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ABSTRACT: A S-fold-interpenetrated zinc-based coordi-
nation polymer can discriminately detect aliphatic amines
through a fluorescence “turn-on” method. This compound
can sense aliphatic amines in the solid state, solution state,
and vapor phase. Theoretical calculations revealed that the
ground-state dipole moment of the corresponding amines
guides the order of enhancement.

he sensing of amines is important because they are
hazardous wastes and lead to heavy environmental
pollution.' ™ Amines are almost ubiquitous analytes in our
daily life for the determination of food freshness, disease state,
etc. Recently, luminescence-based sensing methods have gained
considerable attention because of their ease of manipulation,
high sensitivity, and real-time monitoring with rapid response
time.” The sensitive detection of individual amines has been
previously reported, but the discriminative detection of amines
within a larger family is rare.”” Molecular recognition of amines is
challen%ing because of its extensive range of molecular shapes,’
sizes,”'" and electronic properties.'’ A chemical sensor can
detect an analyte through change in the luminescence,
conductivity, and sometimes color, etc.'> However, analytes
like explosives and hazardous chemicals need to be detected in
very low concentrations to avoid the danger inherent in them.
Most of the analyte sensing carried out in the past has been
through fluorescence quenching, that is, “turn off” in nature.”>™"°
An example of fluorescence intensity enhancement (“turn on”) is
rare and essential for the device application.'® The predesigned
synthesis of a “turn-on” sensor is a challenge because several
factors interfere with the fluorescence process. To our knowl-
edge, very few sensors are reported in which amines are detected
through fluorescence enhancement or a “turn-on” process. '
Metal—organic frameworks (MOFs) or coordination poly-
mers (CPs) can act as sensors because of their quick, reversible,
and recyclable sensing ability.'>'’~' MOFs or CPs are
inorganic—organic hybrid crystalline materials with diverse
architectures and variable pore sizes constructed by the linking
of metal ions or metal clusters and organic ligands.”*>> The
diverse pore topologies and functional sites may be responsible
for molecular-level interactions between the framework and
analytes.'”'” These types of interactions may also be responsible
for specific and selective sensing of particular analytes. It is
interesting to adopt an effective strategy to synthesize MOFs or
CPs for the discriminative detection of amines in which the
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interactions between an electron-deficient ligand and electron-
rich amines can perturb the photoluminescence properties.
However, synthesizing an electron-deficient MOF or CP with a
predesigned architecture is challenging because of its high
reactivity during the synthesis. There are reports where MOFs or
CPs have been used for the detection of organic amines.”"
Recently, Banerjee et al. synthesized an electron-deficient
magnesium-based photochromic porous MOF that can discrim-
inately sense organic amines in the solid state.” Here, we
synthesized a new three-dimensional CP, [Zn(PA)(BPE)] [1;
PA = pamoic acid and BPE = 1,2-bis(4-pyridyl)ethane]. This
compound can discriminately detect aliphatic amines in the solid
state, solution state, and vapor phase. Interactions between
amines and compound 1 lead to “turn-on” fluorescence.
Theoretical calculations showed that the ground-state dipole
moment of the corresponding amines directs the order of
fluorescence enhancement.

Compound 1 was synthesized by the solvothermal reaction of
Zn(NO,),-6H,0, PA, and BPE at 120 °C for 72 h [see the
Supporting Information (SI) for the detailed synthesis].
Compound 1 crystallizes in space group Cc (see the SI). The
zinc metal ions adopt a distorted tetrahedral geometry. The Zn—
O/N bond lengths are in the range of 1.92—2.06 A. The zinc ions
are linked with the PA ligand to form a one-dimensional chain
(Figure 1a). Each chain is linked with four other chains through
the BPE ligand to form a three-dimensional structure (Figure
1b). Topological analysis using TOPOS software identified that
the structure has 5-fold interpenetration with a uninodal 4-c net
(Figure 1c).”® The overall structure has a dia net topology with
the Schlifli point symbol {6°}, which can be presented as the
Schlifli symbol {6%.6%.6.6%6%6"} (see the SI).”

The powder X-ray diffraction (PXRD) pattern of the as-
synthesized material matched well with the simulated pattern
(Figure Sla), indicating a crystalline phase purity. Compound 1
retained its PXRD pattern after the addition of analyte molecules
(such as various solvents and amines), indicating retention of the
structural integrity after treatment with analyte molecules
(Figure S1b—d). Fourier transform infrared analysis shows the
presence of organic moieties (Figure S2). Thermogravimetric
analysis shows that compound 1 is stable up to 350 °C in a N,
atmosphere (Figure S3). The structural features show that
compound 1 is a S-fold-interpenetrated structure with negligible
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Figure 1. (a) One-dimensional chain formed through the connectivity
of a metal ion and the PA ligand in 1. (b) Three-dimensional
connectivity. (c) S-fold interpenetration.

void space. N, adsorption analysis also indicated the presence of
16 cm® g™! available surface area within this compound (Figure
S4). According to this, analyte molecules may not enter inside
the pores but instead interact on the surface.

Both ligands PA and BPE display strong absorption bands at
300—450 nm in the solution phase (Figure SS). A blue shift for
PA and a red shift for BPE are observed for the as-synthesized
compound 1. Solid- and solution-state luminescence of
compound 1 as well as the free ligands PA and BPE has been
investigated upon excitation at 369 nm at room temperature
(Figures S6a,b). In solution, compound 1 exhibits a broad
emission band with 4, at 507 nm.

Interestingly, this compound can sense only aliphatic amines
with an increase in the fluorescence intensity. Electron-rich
organic amines can transfer electrons to compound 1, resulting in
enhancement of the fluorescence with a change in color. When
compound 1 is treated with various organic amines, it shows a
prominent color change for aliphatic amines compared to
aromatic amines (Figure S7) and no color change for other
analytes (Figures 2ab). To explore the sensing ability of
compound 1, we performed fluorescence titration with the
incremental addition of analytes to a fixed amount of compound
1. A wide range of amines like ethylenediamine (EDA), n-
butylamine (n-BA), diisopropylamine (DIPA), N,N,N’,N’-
tetramethylethylenediamine (TMEDA), triethylamine (TEA),
aniline, etc., were used to test the sensing ability of compound 1.
The results imply that compound 1 can discriminately detect
aliphatic amines through “turn-on” fluorescence intensity
changes (Figures 2c and S8). The use of as-synthesized MOFs
or CPs is rare for sensing applications in the solid state. Here, a
solid-state sensing experiment was carried out by immersing 10
mg of compound 1 in different 0.1 M aliphatic amines [in N,N-
dimethylformamide (DMF)] for a time period of 24 h. The
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Figure 2. Photograph for the selective detection of amine over other
organic molecules under (a) visible and (b) UV light. (c) Bar diagram
representing the fluorescence enhancement efficiency of compound 1 in
different amines (0.03 M dimethyl sulfoxide). Inset: Photoluminescence
spectra of compound 1 before and after amine addition. Photographs
showing the color change of compound 1 (solid state) in different

amines (0.1 M DMF) under (d) UV and (e) visible light.

observed color change in visible light is more prominent under
UV light (Figures 2d,e).

In the present case, we also tested the vapor-phase sensing of
amine molecules. Upon exposure to amine vapors, the
photoluminescence property of compound 1 was enhanced.
This showed that compound 1 can also be used for the real-time
detection of aliphatic amines in the vapor phase (Figure S9). The
detection limit of compound 1 (in solution) toward EDA was
found to be on the order of 166 yM. Literature reports show that
the present compound is one of the rare examples which can
discriminately detect aliphatic amines in all the phases of matter
through fluorescence enhancement (“turn-on”) process (Table
S4). On the basis of our assumption, enhancement of the
fluorescence intensity should follow the basicity of the
corresponding amines. However, the enhancement order does
not follow the basicity order. The order of fluorescence
enhancement is EDA (47.0%) > n-BA (24.4%) > DIPA
(15.6%) > TMEDA (6.4%) > TEA (3.5%) (Figures 2c and S10).

To underscore the mechanism for this “turn-on” fluorescent
sensing, we carried out theoretical calculations using density
functional theory (DFT) methods (see the SI). We optimized
the asymmetric unit of compound 1 as a representative fragment

DOI: 10.1021/acs.inorgchem.7b00787
Inorg. Chem. 2017, 56, 6772—6775


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00787/suppl_file/ic7b00787_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00787/suppl_file/ic7b00787_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00787/suppl_file/ic7b00787_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00787/suppl_file/ic7b00787_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00787/suppl_file/ic7b00787_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00787/suppl_file/ic7b00787_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00787/suppl_file/ic7b00787_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00787/suppl_file/ic7b00787_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00787/suppl_file/ic7b00787_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00787/suppl_file/ic7b00787_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00787/suppl_file/ic7b00787_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b00787

Inorganic Chemistry

Communication

for theoretical studies (Table SS and Figure S11). The theoretical
UV—vis spectrum has a maximum absorption band centered at
365 nm in the gas phase, which is in agreement with the
experimental value of 369 nm (Figure S12).

Because the theoretically calculated UV—vis spectrum and
optimized geometric parameters are in excellent accordance with
the experimental values (Table SS), the representative fragment
can be treated as a valid representation of compound 1. Earlier
studies suggest that fluorescence quenching occurs when the
energies of the lowest unoccupied molecular orbital (LUMO) of
the analytes lie between the valence (VB) and conduction (CB)
bands of the MOF or CP.">"”*” This happens because electrons
in the CB of MOF or CP are transferred to the LUMO of
analytes. A contrasting phenomenon is observed when the
fluorescence intensity is enhanced.” It is seen that the PA ligand
largely contributes to the highest occupied molecular orbital
(HOMO), while the BPE ligand forms the LUMO. In our case,
theoretical calculations indicate that the LUMO of electron-rich
amines lies higher in energy than the CB of compound 1 (Figure
3a). Upon photoexcitation of the analytes, more electrons in the
LUMO of amines would populate the CB of compound 1. This
therefore results in fluorescence enhancement.
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Figure 3. (a) Schematic representation of the fluorescence enhance-
ment mechanism in the gas phase. (b) Dipole moments of the amines.

Inset: Variation of the binding energy of the analytes with compound 1.

Therefore, a lower LUMO energy of the analyte indicates
higher fluorescence enhancement. The fluorescence enhance-
ment toward EDA, n-BA, and DIPA is in good agreement with
the experimental findings. However, the enhancement of the
other two analytes deviates from the trend in their LUMO
energies. This trend in the fluorescence enhancement may be
attributed to digpole—dipole interactions between the amines and
compound 1."

Dipole—dipole interactions between compound 1 and the
analytes are important to explain the discriminative enhance-
ment behavior of compound 1 toward different amines. As a
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consequence of the pore-size limitations, the analytes can only
interact with compound 1 at the surface. Subsequently, dipole—
dipole interactions lead to excited-state electron transfer from the
electron-rich analytes to compound 1. The trend in the dipole
moment follows the order EDA > n-BA > DIPA > TMEDA >
TEA (Figure 3b). EDA possesses the maximum dipole moment
and therefore leads to maximum fluorescence enhancement
among the analytes. Theoretical findings are in complete
agreement with the experimentally observed fluorescence
enhancement. To understand the nature of the interaction
between the analytes and compound 1, calculations are
performed at the hybrid metaGGA DFT of the M06-2X level*®
with a 6-31G basis set. First of all, individual molecules were
optimized using the earlier mentioned level of theory (Figure
S13). Binding energies of —25.01, —11.68, —9.36, —9.10, and
—6.38 kcal mol™! are found for EDA, n-BA, DIPA, TMEDA, and
TEA with the LUMO of the compound, respectively (Table S7
and Figure 3b,inset). This trend in the binding energy is in
accordance with the trend in the fluorescent enhancement
(Figure 2c).

In conclusion, we synthesized a S-fold-interpenetrated three-
dimensional zinc-metal-based CP. To our knowledge, this is a
rare example where this compound can discriminately detect
aliphatic amine in all phases of matter through the “turn-on”
fluorescence process. Theoretical calculations predict that
dipole—dipole interactions between the surface of the as-
synthesized CP (where the LUMO is localized) and different
aliphatic amines are responsible for the discriminative detection.
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