a character-
istic feature observed when both static and dynamic quenching
occurs for the same fluorophore. Therefore, it is reasonable we
assume that quenching of Zr-1 fluorescence is due to simulta-
neous presence of static and dynamic photoinduced electron
transfer between Zr-1 and the analytes. The static portion of the
observed quenching can be attributed to stacking interactions
between nitrophenols and the benzylamino groups inside the
pores of Zr-1. Linear fitting of the SV plots at lower concentration
range (0-2 uM) offer a quenching constant of 7.2 x 10° M * (R* =
0.9995) for TNP and 2.9 x 10° M~* (R* = 0.9998) for DNP.

To further test our MOF’s sensing performance, we per-
formed detection experiments using a sample of acid activated
UiO-66-NH,, (Fig. S24 and S25, ESIt) and the results are shown
in Table 1. Comparison of the fluorescence measurements for
the two functionalized UiO-66-type MOFs demonstrates
that pZr-1 shows superior quenching response and sensitivity.
The increased sensing ability of our MOF is the result of the
strategical design that incorporates a m-electron-rich system

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Fluorescence titrations (Aexc = 400 nm) of pZr-1 suspended in H,O
(2 mL, 0.1 mg mL™Y) at pH 4.5 upon gradual addition of aqueous solution (5 x
107> M) of (a) TNP (b) DNP (c) Corresponding Stern—Volmer plots for both
titrations, showing linearity at low analyte concentrations.

inside the MOF’s pores, thus enhancing the interaction with
electron deficient nitrophenolic analytes.

Detection of nitrophenols by luminescent MOF sensors has
been reported in numerous studies over the last years.'® In
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Table 1 LOD, LOQ and Ksy values calculated for fluorescence titrations
(Zexc = 380 nm) of acid activated UiO-66-NH; and Zr-1 suspended in H,O
(0.1 mg mL™) at pH 4.5 upon gradual addition of aqueous solution of TNP
and DNP. (IFE correction was applied to all experimental data)

Maximum

Analyte LOD (uM) LOQ (uM) Kgy (M) quenching %

UiO-66-NH, TNP 0.040 0.136 1.6 x 10° 69
DNP 0.042 0.140 1.7 x 10° 64
pPZr-1 TNP 0.011 0.037 7.2 x 10° 92
DNP 0.026 0.086 2.9 x 10° 86

Table 2 we show LOD and LOQ values and Ky, values of some of
the most efficient sensors reported. (A more extensive collec-
tion of representative recent examples can be found in Table S1,
ESIT). Comparison of the data confirms that our material is
among the best performing sensors and shows extremely high
sensitivity. The LOD value for TNP (0.011 pM) is comparable
with the lowest detection limit so far reported for TNP detection
in H,0, by Joarder et al. (12.9 nM).>” The standout feature of
PZr-1 is that the material is hydrolytically stable and forms fine
and stable suspension in water and, thus, can be used in
analysis of aqueous samples. Furthermore, the ley (400 nm)
used in titration experiments lies in lower energy than the
absorption maximum region of nitrophenols and the emission
maximum of pZr-1 does not overlap with the analytes’ absorp-
tion bands, ensuring that the inner filter effect on the emission
measurements is kept at a minimum.

Encouraged by these results we investigated the sensing
selectivity of pZr-1 towards DNP and TNP. We performed fluores-
cence measurements to examine the quenching efficiency towards
several competing non-acidic compounds, including nitroben-
zene (NB) 1,3-dinitrobenzene (1,3-DNB), 2-nitrotoluene (2-NT), 4-
nitrotoluene (4-NT), 2,4-dinitrotoluene (DNT), 2,6-dinitrotoluene
(2,6-DNT), 2-nitrophenol (2-NP), 3-nitrophenol (3-NP), 4-
nitrophenol (4-NP), aniline (NA) and 3-nitroaniline (3-NA). The
bar graphs in Fig. 6, illustrate the fluorescence response suspen-
sions of activated pZr-1 in H,O (pH = 4.5) in the presence of
competing compounds. These non-acidic compounds have a
negligible quenching effect compared to the strong quenching
observed upon subsequent addition of equal amounts of TNP or
DNP (IFE correction was applied to all experimental data).

To further investigate our MOF’s selectivity, we carried out
fluorescence titration experiments with the above compounds
(Fig. S26, ESIT). The S-V plots of these titrations are shown in
Fig. 7 along with those for TNP and DNP. In addition to the
expected low quenching effect, the competing compounds

View Article Online

Journal of Materials Chemistry C

(@) | I before TNP addition
1.0 [ Jafter TNP addition
0.9— I I I
NN é 3 Sl
'» W N q,?’ u e '5 ~o\°

I before DNP addition
[ after DNP addition

0 . 0 | | |
9 N o“
\'3" ‘o\

m‘ vs\\« ’5
Fig. 6 Normalized fluorescence response I/l (Aexe = 400 nm) of Zr-1
suspended in H,O (2 mL, 0.1 mg mL™Y) at pH 4.5 in the presence of various
analytes (12 uM) The dark bars represent the response in the presence of
competing analytes and the light bars represent the response upon
addition of (a) TNP (10 uM) and (b) DNP (12 uM). [ corresponds to emission
intensity before the addition of analytes.

1.0—

produce strictly linear S-V plots within the studied concen-
tration range. This series of fluorescence measurements with a
range of different analytes clearly demonstrates that pZr-1
offers a remarkable combination of sensitivity and selectivity
towards TNP and DNP. The lack of quenching response in the
presence of mono-nitrophenols can be explained by consider-
ing that the pK, values of these molecules are in the range 7.0-
8.3, meaning that the hydroxylic groups are not deprotonated
in the aqueous MOF suspension.

Table 2 Representative examples of some of the most efficient luminescent MOF sensors for TNP and DNP

Luminescent MOF Analyte Solvent LOD (uM) Ky M7H Jexe (M) Aem,max (M) Ref.
[Zn,(TCPE)(tta),]-2DMF-4H,0-2Me,NH,* TNP DMF 0.036 3.06 x 10* 392 461 26
DNP 0.029 3.75 x 10*
[Zng(ad)4(BPDC)0-2Me,NH,]-G TNP H,O 0.012 4.6 x 10* 340 405 27
Zr60,4(OH)s(H,0)4(TTNA)g/3 TNP H,O 0.043 5.1 x 10° 324 399 28
{Zr60,4(OH)5(H,0)4(L-1);_(NH,bdc),} TNP H,O 0.011 7.2 x 10° 400 470 This work
DNP H,0 0.026 2.9 x 10°
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The treatment of pZr-1 with saturated aqueous solutions of
TNP and DNP (ca. 10~® M) results in an instant color change
from yellow to orange. After washing with MeOH to remove any
loosely attached DNP or TNP, we digested the samples in 40%
NaOD in D,O, to perform 'H-NMR analysis. The 'H-NMR
spectra confirmed the presence of the analytes within Zr-1
(Fig. S28 and S30, ESIf) with peak area analysis showing
guest-to-bridging ligand molar ratios of ca. 0.14 for TNP and
ca. 0.22 for DNP. The higher molar ratio that we observed for
the DNP guest could be attributed to a size effect. When we
performed an analogous experiment in the concurrent
presence of both analytes (ca. 107> M), subsequent 'H-NMR
analysis (Fig. S32, ESIt) showed that the material was loaded
with equal amounts of TNP and DNP, thus reflecting their
solution ratio. (The low solubility of DNP prevented us from
performing further experiments at higher concentrations.)

Comparison of the PXRD pattens and IR spectra of pZr-1
before and after being loaded with DNP and TNP confirm the
material’s structural stability upon its interaction with the
analytes (Fig. S27, S29, S31 and S34, ESIt). It is worth noting
that the IR spectrum of pZr-1 shows the characteristic broad
signal in the 3000-3800 cm™ " region due to absorbed water. In
line with water molecules being displaced by the guest analyte,
the water signal is greatly decreased in DNP-loaded pZr-1
revealing the characteristic peak at 3382 cm ™" due to the NH
stretch of the secondary amino groups (Fig. S33, ESIf).

To quantify the kinetic response of pZr-1 towards TNP we
performed a kinetic fluorescence scan (Fig. 8) where TNP
was added to a suspension of pZr-1. The data could be
satisfactorily fitted to two pseudo-first order processes*® with
time constants of 5.17(2) and 48.2(3) s, with the faster process
having a far greater contribution (Fig. S36, ESIt). Thus, the
material’s fluorescence response to the presence of TNP is
dominated by fast kinetics, as is desirable for an effective
chemosensor.*

124 ¥ —a— NB

| —e—DNB

* A pNT

104 | —v—OoNT
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Fig. 7 Comparison of Stern—Volmer plots of fluorescence titrations (Lexc
= 400 nm) of pZr-1 suspended in H>O (2 mL, 0.1 mg mL™) at pH 4.5 with
different nitroaromatic analytes.
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Fig. 8 Time-dependent fluorescence response (lexc = 400 NnM, Aem =
470 nm) of pZr-1 suspended in H,O (2 mL, 0.1 mg mL™Y at pH 4.5 upon
addition of 25 ulL an aqueous solution of TNP (10~ M). The concentration
of TNP corresponds to that at the end of a typical titration experiment
(8 uM). Black circles represent experimental data, the red curve represents
the best fit based on a biexponential decay.

To evaluate the structural integrity and reusability of Zr-1,
we examined the sensing ability of an activated MOF sample
that was treated with TNP aqueous solution and re-activated.
Fig. S34 (ESIY) displays the PXRD patterns of pZr-1 after TNP
sorption and reactivation confirming that the material retains
good crystallinity apart from some minor. As shown in Fig. S35
(ESIY), fluorescence titration with gradual addition of TNP
(5.0 x 107> M) on a suspension of the recycled sample in
H,O0 (2 mL, 0.1 mg mL ") resulted in quenching efficiency up to
89% with a quenching constant of 4.5 x 10~> M ', Thus, we
observe that after one cycle of analyte sorption and re-
activation, the quenching constant value of pZr-1 is slightly
reduced, albeit the regenerated material still exhibits strong
quenching in the presence of TNP.

Conclusions

We have presented the synthesis and study of a porous Zr(iv)
MOF (Zr-1) incorporating a bridging ligand (L-1) with a pendant
benzylamino group, thereby creating a n-electron rich and basic
environment within the material’s pores, which is favourable
for the hosting of acidic nitroaromatic guest species. Powder
X-ray diffraction and thermogravimetric analysis showed that
Zr-1 possesses a UiO-66 type structure with a lower average
connectivity of 8, compared to the 12-connectivity of UiO-66.
This lower connectivity may be attributed to the bulky side
groups on L-1, which prevent a closer approach between the
bridging units. The N, adsorption isotherm of Zr-1 corresponds
to a BET surface area of 893 m” g™, indicating that the lower
average connectivity combined with the partial cleavage (ca.
10%) of the benzyl side groups has a beneficial effect on the
material’s porosity. The material retains its structural integrity
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after protonation with 4.0 M HCI to yield pZr-1, which has a
BET surface area of 932 m” g~ ', a small increase compared to as
synthesized Zr-1, partly attributed to the increased cleavage of
the benzyl side groups (reaching ca. 30% after protonation).
When pZr-1 is treated with aqueous solutions of TNP and DNP
(107 M), we observe a darkening of the material’s colour and
the presence of analytes within the material is confirmed
through "H-NMR analysis. Fluorescence titrations of aqueous
suspensions of pZr-1 with TNP and DNP lead to a strong
quenching effect (92% and 86% by the end of the titration,
respectively) with good signal linearity for analyte concentra-
tions of up to ca. 250 ppb. We determined limits of detection
and quantification of 0.011 and 0.037 pM for TNP, and 0.026
and 0.086 pM for DNP, respectively. Comparison with literature
data places our material among the most efficient fluorescence
sensors for the above analytes. It is important to emphasize
that the excitation wavelength used in our studies (400 nm) is
offset form the region of maximum absorption of DNP and
TNP, thereby minimizing inner filter effects. We have con-
firmed this by observing insignificant alterations to the initial
titration data after applying inner-filter corrections. Research
on fluorescent metal-organic frameworks for the detection of
nitroaromatic compounds is ongoing in our group.
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