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By introducing the dye Rhodamine 6G (R6G) into a metal—organic framework (MOF), Mn-sdc-2 (Hpsdc =
4,4'-stilbenedicarboxylic acid), with a pore size of 20 x 9.8 A2 the composite R6G@Mn-sdc-2 was
obtained. Subsequently, the MOF Mn-sdc-1 with a smaller pore size of 7.5 x 7.5 A? can be formed
through a single-crystal to single-crystal transformation from Mn-sdc-2, thus tightly locking the dye R6G
within the pores. Compared with R6G@Mn-sdc-2, R6G@Mn-sdc-1 exhibits a stronger fluorescence
emission of R6G. Because the MOF Mn-sdc-1 can reversibly transform back to Mn-sdc-2 in the
presence of trace water, the dye R6G can be released. This enables R6G@Mn-sdc-1 to be used as a new
luminescent sensor for trace water in organic solvents by monitoring the fluorescence intensity of
released R6G. The limit of detection can reach 0.035% in ethanol (v:v), which is among the most
sensitive fluorescent water probes.

Introduction

Water plays an indispensable part in human life, however, in
the pharmaceutical, fuel, and chemical industries, water
content is critical in organic chemical reactions and with
moisture-sensitive materials, trace water may be considered as
a severe contaminant and an impurity.** For instance, bio-
ethanol, a promising green energy source, is rather hygro-
scopic and soluble in water at any proportion. Therefore,
a small amount of water could degrade bioethanol's perfor-
mance. The criteria for water content in bioethanol is that it
must be no more than 0.8% in China and 1.0% in the United
States.®>” In lithium ion battery systems, excess water can react
with the electrolyte to produce harmful gases, which poses
a threat to human life and also impairs the performance of the
battery.®” Thus, it is of high significance to detect trace water
in industry. Nevertheless, the traditional solution based on
Karl Fischer (K-F) titration methods®® requires specialized
personnel training, high-cost equipment, complicated opera-
tion, etc. In the meantime, luminescent probes have gained
tremendous attention for their handy use, fast response and
easy fabrication. A number of luminescent water sensors
based on metal-organic frameworks (MOFs) have been
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reported recently, including ratiometric fluorescence detec-
tion,'*** characteristic excited state intramolecular proton
transfer (ESIPT) based sensing’*'* and so on.

Fluorescent metal-organic frameworks (FL-MOFs) are peri-
odically self-assembled by metal ions or clusters and organic
ligands."*™® By ingenious design, the fluorescence centre could
be based on metal ions like trivalent lanthanides,*' guest
molecules like introduced dyes or quantum dots,**** and
organic ligands themselves as well.>* Besides, given the merits
of permanent porosity, it is quite universal for MOFs to exhibit
flexibility as the environment changes, the expansion or
contraction properties of frameworks may find use in gas-
adsorption-separation fields.”>*” Furthermore, single-crystal to
single-crystal transformation MOFs have been reported
recently,”**? the channel topology and size of which can be
totally changed under appropriate conditions. This trait is
particularly attractive when we introduce guest molecules into
the pores and focus on the material properties as the micro-
nanostructure varies.

Herein, based on solvent-triggered reversible phase change
MOFs that have been reported earlier by our group,*® we
synthesized these two flexible MOFs, namely, Mn-sdc-1 and Mn-
sdc-2 (Hpsde = 4,4-stilbenedicarboxylic acid), separately. Mn-
sdc-2 has large 1D channels along the ¢ axis while Mn-sdc-1
has relatively smaller pores. Therefore, organic dye Rhoda-
mine 6G (R6G) was first introduced into Mn-sdc-2 to form
R6G@Mn-sdc-2. Subsequently, by a crystal change process,
R6G@Mn-sdc-1 was obtained (Fig. 1). The FL measurements on
the two compounds indicate that the fluorescence intensity of
R6G in Mn-sdc-1 with smaller pores has been greatly enhanced.
Besides, R6G@Mn-sdc-1 could reversibly transform into

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Schematic illustration of the entrapment of the dye Rhodamine
6G into solvent-triggered phase change Mn-MOFs.

R6G@Mn-sd-2 in the presence of trace water, at which condi-
tion the as-entrapped dye R6G would be released from large
pores. Therefore, by monitoring the fluorescence intensity of
the released R6G, a turn-on luminescent sensor towards trace
water in organic solvent was achieved.

Results and discussion

Crystal structure description

The structural and physical nature of the two Mn-MOFs has
been reported before,* hence, a brief structural depiction of
the MOFs is presented. Mn-sdc-1, formulated as Mn;(sdc);(-
H,0),-DMF, belongs to the trigonal space group R3, each
sdc®” ligand coordinates with two trinuclear Mn;(RCOO)g
secondary building units (SBUs) extending the hexagonal
structure to form a two-dimensional layer. The layers further
form a close-packed ABC structure®' along the ¢ axis. Mn-sdc-2,
formulated as Mn(sdc)(H,0),, crystallizes in the monoclinic
system with the P2,/c space group. A Mn** centre with octa-
hedral geometry is formed by six-coordinated O atoms, these
individual Mn®" octahedra are linked by sdc®~ to form 2D
planes and are further connected by sdc®~ ligands, with the
planes constituting a 3D framework (Fig. S11). Now we focus
on the pore structure and solvent-triggered phase change
properties in this study. As shown in Fig. 1, Mn-sdc-1 exhibits
a staggered ABC close-packed topological structure** with
a pore size of about 7.5 x 7.5 A% In contrast, Mn-sdc-2
possesses large 1D channels along the ¢ axis, and the pore
size is approximately 9.8 x 20 A%. We chose the dye R6G as the
guest molecule for two reasons, one is because of its favour-
able fluorescence properties®** and the other is that its molec-
ular size is roughly 16 x 11 A% which is the intermediate
between Mn-sdc-2 and Mn-sde-1. When the as-synthesized
crystals Mn-sdc-2 and Mn-sde-1 are immersed in a DMF
solution of R6G, R6G@Mn-sdc-2 can be obtained at room
temperature, but R6G could not be encapsulated into Mn-sdc-
1 directly (Fig. S21) due to its smaller pores. Alternatively, R6G
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is firstly introduced into large channels of Mn-sdc-2 at room
temperature, then, the DMF solution containing R6G@Mn-
sdc-2 is transferred to higher temperature to trigger a single-
crystal to single-crystal transformation process to obtain
R6G@Mn-sdc-1. As shown in Fig. 2, the PXRD patterns of
R6G@Mn-sdc-1 and R6G@Mn-sdc-2 are well matched with
that of the as-synthesized Mn-MOFs as well as the simulated
ones, and the colour of Mn-MOFs changes from light yellow to
red clearly demonstrating the successful encapsulation of R6G
(Fig. S31). We carried out FTIR spectroscopic analysis on the
dye and MOFs (Fig. S4t). The stretching vibration peak at
1717 em™ ' and 1325 em™ ! which are attributed to the carboxyl
and amine group of the dye R6G, respectively, can be observed
in the FTIR spectra of both R6G@Mn-sdc-2 and R6G@Mn-sdc-
1. This suggests that the dye R6G has been encapsulated into
the MOFs. Besides it is interesting to notice that the trans-
formation temperature for obtaining pure Mn-sdc-2 starts at
100 °C,** but for R6G@Mn-sdc-2, the temperature decreased to
60 °C (Fig. S51), which indicates that the dye R6G significantly
promotes the transformation process. As we have expected,
with the heating time increase, the prepared R6G@Mn-sdc-2
in DMF solution gradually transforms to R6G@Mn-sdc-1
(Fig. S67T). Besides the thermogravimetric analysis (Fig. S7t)
reveals that dye R6G thermal decomposition occurs at about
200 °C, while R6G@Mn-sdc-1 thermal decomposition
temperature increases to 350 °C, this may be due to the MOFs'
protective function. Thus R6G@Mn-sdc-1 has an expanded
scope of application.
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Fig. 2 Crystal structure of Mn-sdc-1 (a) and Mn-sdc-2 (b) along the ¢
axis. (c) PXRD patterns of the simulated, synthesized and dye encap-
sulated Mn-MOFs.
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Fluorescence properties and stability of R6G@Mn-MOF

The as-synthesized crystals Mn-sdc-2 were immersed in
a series of DMF solutions of 0.1 mM, 0.5 mM, 1 mM, 1.5 mM
and 2 mM R6G concentrations. After being treated at different
temperatures, the entrapped dye R6G is calculated to be
0.55 Wt%, 5.36 Wt%, 14.87 wt%, 21.32 wt% and 26.73 wt% for
R6G@Mn-sdc-2, and 0.38 wt%, 3.52 wt%, 10.71 wt%,
15.46 wt% and 20.32 wt% for R6G@Mn-sdc-1. Then the fluo-
rescence properties of R6G@Mn-sdc-2 and R6G@Mn-sdc-1
are investigated at solid state. Upon excitation at 515 nm,
the compounds display the broad spectrum of R6G (Fig. S8
and S9f). As the concentration of R6G increases in DMF
solution, there exhibits a first increasing and then decreasing
trend on the fluorescence intensity of R6G@Mn-sdec-1 and
R6G@Mn-sdc-2. When the R6G concentration increased to
2 mM, the spectral peak red-shifts about 20 nm from 555 to
575 nm, which is possibly due to the dye J-aggregate®*3*
induced dipole moment change of R6G.** Comparing with
R6G@Mn-sdc-2, ReG@Mn-sdc-1 exhibits about 4.8 times the
fluorescence intensity enhancement at optimal R6G content
(Fig. 3). This may be attributed to Mn-sdc-1's close-packed
topological structure, which would inhibit R6G from form-
ing dimers®*** and prevent aggregation-caused quenching.
Besides, this kind of close-packed small pores in Mn-sdc-1 can
serve as a lock to prevent encapsulated R6G from being
released. To test this assumption, stability experiments are
conducted on R6G@Mn-sdc-1 and R6G@Mn-sdc-2. A certain
amount of R6G@Mn-sdc-1 and R6G@Mn-sdc-2 were
immersed in high-purity ethanol for 24 h at room tempera-
ture, separately. The supernatant of R6G@Mn-sdc-2 solution
becomes light red while that of R6G@Mn-sdc-1 remains col-
ourless and transparent (Fig. 4). The fluorescence measure-
ments on the supernatants also demonstrate the considerable
difference of the supernatants’ R6G content. These results
indicate that R6G can be easily released from the large chan-
nels of Mn-sdc-2 while being tightly locked in the smaller
pores of Mn-sdc-1.

—— 14.87 wt% R6G@Mn-sdc-2
— 21.32 wt% R6G@Mn-sdc-2
—10.71 wt% R6G@Mn-sdc-1
—— 15.46 wt% R6G@Mn-sdc-1

Intensity (a.u.)

T T T T T
580 600 620 640 660

Wavelength (nm)

T T
540 560

Fig.3 Integrated spectra of R6G@Mn-sdc-2 and R6G@Mn-sdc-1. The
excitation wavelength is 515 nm.
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Fig.4 Luminescence spectra of the supernatants after R6G@Mn-sdc-
1 and R6G@Mn-sdc-2 immersion for 24 h. Inset: photograph of the
supernatant extracted from R6G@Mn-sdc-2 and R6G@Mn-sdc-1. The
excitation wavelength is 515 nm.

R6G@Mn-sdc-1 for water sensing

R6G can be locked steadily in Mn-sdc-1 and released easily from
Mn-sdc-2 and Mn-sdc-1 can transform to Mn-sdc-2 in the exis-
tence of trace water in solvent. Based on these two aspects,
R6G@Mn-sdc-1 can be considered as a promising fluorescent
sensor for trace water in ethanol. We chose the R6G@Mn-sdc-1
prepared in DMF solution containing 1 mM R6G as the
samples. Then 2 mg R6G@Mn-sdc-1 was immersed in 2 mL
ethanol with water contents varying from 0% to 10% (v : v), after
being undisturbed for 5 minutes, the supernatant is extracted
and put into a quartz cell for fluorescence study. Upon excita-
tion at 515 nm, the fluorescence spectrum shows the R6G
emission peak at around 550 nm. As we have expected, the
spectra show a turn-on tendency as the water content increases
(Fig. 5). At lower water contents, there is a linear relationship
between the fluorescence intensity and water content

—— EtOH
——0.5% H,0
1% H,0
3% H,0
5% H,0
——10% H,0

Intensity (a.u.)

T T T
560 580 600

Wavelength (nm)

T
540 620

Fig. 5 Emission spectra of the supernatant when R6G@Mn-sdc-1 was
immersed in ethanol with different water contents. The excitation
wavelength is 515 nm.
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(Fig. S107), which can be quantitatively formulated by the
Stern-Volmer equation, I/, = 1 + Kg[M],*® where I, and I
represent the fluorescence intensity without water and with
water, respectively, [M] is the volume content of water in ethanol
and Kgy is the response constant (M~ "). The Stern-Volmer plot
shows a remarkable fluorescence sensitivity toward trace water,
the equation is Iy50 = 426.65Cy o + 147.71 (R?* = 0.9970), where
Isso is the fluorescence intensity at 550 nm. This formula
demonstrates an intense turn-on tendency. The limit of detec-
tion (LOD) for trace water is computed based on the IUPAC
criteria (30/Kgy),*® the LOD value is 0.035%, which is among the
most sensitive fluorescence sensors (Table S17). The sensing
mechanism is mainly based on the water-triggered single-
crystal to single-crystal transformation, as reported in the
previous document.’* When it encounters water, Mn-sdc-1
undergoes a lattice rearrangement via the rotation of ligand
sdc®” and the cleavage and reconstruction of Mn-O bonds to
form Mn-sdc-2. Besides, Mn-sdc-1 transforming to Mn-sdc-2 is
a spontaneous process which is driven by enthalpy (AE = —3.02
eV), and water serves as the accelerator for the transformation
process. To further confirm the phase transformation mecha-
nism, the cycling test is investigated and the result suggests the
potential reusability of the MOF materials (Fig. S117). In addi-
tion, we expand this sensor to other solvents like acetone and
acetonitrile, when R6G@Mn-sdc-1 is immersed in acetone or
acetonitrile with 1% (v : v) water for a while (Fig. S12 and 13+),
the phase transformation and dye releasing phenomena can be
monitored, which demonstrates the versatility of this water
sensor. We measured the PXRD of R6G@Mn-sdc-1 immersed in
ethanol with water (5%) at different times. In the PXRD patterns
peaks appear belonging to Mn-sdc-2, which means that Mn-sdc-
1 transformed to Mn-sdc-2 immediately (Fig. 6). The results
clearly reconfirm the phase transformation mechanism. In
addition, originating from the merits of transformable mate-
rials, R6G@Mn-sdc-1 can not only detect water at very low
concentrations, but also can record the existence of water in
some application fields.

—— 60 min 15 min

w —— 30 min 0 min

Intensity (a.u.)

5 10 I 1l5 l 2l0 l 215 l 30
2Theta

Fig. 6 PXRD patterns of R6G@Mn-sdc-1immersed in ethanol with 5%
water content at different times.
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Conclusions

In summary, the organic dye R6G is introduced into large pores
of Mn-sdc-2 by the immersion method, then via a single-crystal
to single-crystal transformation process, the dye R6G is
successfully entrapped in small pores of Mn-sdc-1 to obtain
R6G@Mn-sdc-1. Compared with R6G@Mn-sdc-2, R6G@Mn-
sdec-1 exhibits a stronger fluorescence intensity and prevents
R6G from releasing more efficiently. The MOF Mn-sdc-1 can
transform to Mn-sdc-2 in the presence of trace water, this
property can be applied to detect water, and the detection limit
can reach 0.035% in ethanol (v : v), which makes R6G@Mn-sdc-
1 a potential fluorescent water sensor in ethanol solution.
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