Communication

Inorganic Chemistry———-

pubs.acs.org/IC

Anion- and Solvent-Induced Single-Crystal-to-Single-Crystal
Transformation within an Iron(ll) Triazole System: a Promising

Luminescent Probe for Cr042
Ying Wang,*’l’

~ and Cyano-Containing Molecules

Ran Chen, Wei Jla, Qian Wang, Chong-Yu Xue, Jia-Hui Fan,” Wan-Ru Qj,
Yue-Juan Qn, Yu-Hua Pan, and Rong-Rong Yang'

"Key Laboratory of Inorganic—Organic Hybrid Functional Material Chemistry, Ministry of Education, and Tianjin Key Laboratory of
Structure and Performance for Functional Molecules, Tianjin Normal University, Tianjin 300387, China

*Key Laboratory of Advanced Energy Materials Chemistry (Ministry of Education), Nankai University, Tianjin 300071, China

© Supporting Information

ABSTRACT: Anion- and solvent-induced single-crystal-
to-single-crystal transformation within an iron(II) triazole
system has been generated from {[Fe(TPPT),CL]-
CHCL}, (1a) to [Fe(TPPT)(C,0,)osCl(H,0)], (1b).
Luminescence studies indicated that the resultant 1b can
be considered as a promising luminescent probe for
CrO,*” and cyano molecules.

Metal—organic frameworks (MOFs) have served as a new
type of material in anionic pollutant elimination, gas
sensing, catalysis, chemical separation, biomedicine, molecular
recognition, selective anion exchange, sensing, etc." The ultimate
topology of MOFs is mostly influenced by many factors,
including captured guest molecules, the oxidation state of the
metal ion, and changes of the coordination number owing to the
formation and breakage of new chemical bonds. Therefore, MOF
crystals are inclined to undergo single-crystal-to-single-crystal
(SC—SC) structural transformations. Many factors influence the
dynamic process of SC—SC transformation, which can afford
accurate imagery about structural alterations during the
transitions.” Hence, a structure—property relationship can be
well illustrated by monitoring the transformation process. So far,
a number of MOFs have been reported to experience solid-phase
conversions in response to outside stimuli, for example, heat,
light, redox reaction, chemical reactions, and guest exchange.3
These structural changes usually included lattice distortion,
molecular conformational twisting or folding, variations in the
metallophilicity, hydrogen-bonding or other supramolecular
interactions, and guest component inclusion or exclusion.
Meanwhile, this process is often accompanied by a distinct
change in the functions.*

Following the rapid development of industry and agriculture,
heavy-metal pollution has become a global environmental
problem and severely threatens biological diversity and people’s
health.” In particular, hexavalent chromium (Cr"") is a typical
carcinogen existing in industrial sewage from alloying, electric
plating, and metal buffing. Thus, eliminating Cr"" from effluents
is urgent. As is well-known, in the past few years, cyanide deaths
have been on the rise. Because of the strong electronic recycling
ability of CN~, cyano moieties display high reactive activity.”
However, cyano-containing molecules are assumed to be the
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intermediate product of the constitution of biorelated molecules,
while these compounds have not been shown to replicate the
retrovirus, which is not toxic to host cells. A hemohemin system
can be obtained from the strong ligand CN™, causing the heme to
enter a low-spin state, which is usually considered to be very
steady and does not occur in light decomposition.” Hence, it is
very important from the point of view of environmental and
security considerations to discover the luminescent probes for
cyano moieties and CrO,>". Inspired by our previous work,® we
now try to construct a 1D double chain {[Fe(SCN),(TPPT),]
2CH;0H}, (1) by using 1-{4-[4-(1H-1,2,4-triazol-1-yl)-
phenoxy]phenyl}-1H-1,2,4-triazole (TPPT) as a building block
for self-assembly with NH,SCN and FeCl,-4H,0O in a H,O/
CHCl;/CH;0OH mixed solution. Dynamic transformation
results indicated that SCN™ in the 1D ferrous framework 1
could be completely exchanged by CI™ through a SC—SC
transformation process, as evidenced by the anion- and solvent-
exchanged products of {[Fe(TPPT),Cl,]-CHCL}, (1a). Fur-
ther, if 1a were employed as a precursor in an aqueous solution of
K,C,0,, a 2D layer of [Fe(TPPT)(C,0,),sCI(H,0)], (1b)
could be generated after partially anion-exchanged and
completely solvent-exchanged reactions. Magnetic investigations
of 1b indicate the presence of weak antiferromagnetic coupling
between Fe' ions. More interestingly, the luminescent properties
reveal that 1b can detect CrO,>” and cyano molecules with
relatively high sensitivity and selectivity.

The llgand TPPT was synthesized by a method reported in the
literature.** Single-crystal X-ray diffraction analysis demonstrates
that 1 features a 1D double chain (Figure S2), which belongs to
the triclinic system with a P1 space group. As shown in Figure S3,
the Fe" ion has a slightly distorted octahedral coordination
environment with four Ny, 1. atoms (N3, N3A, N6A, and N6B)
from four TPPT ligands in the equatorial plane and two N atoms
(N7 and N7A) from two SCN ™~ anions in the axial direction. The
bond lengths of Fe"—N are 2.145(2), 2.207(2), and 2.347(9) A,
all of which are in the normal range of the observed ferrous
complexes.” The corresponding dihedral angles between the
benzene and triazole rings in 1 are 26.5 and 26.9°, much less than
that of two terminal triazole groups (76.6°). The flexible dihedral
angles between the triazole and benzene moieties indicate
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different spatially distorted effects for coordination with the Fe''
ions and dictate the direction of chain extension. Such delicate
factors are significant for determining the resultant construction
of the self-assemblies. The Fe'' nodes are connected to each other
through TPPT to form an infinite 1D double chain that consists
of a 32-membered macrocycle-containing building block (Figure
S4). In each rectangular ring, the Fe---Fe contact is around 16 A,
whereas the opposite phenoxy O---O distance is approximately
11 A. 1D macrocycle-containing double chains stack together in
an —AA— fashion and form distorted quadrangle-like channels.
CH;O0H as guest molecules have been encapsulated in these
channels. Analysis of the crystal packing of 1 reveals the existence
of two intermolecular O—H:--O hydrogen bonds, including O2—
H2A-+-S1' (i: =1 + x, —1 + y, —z) and O2—H2A---S1" (ji: —1 — «,
—1 — y, —z) between the uncoordinated methanol molecule and
S atoms from SCN™ terminal ligands. The O---S separations are
in the 3.3243(4)—3.5984(3) A range and the H---O distances in
the 2.5848(3)—3.0364(3) A range. The bond angles are in the
region of 127.8598(10)—150.716(8)°, being in the normal range
of such weak interactions.'® Therefore, these mononuclear units
are connected through hydrogen bonds to form a 3D
supramolecular pattern, as depicted in Figure SS.

Encouraged by the previous progress in the study of SC—SC
transformation,” in this work, 1, as a precursor, was immersed in a
H,0/CH;0H/CHCI; mixed solution of NaCl to yield brown
block crystals of 1la, while maintaining the crystallinity
throughout. There was no apparent change in the shape and
color of the crystals, as displayed in Figure S6. Powder X-ray
diffraction (PXRD) patterns indicated the phase purity before
and after SC—SC transformation (Figure S7). Single-crystal X-
ray diffraction analysis indicates that la crystallizes in the
orthorhombic Pbcn space group. It is noted that the coordination
modes for the TPPT ligands in 1a are different from those in 1
(Figure S8), in which the two apically coordinated Ngcy atoms
are completely replaced by two CI™ anions. This substitution was
probably triggered by the thermodynamics of coordination. The
corresponding dihedral angles between the benzene and triazole
moieties are 34 and 12.4°, while the dihedral angle between the
two terminal triazole rings is 82.4°, indicating that the terminal
triazole groups on each cis-TPPT ligand are basically
perpendicular to each other and have much stronger spatial
distortion than that of 1.

Each Fe" ion in la connects four TPPT ligands and each
TPPT links two Fe'" ions, leading to a 2D 3-fold-interpenetrated
architecture (Figure 1). As shown in Figure S9, dissociative
CHCI; guest molecules are located in the 1D quadrangle-like
channels, in which the solvent-accessible void in 1a is ca. 17.7%,
as estimated by PLATON.""* To understand the whole structure
of 1a more clearly, its topological structure is achieved by the

Figure 1. 3-fold-interpenetrated architecture of 1a along the ¢ axis (a)
and along the a axis (b). Blue, red, and green indicate the 2D 3-fold-
interpenetrated layers.

application of topology analysis via the freely available computer
program TOPOS.""" If each Fe'l ion is viewed as the 4-connected
node, the 2D framework of la can be described as a 3-fold-
interpenetrated (4,4) net (Figure S10).

Interestingly, when la was employed as a precursor in an
aqueous solution of K,C,0, for 6 h, the exchanged product of 1b
was obtained. Complex 1b is only accessible through anion- and
solvent-induced SC—SC transformation from complex la as a
precursor, instead of from complex 1. In the resultant complex
1b, the incorporated oxalate plays the role of a pillar bridging two
Fe' sites, thus generating a 2D layer structure. The distance
between the two connected Fe! sites is 5.642 A. Meanwhile, the
closest distances between two adjacent Fe' sites in 1 and 1a are
11.939 and 7.583 A, respectively. It can be concluded that
changing from SCN~ of 1 to CI” of 1a shortens the distance
between the two Fe'' sites, which facilitates the incorporation of
oxalate as the second-step SC—SC transformation. In the process
of SC—SC transformation from 1a to 1b, we confirmed leaching
of the TPPT ligand from the crystal to the solution by "H NMR,
which was displaced by the embedded oxalate ligand. Thus, SC—
SC transformation access to 1b can be tentatively proposed by
anion exchange from SCN™ to CI™ and the incorporation of
oxalate to displace one TPPT ligand on each Fe' site. The anion
exchange step is essential to the generation of 1b because of
shrinkage of the distance between the two chains.

Single-crystal X-ray diffraction analysis shows that 1b
crystallizes in the monoclinic system with the P2(1)/c space
group. As shown in Figure S11, the fundamental unit contains
one crystallographically independent Fe"" ion. Fel is situated in
the center of a distorted octahedron environment, with two
Niiazole atoms (N3 and N6A) located at the axial positions. Two
O atoms (02 and O3A) from C,0,*~, one water molecule (04),
and one chloride ion (Cl1) are situated at the equatorial sites.
The Fe—N and Fe—O distances are 2.187(0), 2.159(0),
2.116(1), and 2.191(1) A, while the bond length of Fe—Cl is
2.428(1) A, all of which are in the normal range of those observed
in ferrous complexes.” The dihedral angles between the benzene
and triazole moieties are 17 and 17.4°, while the dihedral angle
between two terminal triazole rings is 92.6°, which indicates that
the terminal triazole groups on each cis-TPPT ligand are basically
perpendicular to each other and have much stronger spatial
distortion than that of 1a. Every Fe ion is connected by a TPPT
ligand to form a 1D ziazag chain, and the neighboring 1D zigzag
chains are linked to each other to ultimately afford a 1D layer
(Figure S12). To the best of our knowledge, 1b represents a 2D
iron(1I) triazole complex bridged by C,0,>” anions.

At room temperature, complex 1b displays strong green
fluorescence, as revealed in Figure S13. The highest emission
band of 1b is excited at A = 385 nm and situates at A = 512 nm.
Compared with TPPT, the emission of complex 1b is neither
ligand-to-metal nor metal-to-ligand charge transfer. It can
probably be assigned as an intraligand fluorescent emission
because it has the same emission shape as the TPPT ligand. The
rise of intraligand fluorescence in 1b perhaps accounts for the
coordination of TPPT to Fel, which enhances the conformation
stiffness of TPPT and decreases the nonradiative decay of the
intraligand (7—7*) excited state."”

As displayed in Figure S14, complex 1b shows wide cyan
luminescence in the solution of DMF and the main emission
band is located at A = 580 nm (excited at A = 365 nm). The
fluorescent emissions may be assigned as an intraligand
fluorescent emission because of the similar behavior in the
TPPT ligand.** Coordination interaction gives rise to slight red
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Figure 2. (a) Emission spectra of 1b dispersed in DMF with the addition of different organic molecules and cyano groups (400 ppm). (b) Fluorescence
titration of complex 1b dispersed in DMF with the addition of different concentrations of K;[Cr(CN);].

shifts of the emissions. In comparison with the fluorescent
emission of the TPPT solution, the emission of 1b appears to
narrow and red shifts, ascribed to an intermolecular mutual effect,
most likely 7—7* stacking interactions.

On the other hand, different anions were chosen to conduct
the anion-sensing experiment on the basis of the cationic
structure and porosity of 1b. Various anions, such as CI~, NO;~,
I, OAc, Br, ClO,~, SO,*~, CO,*~, BE,~, F~, and CrO,*", were
immersed in the solution of 1b. The luminescent properties
demonstrate that various anions have a huge impact on the
luminescent intensity of 1b. It is noted that CrO,>” has the
maximum quenching effect on the emission, as shown in Figure
S15a. Although there have been a few published papers of anion
exchange concerning MOFs, it is still rare to employ a cationic
framework of Fe' to study the fluorescence identification of
pollutants.”> Hence, further research about the fluorescence
probe of 1b for the CrO,*” anion needs be carried out. When
placing 1b (0.01 mmol) in K,CrO, (0.00S mmol) along with
gentle stirring, we implemented the exchange process at ambient
temperature. Through liquid UV spectroscopy, the resultant
solution can be detected from time to time. In a K,CrO, solution,
the absorption intensity of the main characteristic band (4 = 375
nm) decreased significantly with time, thus indicating that
CrO,*” was gradually incorporated into the channel of 1b. After
1b was immersed in K,CrO, for 12 h, the UV absorption
intensity remained constant. The resultant concentration was
reduced by 86.7%, as shown in Figure S15b. During the process
of guest loading, the luminescent intensity of 1b decreased
slowly. At the same time, it was consistent with the inhibitory
effect of the CrO,>~ anion.

CrO,*” may also be absorbed onto the surface of 1b. The
mechanism of luminescence quenching may be as follows:
Luminescent quenching of 1b induced by CrO,*~ anions may be
ascribed to the interactions between CrO,*” anions and the
network. This result came from competitive adsorption of the
excitation wavelength energy between 1b and CrO,*".

Further, the addition of cyano moieties, for example,
K, [Mn(CN)J, K,[Cr(CN)g), Nay[W(CN),], Nay[Mo(CN)]
Cs3[W(CN)], [NBu;][W(CN);], Rb;[W(CN)s], and [NBus]-
[Mo(CN)s], to a concentration of 400 ppm nearly reduced the
intensity of 1b to zero, as illustrated in Figure 2a. However, the
greatest change of the intensity was just 67.4% upon the addition
of an equal amount of other organic molecules, incorporating
amides, chloroalkanes, alcohols, nitriles, ketones, and even some
aromatic and heterocyclic compounds. The luminescent proper-
ties demonstrated that 1b can be viewed as a selective probe for
cyano moieties, especially for K;[ Cr(CN)]. In order to further

study the sensor characteristics of 1b, the dynamic response was
guided by the addition of K;[Cr(CN),] little by little in the
dispersed 1b in DMF. After the addition of K;[ Cr(CN),] with a
concentration of 5 ppm, the emission intensity of 1b decreased
and was almost destroyed to about zero at 100 ppm. The
quenching efficiency is as high as 99.33%, as shown in Figure 2b.

In summary, a SC—SC transformation induced by anion and
solvent exchange has been demonstrated to generate the 2D
iron(Il) triazole layer 1b containing C,0,*” bridges. More
interestingly, 1b can be considered to be a promising
luminescent probe for CrO,>” and cyano molecules based on
triazole derivatives.
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