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ABSTRACT: Microsized chemosensor particle (CPP-16,
CPP means coordination polymer particle), which is made
from a metal—organic framework (MOF), is synthesized
using pyrene-functionalized organic building block. This
building block contains three important parts, a framework
construction part, a Cu®" detection part, and a fluorophore
part. PXRD studies have revealed that CPP-16 has a 3D
cubic structure of MOF-5. During both MOF formation
and sensing event, fluorophores within CPP-16 undergo
dual changes in conformation and optical properties. After
MOF construction, pyrene moieties experience an unusual
complete conversion from monomer to excimer form. This
conversion takes place due to a confinement effect induced
by space limitations within the MOF structure. The
selective sensing ability of CPP-16 on Cu®" over many
other metal ions is verified by emission spectra and is also
visually identified by fluorescence microscopy images.
Specific interaction of Cu®* with binding sites within CPP-
16 causes a second conformational change of the
fluorophores, where they change from stacked excimer
(CPP-16) to quenched excimer states (CPP-16-Cu®*).

here is great demand on the design and construction of
chemosensors that can selectively and sensitively detect
heavy metal ions like Pb, Hg, and Cu.'™ Over the past few
decades, several platforms for Cu?" detection have been
developed, including those based on organic chemosensors
and those based on heterogeneous solid sensing materials.*””
Among such platforms, solid sensing materials might be
particularly interesting; in addition to use in sensing, they
might also be useful in removing analytes from solutions.
Porous coordination polymers or metal—organic frameworks
(MOFs) are novel class of materials used in many practical
applications, including gas storage, separation, catalysis, and
recognition.'””'® In general, MOF properties can be tuned
through changes in pore structure and pore surface functionality.
There has been recent immersing interest in nano- and
microsized MOFs (or coordination polymer particles, CPPs)
for the advanced utilization of them in gas storage, catalysis, and
biological-system applications.'”>* Other applications of
interest include detection of vapors, organic molecules, anions,
and cations.”” ™ Rational design of MOF materials such that
binding sites are tailored to specifically interact with analytes is
essential for selective recognition or sensing applications. Design
strategies for binding sites include incorporating unsaturated
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Lewis acid metal sites or immobilizing specific Lewis basic

sites®*373° within the MOF structures. Of the two, the latter is
more difficult, and so sensing on the specific metal ions using
MOF-based materials has been more challenging. While some
research groups have succeeded in immobilizing Lewis basic sites
such as free pyridyl and hydroxyl groups into MOFs for metal ion
(Cu" or Fe*") sensing, excellent selectivity on the specific metal
ion over other metal ions has yet to be described.**>* Herein, we
report a fluorescent turn-off chemosensor microparticle for Cu®*
sensing based upon a functional MOF (CPP-16). In addition, we
report interesting optical property changes and conformational
adjustments of fluorophores within the MOF structure (from
monomer to excimer to quenched excimer states) during
framework construction and sensing event. CPP-16 displayed a
highly selective and convenient sensing on Cu** over many other
metal ions. Furthermore, we found that the specific interaction of
Cu** with binding sites within CPP-16 caused dangled
fluorophore groups to undergo conformation change, and the
fluorophores to turn off. This is the first known demonstration
for fluorescence signaling via conformational changes of pendent
fluorophores embedded within MOFs during sensing.

The MOF-based microsized chemosensor was constructed
from a pyrene-functionalized organic building block (H,L), 2-
(pyrene-1-carboxamido)terephthalic acid (Scheme 1). Two-step
synthesis for H,L is described in Scheme S1. The first synthesis
step was chlorination of 1-pyrenecarboxylic acid to generate 1-
pyrenecarbonyl chloride. The second step was coupling of 1-

Scheme 1. Schematic Representation for Turn-off Fluorescent
Chemosensor of Microsized CPP-16 on Cu**
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pyrenecarbonyl chloride with 2-aminoterephthalic acid (Sup-
porting Information (SI)). Isolated H,L was then fully
characterized by 'H NMR, *C NMR, IR, HR-Mass, and
elemental analysis (SI). As shown in Scheme 1, the resulting
H,L structure contains three vital parts: a terephthalic acid
moiety for MOF-structure construction, a pyrene moiety for use
a fluorophore, and an amide moiety for use in the metal ion’s
binding site. First, the reaction of H,L with Zn(NOj,), will result
in MOF formation as in a 3D cubic structure formation (MOE-5)
from the reaction of terephthalic acid and Zn(NO3)2.10’11
Second, H,L will be fluorescent due to the incorporation of a
pyrene group within the molecule. Indeed, H,L shows typical
monomeric emission bands of pyrene at 390 and 410 nm, when
excited at 335 nm (Figure S2). Third, the resulting fluorescent
H,L building blocks can potentially interact with specific metal
ion through the amide group; specific binding of Cu®" via the
nitrogen atom of the amide group has been well-known.*~¢
Microsized CPP (CPP-16) for a fluorescent chemosensor was
constructed from the following solvothermal reaction (Scheme
1). In the reaction, a precursor solution was prepared by mixing
Zn(NO;), and H,L in N,N-dimethylformamide (DMF)/MeOH
cosolvent. The resulting precursor solution was then heated at
110 °C for 40 min. The products formed were cooled to room
temperature and isolated by centrifugation. The isolated
products were then washed several times with fresh DMF and
MeOH. The morphology of CPP-16 was first characterized by
field-emission scanning electron microscopy (FE-SEM), optical
microscopy (OM), and fluorescence microscopy (FM). The
formation of spherical particles with an average size of 2.22 +
0.31 ym was identified, as shown in SEM images (Figure 1a,c). In
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Figure 1. (a) Low- and high-magnification (inset) SEM images and (b)
FM and OM (inset) images of microsized pyrene-functionalized CPP-
16 with an average size of 2.22 + 0.31 ym (SD, n = 100), as determined
by SEM. (c) Size distribution, (d) EDX spectrum, and (e) TGA curve of
CPP-16.

addition, high-magnification SEM image (Figure la inset)
described in more detail the formation of particles containing
many domains of MOF crystals. IR spectrum of CPP-16
confirmed coordination of the carboxylate groups of L*~ to Zn*"
ions, as evidenced by a shift in the CO stretching frequency to
1567 cm™" (Figure S3). Note that the original CO stretching
frequency of the uncoordinated H,L was observed at 1692 cm™!
(Figure S3). The chemical composition of CPP-16 was verified
by energy dispersive X-ray (EDX) spectroscopy. The presence of
organic ligands and zinc ions within CPP-16 was confirmed by
detection of carbon, nitrogen, oxygen, and zinc atoms in EDX
spectrum (Figure 1d). Resulting CPP-16 was found to be

thermally stable up to 370 °C, as verified by thermogravimetric
analysis (TGA, Figure le). A weight change (77.9%) observed in
the TGA curve was comparable to the theoretical weight change
(78.3%) calculated by the compositional change from Zn,OL,
(analogue of MOF-S; note that composition of MOF-S is
Zn,0(BDC);) to ZnO.

CPP-16 was fluorescent, as a result of incorporation of
fluorescent organic building blocks into the structure. Interest-
ingly, all of the pyrene groups in CPP-16 were present in the
excimer form. In general, the monomeric pyrene emission bands
are shown at ~370—430 nm; however, the excimer emission
bands of pyrene are located at above 460 nm.">** After CPP-16
formation, initial monomeric emission bands disappeared
completely and new emission bands centered at 483 and 510
nm were only detected, when excited at 335 nm in MeCN
suspension (Figure 2, black line). These new bands are attributed
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Figure 2. Fluorescence titration spectra of CPP-16 with addition of
different concentrations of Cu(NO;), in MeCN. Excitation wavelength
is 335 nm.

to excimer species of pyrene moieties, with overlapped pyrene
units resulting in intramolecular 7—7 stacking interactions."#*>*°
This unique phenomenon of all pyrene moieties existing in
excimer form without monomer form after MOF formation may
be explained by a confinement effect. Specifically, as a result of
the limited space within the MOF structure, dangled pyrene
groups will be forced together, forming the excimer. This is a
noteworthy discovery demonstrating an interesting confinement
effect within the limited space of MOF, which causes a
conformational change of pendent groups. The fluorescent
CPP-16 was also identified by FM image (Figure 1b), where
CPP-16 is fluorescent in the green region of spectrum.

Powder X-ray diffraction (PXRD) pattern was measured to
obtain the structural information on CPP-16 (Figure 3e).
Although with broad diffraction patterns, the PXRD pattern of
CPP-16 was almost identical to that of the well-known MOF-5,
obtained from Zn** and terephthalic acid. Consequently, we
concluded that CPP-16 has a 3D cubic structure of MOEF-§
(Figure 3e inset). Moreover, there was a very broad extra
diffraction peak (centered at 20 = 23.4°) in addition to the peaks
attributed to the basic MOEF-S frame. This broad extra peak may
have originated from stacked pyrene units. Note that a typical
(002) diffraction peak of graphite carbon is observed at ca. 20 =
23_250.41,42

The fluorescence titration of CPP-16 with Cu** in MeCN
revealed a decrease in fluorescence intensity of the pyrene
excimer emission bands of CPP-16 with an increase in the
amount of Cu®* (Figure 2). Decrease of the excimer emission
bands possibly results from the interaction of Cu®" with CPP-16.
Unfortunately, the exact interacting site of Cu** within CPP-16
was not defined. Upon the basis of the literature,* ® we could
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Figure 3. (a) Low- and high-magnification (inset) SEM images and (b)
FM and OM (inset) images of CPP-16-Cu**. (c) EDX spectrum of CPP-
16-Cu*". (d) Schematic representation showing the possible conforma-
tional changes during MOF formation (CPP-16) and interaction of
Cu”* analytes with amide groups (CPP-16-Cu®"). () Simulated PXRD
pattern of MOF-S (bottom), PXRD pattern of CPP-16 (middle), and
PXRD pattern of CPP-16-Cu** (top).

guess that Cu®" is possibly interacting with the nitrogen atoms of
the amide groups within CPP-16. It was known that Cu’*
coordinated through the nitrogen atoms of the amide groups.*~
Kim et al. reported pyrene-functionalized calix[4]crown in which
Cu’" interacts with the nitrogen atoms of the amide groups to
form N—Cu?*.* As speculated based upon the literature* (see
CPP-16-Cu*" in Figure 3d), the pyrene groups may not have
remained in excimer form (with parallel stacking of pyrene units)
after coordination of Cu®* with amide groups. The broad
diffraction peak in the PXRD pattern of CPP-16 at 20 = 23.4°,
which may have originated from stacked pyrene units within
CPP-16, completely disappeared at the PXRD pattern of CPP-
16-Cu** (Figure 3e top), which suggests the absence of stacked
pyrene units as a result of conformational change. Figure 3e also
describes how the observed PXRD pattern of CPP-16-Cu*" is
almost identical to that of MOF-S. Even though the PXRD peaks
of CPP-16 were somewhat broad, the PXRD peaks of CPP-16-
Cu®" were quite sharp. Conceivably, the strain induced by the
intramolecular 7—7 stacking interaction of dangled pyrene
groups in the case of CPP-16 may have resulted in the peak
broadening, as opposed to having sharper peaks arising from
strain release resulting from the lack of intramolecular 7—x
stacking interactions within quenched excimer after interaction
with Cu**.

The SEM image of CPP-16-Cu®* revealed that the original
multidomain-crystallized morphology was maintained well after
reaction with Cu** (Figure 3a). Change in optical property of
fluorescent chemosensor CPP-16 was easily recognized by FM
image (Figure 3b), with the initial green emission (Figure 1b) of
CPP-16 almost absent after interaction with Cu**. A photograph
image obtained after the addition of Cu®* solution (after 10 s.)

revealed the disappearance of the initial emission (Figure S4).
Incorporation of Cu*" ions within CPP-16 was further verified by
EDX spectrum analysis, as Cu atoms were detected, in addition
to Zn, C, N, and O atoms (Figure 3c). CO, sorption isotherms of
CPP-16 and CPP-16-Cu** were measured at 195 K. CO, uptake
abilities of CPP-16 (70 cm’g™") decreased after the incorpo-
ration of Cu®* within CPP-16 to S1 cm®g™" for CPP-16-Cu**
(Figure SS).

Selective sensing of CPP-16 on Cu’* has been validated by
thorough observation of parallel relations using a variety of other
metal ions in place of Cu** (Figures 4 and S6). Specifically, CPP-
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Figure 4. (a) Fluorescence intensity changes of CPP-16 after reaction
with various metal ions (10 mM). (b) Digital photograph with UV
irradiation and (c) FM images of a series of CPP-16 before and after
reaction with various metal ions.

16 was immersed in several different kinds of MeCN solutions,
which contained different kinds of metal ions, such as Mg“, Ca?t,
Mn?*, Co**, Ni**, Zn*', Ag®, and Cd** (10 mM). Fluorescence
intensity changes of CPP-16 following immersion in the various
metal ion solutions were dependent on the specific identity of the
metal ions (Figures 4a and S6). Alkaline-earth metal ions such as
Mg** and Ca®* had nearly no effect on the fluorescence intensity
of the initial CPP-16. Moreover, little effect was found for
transition metal ions such as Mn**, Co**, Ni**, Zn®*, Ag", and
Cd*. The only considerable quenching effect on CPP-16
fluorescence intensity was found for Cu®". Specifically, the
quenching effect of metal ions was quantified by the Stern—
Volmer equat10n33 3% (I/I = 1 + K, [M]), where I, and I are
emission intensity of CPP-16 before and after reactions with
metal ions, K, is the quenching effect coefficient of the metal
ions, and [M] is the concentration of the metal ions. As shown in
Table 1, the largest and distinguishable K, value was obtained for
Cu’" at 7846.7 M. The selectivity on Cu** was confirmed again
by photograph showing the response of CPP-16 to various metal
ions (Figure 4b). In addition, the selective response to metal ions
was visualized by FM (Figure 4c). The influence of interrupting
Cu®* sensing by other metal ions was studied by conducting Cu**
sensing in the presence of many other metal ions. Emission
spectra (Figure S7) described no disturbance on selective Cu®"
sensing by any of the other metal ions. Lastly, the green emission
of the partlcles as recovered when they were washed using
NaCN solution** (Flgure S8).
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Table 1. Quenching Effect Coefficients (K;,) of Various Metal
Ions on the Fluorescence Intensity of CPP-16

metal ions K, [M1] metal ions K, [M]
Ca?* 3.4 Mn?* 17.0
Mg* 4.6 Ni?* 244
Zn** 39 Co** 527
cd* 6.7 Cu** 7846.7
Ag 10.9

In conclusion, we developed a pyrene-functionalized CPP-16
that is an efficient and convenient fluorescent chemosensor for
Cu?* detection. The synthesized organic building block (H,L)
consists of three vital parts, a frame part for MOF construction, a
fluorophore part for signaling, and a binding component for Cu**
detection. We found complete conversion of the dangled pyrene
groups from the monomer form in the case of free H,L to the
excimer form in CPP-16 to be the result of a confinement effect,
induced by the limited space within the MOF. Selective
interaction of CPP-16 with Cu®" over many other metal ions
was verified by selective trun-off sensing by Cu?'. Significant
decrease of CPP-16 fluorescence intensity was observed upon
CPP-16 interaction with Cu®*, but not other metals. Specific
interaction of Cu** with CPP-16 resulted in change of the
dangled pyrene groups from the stacked excimer state to the
quenched excimer state.
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