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Single-crystal-to-single-crystal transformation of metal-organic frameworks has been met with great
interest, as it allows for the creation of new materials in a stepwise manner and direct visualization of
structural transitions when subjected to external stimuli. However, it remains a peculiarity among
numerous metal-organic frameworks, particularly for the ones constructed from tetravalent metal
cations. Herein, we present a cationic thorium—-organic framework displaying unprecedented triple
single-crystal-to-single-crystal transformations in organic solvents, water, and NalOsz solution. Notably,

both the interpenetration conversion and topological change driven by the SC-SC transformation have
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Accepted 20th October 2021 Moreover,

remained elusive for thorium—organic frameworks. the single-crystal-to-single-crystal

transition in NalO3 solution can efficiently and selectively turn the ligand-based emission off, leading to

DOI: 10.1035/d1sc03709a the lowest limit of detection (0.107 ng kg™ of iodate, one of the primary species of long-lived fission
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Introduction

Metal-organic frameworks (MOFs) showing structural trans-
formations and a corresponding characteristic response upon
external stimuli are essential for their applications in chemo-
sensing, switching, ion exchange, gas storage, etc.'” As a unique
type of structural evolution, single-crystal-to-single-crystal (SC-
SC) transformation is particularly intriguing, as it allows crea-
tion of new materials and postsynthetic functionalization of
MOFs in a stepwise and visualizable manner.®*® Furthermore,
the mechanisms of gas uptake, ion exchange, sensing, etc. can

“Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai
201800, China. E-mail: wangjiangiang@sinap.ac.cn

School of Environmental and Material Engineering, Yantai University, Yantai 264005,
P. R. China. E-mail: wliu@ytu.edu.cn

School of Nuclear Science and Technology, Xi'an Jiaotong University, No. 28, Xianning
West Road, Xi’an, 710049, P. R. China. E-mail: jianlin@xjtu.edu.cn

Jiangsu Key Laboratory of Advanced Catalytic Materials and Technology, Changzhou
University, Changzhou 213164, China

Division of Chemistry and Biological Chemistry, School of Physical and Mathematical
Sciences, Nanyang Technological University, 637371, Singapore

/Department of Chemistry and Alexandra Navrotsky Institute for Experimental

Thermodynamics, Washington State University Pullman, WA 99164-4630, USA

T Electronic supplementary information (ESI) available: Characterization, FTIR,
PXRD, N, sorption isotherms, TGA, quantum yields, excitation and PL spectra,
PL lifetimes, SEM-EDS, proposed quenching mechanism, and crystallographic
data. CCDC 2065485-2065488. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/d1sc03709a

i These authors contributed equally to this work.

© 2021 The Author(s). Published by the Royal Society of Chemistry

product *2°| in agueous medium, among all luminescent sensors.

be directly visualized at the molecular level via successive
single-crystal X-ray diffraction (SCXRD)."*** However, SC-SC
transformation remains a relatively uncommon peculiarity
among the numerous numbers of existing MOFs, especially for
the ones composed of tetravalent metal ions or clusters.”>™*
This is partially because the strong Lewis acidity of M*" cations
and, correspondingly, robust metal-ligand coordination not
only make bond cleavage and formation rather challenging, but
also make the crystallinity hard to retain.*® In addition, most
reported SC-SC transformations of tetravalent metal-based
MOFs involve framework breathing, transmetallation, linker
installation, and guest exchange, while topological transition
and interpenetration conversion seldom occur.>™*>*

As the largest and “softest” tetravalent cation, Th*" is least
susceptible to hydrolysis and precipitation during self-
assembly. This unique feature makes obtaining high quality
single crystals of thorium-organic frameworks (TOFs) more
accessible than the Zr, Hf, and Ce analogues in terms of crystal
size and crystallinity.”>>* Such properties are beneficial for
constructing MOFs with capacities of SC-SC transformation
because both the parental carriers and transformed phases can
be structurally elucidated by SCXRD. Furthermore, the relatively
weak node-linker interaction could make topology trans-
formation, which involves cleavage and regeneration of bonds,
less difficult than for the other tetravalent metal based
MOFs.>?° Moreover, many structures of TOFs, e.g. (Th,F;)(-
NC;H;50,),(H,0)][NO;], [Ths(bptc);O(H,0); 55]Cl-(CsH14N;Cl)-
8H,0 (SCU-8), and [Th(L)-(H,O),]-5.5DMF-4(H,0) (SCU-11),
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which are built from monomeric Th*" cations or unique
secondary building units (SBUs), have not been reproduced by
the well-studied Zr-MOFs.**** However, there are only a few
pioneering studies by Shustova et al. showing SC-SC trans-
formation of TOFs via metal node substitution.**=¢ In addition,
Th*" and its high-nuclearity Th, cluster are of higher charge
density and connectivity compared with low valent metal
cations. This feature can promote the construction of cationic
MOFs, a small fraction of the MOF family, which further makes
the chemistry of TOFs worth exploring.?**%7%%
Photoluminescent (PL) MOFs together with SC-SC trans-
formation offer the opportunity for creating chemosensors for
ion recognition, due to their dynamic frameworks and switch-
able emission feature upon host-guest interactions.**** Guided
by this strategy, we are particularly interested in developing
novel TOF-based chemosensors for detecting radionuclide
anions. As a predominant fission product, the long-lived **°I (¢,,
» = 1.57 x 107y) is of great concern, due to the excessive
inventory, high mobility, bioaccumulation, and large contri-
bution (13%) to the population dose.** Iodate (IO;”) accounts
for up to 84% of the total ' present in the groundwater of the
Hanford site and has been recognized as the culprit of nearby
groundwater contamination.*>** Consequently, numerous types
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of instrumental analysis techniques have been developed,
allowing for quantification of iodate down to 0.015 pg kg™ *.**
Unfortunately, sophisticated sample pretreatment and instru-
ment reliance make fast analysis and on-site monitoring of
iodate rather unlikely. Chemosensors show merits in terms of
portability and accessibility; however, the ones reported to date
suffer from a lack of sufficient sensitivity and selectivity, which
are key drawbacks for real-life applications.***” Therefore,
sensitive, selective, and facile detection of iodate in aqueous
media is highly desired.

In this work, we showcase an extremely rare case of TOF,
[The(p3-OH)g(H,0)3(DMF) (TCBPA),(HCOO),]- (NO;3), (namely Th-
SINAP-200), which undergoes SC-SC transformations to three
distinct phases upon immersion in a variety of organic solvents,
water, and iodate solution, via modifying its interpenetration
and/or coordination environment of SBUs. To the best of our
knowledge, neither the interpenetration conversion nor SC-SC
transformation with topological transition has been reported for
TOFs. Notably, the cationic framework and strong ligand-based
emission of Th-SINAP-200, together with its SC-SC trans-
formation in iodate solution allow for highly selective detection
of iodate with a limit of detection (LOD) of 0.107 ug kg .

Fig.1 (a) The 12-coordinated The(s-OH)g(HCOO),(R-COO);, cluster, triangular TCBPA®~ ligand, simplified metal node, and simplified linker in
Th-SINAP-200. (b) The 3D network, simplified topology, two-fold interpenetrated structure, and micrographs of Th-SINAP-200. Only O atoms
of DMF molecules are shown for clarity. (c) The 3D network, simplified topology, two-fold interpenetrated structure, and micrograph of Th-
SINAP-201. (d) The 3D network, simplified topology, and micrograph of Th-SINAP-202. Color code: Th polyhedra, light blue; C, gray; O, red; N,

green. The scale bars in photographs represent 100 um length.
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Results and discussion
SC-SC transformation

Solvothermal reaction between Th(NO;), and tris(4’-carbox-
ybiphenyl)amine (H;TCBPA) in DMF in the presence of
concentrated hydrochloric acid or formic acid as the modulator
affords large (up to 400 pm) yellow block crystals of Th-SINAP-
200 with 36% yield. It is noteworthy that synthesizing the Zr and
Hf analogues of Th-SINAP-200 under similar synthetic condi-
tions was attempted but unsuccessful. The only relevant Zr-
MOF built from the same organic linker is Zr,,-NBC, which
was obtained as fine powder and structurally characterized by
powder X-ray diffraction (PXRD).*® SCXRD analysis revealed that
Th-SINAP-200 crystallizes in the triclinic space group P1. Owing
to the cationic feature of Th-SINAP-200 (discussed later), all
eight O atoms on the The core were assigned as 1;-OH groups,
affording a Thg(pus;-OH)g hexameric SBU (Fig. 1a). Similar
assignments to ensure the electroneutrality of Zr-MOFs have
been demonstrated in NU-1000 and MOF-545.*>*° Each SBU is
further interconnected by twelve bridging TCBPA®~ ligands, of
which ten are coordinated in a bidentate mode and the
remaining two are engaged in a monodentate manner (Fig. 2a).
The affording moiety is further decorated by two HCOO™
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[ 8% ,“ .
in CH,OH etc. (?\\(K}

Th-SINAP-200 Th-SINAP-201
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-4 HCOO"
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Th-SINAP-200 Th-SINAP-202
AN AN S b il \( o
n-0CR n-0CR pu-0CR HCOO" DMF HO

Fig. 2 Schematic diagrams showing the evolution of coordination
environments of The(uz-OH)g SBUs (a) from Th-SINAP-200 to Th-
SINAP-201 and (b) from Th-SINAP-200 to Th-SINAP-202. Only the
coordination environments on the equatorial planes are shown and
eight TCBPA®~ ligands are omitted for clarity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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anions, three H,O molecules, and one DMF molecule. Two
crystallographically independent pz;-n*n*n" tritopic TCBPA®~
ligands and two unique pz;-n*n*n> TCBPA®~ linkers connect
with Thg clusters via their carboxylate ends to form a 3D
framework (Fig. 1b). Consequently, the The cluster and
TCBPA®~ can be interpreted as 12-connected SBU and 3-con-
nected linkers, respectively. Two independent frameworks
interpenetrate with each other, thus furnishing a 2-fold inter-
penetrated network, which can be simplified as a (3,12)-c net of
1lj topology with the point symbol [4*°.6°%.8"%][4*]4. A large void
space can be identified in Th-SINAP-200 and its solvent acces-
sible volume was calculated to be 53.1% based on PLATON.**
Nitrates can be considered as anion species in the voids to
maintain the charge balance of Th-SINAP-200 as confirmed by
its Fourier transform infrared (FTIR) spectrum, in which the
characteristic peaks of NO;~ were identified at 831 and
1386 cm ' (Fig. S1t). Moreover, the cationic nature of Th-
SINAP-200 was evidenced by a competing cation/anion
exchange study (Sr** vs. Cr,0,°7), showing rapid uptake of
Cr,0,>~ by Th-SINAP-200 and approximately unchanged
concentration of St** in solution (Fig. $27).

Notably, Th-SINAP-200 exhibits fast SC-SC transformation to
a new phase [Thg(ps;-OH)g(H,0),(TCPBA),(HCOO),]-(NO3),,
namely Th-SINAP-201, upon immersion in a variety of organic
solvents, including methanol, ethanol, acetonitrile, acetone,
1,4-dioxane, or n-hexane for 5 to 20 min at room temperature
(Fig. 1c and S37). A crystallographic study indicated that Th-
SINAP-201 crystallizes in the monoclinic space group C2/m with
higher symmetry and features an identical [[j topology
compared with Th-SINAP-200 (Table S1t). Correspondingly,
a similar 3D structure and a comparable solvent-accessible
volume (54.6%) were identified in Th-SINAP-201 (Fig. 1c).
However, bond cleavage and formation occurred between
The(u3-OH)s SBUs and TCBPA®~ ligands/water molecules
during SC-SC transformation. Explicitly, the Th(j13-OH)g SBU
of Th-SINAP-201 is coordinated with twelve TCBPA®™ ligands
exclusively in a bidentate fashion, with eight of them coordi-
nating with two Th** cations and four of them chelating with
one Th*" cation of the The node (Fig. 2a). Moreover, departures
of one H,0 and one DMF molecule on the equatorial plane of
the The SBU in Th-SINAP-200 occur due to the regeneration of
four Th-n,-O,C-R bonds, while two HCOO™ anions remain
coordinated with the The SBU. Those SBUs are further inter-
connected by two crystallographically independent tritopic p;-
n*m*n> TCBPA®" linkers to form a 2-fold interpenetrated
framework.

More impressively, Th-SINAP-200 transits into a distinct
phase of [Thg(us-OH)g(H,0)s(TCPBA),]-(NO;), (Th-SINAP-202)
when it is soaked in water for 30 min. The crystallinity of Th-
SINAP-202 is not as well maintained as that of Th-SINAP-201.
Fortunately, the large and high-quality single crystal of its
precursor makes elucidating the structure of Th-SINAP-202
feasible (Fig. 1d). Th-SINAP-202 crystallizes in monoclinic space
group C2/c instead of C2/m in Th-SINAP-201, and its unit cell
parameters and topology are completely changed (Table S17).
One of the most noteworthy variations is the conversion from
a 2-fold interpenetrated framework in Th-SINAP-200 to a non-
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interpenetrated one in Th-SINAP-202 (Fig. 1d). It is worth noting
that this is the first example of interpenetration conversion of
TOFs and it also represents the first case of SC-SC trans-
formation of TOFs with topological changes. Consequently, Th-
SINAP-202 has a lower solvent-accessible volume than Th-
SINAP-200 (38.7% versus 53.1%) due to its denser packing
manner. Two independent networks are interconnected into
a new one via [The(j3-OH)g| dimerization, affording a [Thy,(ps-
OH),¢] moiety via the bridging of two TCBPA® "~ ligands (Fig. 2b).
This movement is further associated with the departure of two
water molecules, two DMF molecules, and four formate groups,
as well as the regeneration of six Th-O,, bonds. Therefore,
reductions in coordination number from nine for Th-SINAP-200
to eight for Thl1 and Thé6 cations in Th-SINAP-202 were
observed. The resultant [Thy,(p;-OH);6(H,0)10] moiety is con-
necting to 24 neighboring ones via 24 TCBPA®~ linkers, leading
to a 24-connected porous framework, which can be described as
a 3,3,24-c net with the point symbol {4°}8{4%.6"*°.87*}.
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The spontaneous SC-SC transition of Th-SINAP-200 to Th-
SINAP-201 in the aforementioned solvents makes precise
measurement of the surface area of the former phase rather
challenging, as activation of MOFs via solvent exchange is often
required to remove guest species.”> Therefore, N, adsorption/
desorption analysis (77 K) on all TOFs was obtained by pre-
treating those materials under vacuum for 6 h at 200 °C. As
shown in Fig. S4,1 Th-SINAP-200, Th-SINAP-201, and Th-SINAP-
202 show typical type I isotherms, with Brunauer-Emmett-
Teller (BET) areas calculated to be 415.4, 309.7, and 285.1 m>
g, respectively. Thermogravimetric analysis (TGA) revealed
that Th-SINAP-200, Th-SINAP-201 (synthesized by immersing
Th-SINAP-200 in CH3;CN), and Th-SINAP-202 are stable up to
approximately 520 °C, approaching the record value (525 °C) of
GWMOF-13 among all TOFs (Fig. S5t).>* Moreover, Th-SINAP-
200 contains a much higher weight percentage (27%) of solvent
species than those of Th-SINAP-201 (17%) and Th-SINAP-202
(11%). These differences can be attributed to the larger

a b c
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Blank BO,” 0, CO,* F* CI' HCO, NO; 10,

Blank Na* K* Ba™ Sr** Ca™* Zn** Mg** A" 10,

(a) Solid-state PL spectrum (ie, = 365 nm) and optical micrograph of Th-SINAP-200 under 365 nm UV excitation. (b) PL spectra of Th-

SINAP-200 titrated with different concentrations of |03~ (c) Correlation between the quenching ratio (/o — /)/lg and 105~ concentration fitted
with the Langmuir model. (d) Correlation between C/[(lo — /)/Io] and 103~ concentration. (e) PL spectra (Aex = 365 nm) of Th-SINAP-200 titrated
with concentrations of O3~ ranging from 0 to 10 mg kg~ (f) Correlation between the quenching ratio (ly — /)/lo and |05~ concentration at the
low concentration range. Inset: linear fit of (Io — /)/Io as a function of |05~ concentration ranging from 0 to 1 mg kg ™. (g) The standard error of PL
intensity measurement determined from the baseline measurement of blank samples monitored at 510 nm. (h) Photographs and PL intensities of
Th-SINAP-200 immersed in different anion solutions. (i) Photographs and PL intensities of Th-SINAP-200 immersed in different cation solutions.
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molecular weight of DMF in Th-SINAP-200 than CH;CN in Th-
SINAP-201 and H,O in Th-SINAP-202, further confirming that
guest exchange is the driving force for the SC-SC trans-
formations of Th-SINAP-200.

PL quenching for iodate sensing

Given the cationic nature and guest dependent SC-SC trans-
formations of Th-SINAP-200, we speculated that interactions
between the host framework and iodate may potentially trigger
structural transformation accompanied by PL evolution.>»*® To
verify this hypothesis, the PL spectrum of Th-SINAP-200 was
collected as shown in Fig. 3a. A single crystal of Th-SINAP-200
exhibits strong and visible green emission under 365 nm UV
light excitation, corresponding to the broad PL band with A,
at 482 nm. Such emission can be assigned to the w-* or n-m*
transition occurring within the TCBPA®~ linker, as preliminarily
ascertained by the similar excitation and emission spectra of
H;TCBPA (Fig. S6 and S77).*® Furthermore, the PL decay curves
shown in Fig. S8 suggest comparable lifetimes (6.48 vs. 5.77 pus)
of Th-SINAP-200 and H;TCBPA, confirming the ligand-based
emission of Th-SINAP-200. Notably, the PL quantum yield of
Th-SINAP-200 was determined to be 26.64%, which is approxi-
mately one order of magnitude higher than that of the naked
H;TCBPA ligand (2.51%) (Fig. S9t).”” This remarkable increase
in quantum efficiency can be attributed to the ordered and
spatial distribution of TCBPA®~ ligands in the framework of Th-
SINAP-200, which effectively eliminates luminescence quench-
ing induced by agglomeration and nonradiative
relaxation.'%%-%°

Interestingly, the iodate concentration dependent lumines-
cence study revealed a gradual decrease in the PL intensity of
Th-SINAP-200 at 510 nm with increasing I0;~ concentrations (1
to 600 mg kg™, solid/liquid ratio = 1 g L") (Fig. 3b). Corre-
spondingly, the PL quenching ratio (I, — I)/I, increases with
increasing 10;~ concentrations and reaches 85.4% at 600 mg
kg™ (Fig. 3c). Simple mathematical transformation can estab-
lish a linear correlation (R* = 0.9986) between C/[(I, — I)/I,] and
C, where C is the iodate concentration (Fig. 3d). Such a good
linear relationship allows for accurate quantification of iodate
over a broad concentration range from 1 to 600 mg kg .
Thanks to its high quantum efficiency, obvious PL variation of
Th-SINAP-200 can be observed in the presence of merely 0.5 mg
kg ' 10;~ when the solid/liquid ratio decreases to 0.5 g L.
Further titration to 10 mg kg~ ' I0; results in a PL quenching
ratio of 74.5%, indicating high detection sensitivity toward 105~
(Fig. 3e). To determine the LOD value, linear regression analysis
was performed based on the equations LOD = 3¢/slope and o =
100 x (Isg/ly), where Igg is the standard error of the PL intensity
measurement and I, is the PL intensity of Th-SINAP-200 in
deionized water (Fig. 3f and g). The LOD of 105~ for Th-SINAP-
200 was calculated to be 0.107 pg kg™, which is the lowest
among those of all reported I0;~ PL sensors and comparable to
those based on spectrometric methods (Table S27}).**"

To test the selective recognition of iodate and validate the
real-world applicability of Th-SINAP-200, we evaluated the
effects of a variety of cations and anions, which exist under

© 2021 The Author(s). Published by the Royal Society of Chemistry
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environment related conditions, on the PL under parallel
conditions. As illustrated in Fig. S10a,f Th-SINAP-200 in
different Na,L (L = 105, BO;*>~, SO,>~, CO;>", F~, Cl~, HCO; ™,
orNO;, x =1, 2, or 3, 500 mg kg™ ') solutions exhibits a similar
emission feature with a PL band centered at 510 nm. However,
105~ shows a much more effective quenching effect (91.8%) on
the PL of Th-SINAP-200, than the remaining anions (10.0% to
41.3%) (Fig. 3h). The interference of Na" and other potential
cations existing in the environment was further evaluated,
showing negligible PL intensity reduction (Fig. 3i and S10bf¥).
To accurately evaluate the detection sensitivity of Th-SINAP-200
toward different anions, the Stern-Volmer equation (Io/I =
Ksv[Q] + 1, where I, and I are PL intensities before and after
adding ions, respectively, and [Q] is the concentration of ions)
was used to calculate the quenching constants (Ksy), showing
that the Kgy of 103~ (2.2 x 10%) is two to three orders of
magnitude larger than those of the remaining ions (Table
S31).* These results demonstrate the excellent selectivity of Th-
SINAP-200 toward IO;~ over the environmentally abundant
cation and anion species.

PL quenching mechanism

Luminescence quenching can be explained by a variety of
mechanisms, including inner filter effect, chemical conver-
sion, resonance energy transfer, photoelectron transfer,
structural transformation, and so forth.®>* To obtain mecha-
nistic insight into that of Th-SINAP-200, the adsorption
capacity toward I0;~ was initially investigated by SEM-EDS,
FTIR, and ICP-MS measurements. The elemental mapping
analysis shown in Fig. S111 indicated that iodate was adsorbed
and uniformly distributed on the crystalline material. FTIR
analysis disclosed the occurrence of an anion exchange
process, as evidenced by the emerging of »; and v; I-O
stretching bands (782 and 725 c¢cm ') and concurrently
reduced intensity of »; N-O stretching bands (1091 cm™*)
(Fig. S17).°* A sorption kinetic study further revealed that fast
adsorption equilibrium (within 30 min) can be achieved for
1057, which is in accordance with its prompt PL quenching
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Fig.4 Removal percentage of IOz~ as a function of contact time fitted
with the pseudo-second-order kinetic model. Inset: adsorption

isotherms of 105~ by Th-SINAP-200 fitted with the Langmuir model
and the Freundlich model.
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response upon coming into contact with 10;~ (Fig. 4). The
sorption kinetics of I0;~ toward Th-SINAP-200 can be well
fitted by the pseudo-second-order kinetic model with a corre-
lation coefficient value (R®) of 0.9912, suggesting the rate
controlling role of chemisorption (Table S4). Furthermore,
the adsorption isotherm can be well fitted with a Langmuir
model (R* = 0.9803), showing a maximum adsorption capacity
of 152.6 mg g~ ' (Fig. 4 inset and Table S51). Such a correlation
is in line with the PL quenching behavior of Th-SINAP-200,
which also obeys the Langmuir model with an R> of 0.9884
(Fig. 3e). These results conjointly suggest a sorption based
quenching mechanism for Th-SINAP-200.

More gratifyingly, both the morphology and crystallinity of
Th-SINAP-200 can be preserved after anion exchange with
iodate in 600 mg kg~ NalO; solution (Fig. 5a). The SCXRD
study revealed that Th-SINAP-200 suffers from a distinct struc-
tural evolution, implying a SC-SC transformation-based PL
quenching mechanism. The new phase, namely Th-SINAP-203,
crystallizes in the same space group of P1 but with different unit
cell parameters compared to Th-SINAP-200. No significant
variations of overall topology and pore volume (50.4%) were
observed (Fig. 5b and Table S1t). However, the conformations
of TCBPA® " linkers undergo dramatic changes as defined by the
torsion angle of two neighboring phenyl groups. Explicitly, the

Th-SINAP-200

Th-SINAP-203

Fig. 5
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largest torsion angle of the ligands in Th-SINAP-203 increases
up to 47.09°, compared to 39.52° in Th-SINAP-200 (Fig. 5¢ and
Table S61). This conformation change will necessarily result in
a higher degree of excited-state distortion, which ultimately
contributes to the quenching of ligand-based emission."
Another noteworthy feature is the change of coordination
environments of SBUs, which undergo the departure of two
HCOO  anions and one DMF molecule, and incorporation of
a water molecule (Fig. 5d). One may note that Th2, Th4, Ths,
and Th10 in Th-SINAP-203 are eight coordinated, contrasting
sharply with the dominance of nine-coordinated Th cations in
Th-SINAP-200 and Th-SINAP-201. Such reductions in coordi-
nation number give rise to open metal sites for iodate sorption.
Modeling I0; ™ anions within Th-SINAP-203 was attempted but
unsuccessful due to the absence of localized electron densities
suitable for I0;~ assignment. One possible explanation is that
the adsorbed I0;~ anions could be highly disordered, which is
frequently observed in host-guest systems.*>*¢

To elucidate the host-guest interaction between the frame-
work of Th-SINAP-203 and iodate, we further conducted an X-
ray absorption near-edge spectroscopy (XANES) study on
iodate adsorbed Th-SINAP-203. The XANES spectrum shows
a pre-edge peak at 4562 eV, corresponding to the 2p — 5d
transition of iodate (Fig. 5e).®” Furthermore, its overall profile is

c N

{
;é
: 33.59 °
N2

32.67 °)

24.58°
39.52° 47.09 \\
Th-SINAP-200 Th-SINAP-203
e
1.54
——Exp.
—Cal.

=
o
1

Absorption Coefficient (a.u.)
o
&)1

o
o
1

4580 4600

Photon Energy (eV)

4560

(a) Micrographs showing the SC-SC transformation from Th-SINAP-200 to Th-SINAP-203. The scale bar in the photograph represents

100 um length. (b) The 3D network, simplified topology, two-fold interpenetrated structure, and micrograph of the transformed Th-SINAP-203.
(c) The change of ligand conformations from Th-SINAP-200 to Th-SINAP-203. (d) Schematic diagrams showing the evolution of coordination
environments of Thg(us-OH)g SBUs from Th-SINAP-200 to Th-SINAP-203. Only coordination environments on the equatorial planes are shown
and eight TCBPA®~ ligands are omitted for clarity. (e) Experimental and simulated XANES spectra of Th-SINAP-203. Inset: the modeled coor-
dination environment of 103~ (color code: | in green).
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slightly different from that of the free IO; anion in an aqueous
solution, revealing interactions existing between the framework
and iodate.®® Moreover, modeling the I0; "~ anion at the second
coordination sphere of Th1l with open metal sites successfully
gives rise to a simulated XANES profile comparable with the
experimental one. The Th—Oj,qate distance was calculated to be
approximately 3.035 A, indicating moderate interaction
between the framework and IO; ", and hence, a static quenching
mechanism. Specifically, the spin-orbit coupling of the excited
TCBPA®~ ligand and heavy 10;~ anion results in an efficient
intersystem crossing (ISC) process from the singlet (S;) to the
triplet state (T,), which is nonradiative and causes PL quench-
ing (Fig. S121).** The long-lived triplet excited state (T,) can be
further quenched to the ground state (S,) via a nonradiative
decay pathway or by the same 10;~ quencher.

In brief, the sensitive and selective sensing capability of Th-
SINAP-200 toward iodate can be attributed to the following
reasons. First, the SC-SC transition induced by iodate sorption
leads to large modifications of the TCBPA®~ conformation,
giving rise to PL quenching in a structural transformation
mechanism. Second, the host-guest interaction between the
luminescent framework and iodates results in heavy atom
induced intersystem crossing, leading to a selective and static
quenching by a distinct mechanism.

Conclusions

In summary, we have demonstrated a cationic TOF, Th-SINAP-
200, showing unprecedented triple SC-SC transformations with
both its topology and degree of interpenetration being modi-
fied. One key feature of Th-SINAP-200 is the appropriate hard-
ness of Th*" cations, which predisposes the TOF to crystallize
into large and high-quality single crystals suitable for eluci-
dating its own structure and any transformed phases. In
contrast, attempts to isolate the single crystals of Zr and Hf
analogues were unsuccessful. Therefore, the full extent of the
structural transformations of this TOF can be visualized by
SCXRD, from Th-SINAP-200 to Th-SINAP-201, Th-SINAP-202,
and Th-SINAP-203, respectively, in a variety of organic solvents,
water, and NalO; solution. Notably, both the SC-SC trans-
formation with a topological change and interpenetration
conversion occurring in Th-SINAP-202 are unprecedented for
TOFs. Furthermore, the coordination environment of SBUs
undergoes dramatic changes in Th-SINAP-203, despite the fact
that its overall topology is well inherited from Th-SINAP-200.
The ultimate outcome of such variations combined with the
conformation change of TCBPA®~ linkers in Th-SINAP-203 leads
to the efficient turn-off of the ligand-based emission in Th-
SINAP-200, giving rise to an extremely low LOD (0.107 ug kg™")
toward iodate. To the best of our knowledge, this value is the
lowest among those of all known iodate PL sensors and
comparable to those based on spectrometric methods. This
work clearly shows that TOFs represent a unique and promising
platform for engineering materials with SC-SC transformation
features to probe mechanistic features pertaining to ion
exchange, chemosensing, etc.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Experimental

Materials

Caution! Th-232 and its daughter nucleus Ra-228 are both radio-
active. All of the thorium compounds used and investigated were
operated in an authorized laboratory designed for actinide element
studies. Standard precautions for radioactive materials should be
followed.

All reagents were purchased from chemical reagent suppliers
and used without further purification. N,N'-Dimethylforma-
mide (DMF, 99%), formic acid (98%+), n-hexane (97%, SafeDry),
1,4-dioxane (99%+), NalO; (99%), AICl; (99.99%), Na,COj;
(99.95%), and NaHCOj; (99%, Adamas) were provided by Ada-
mas. Na,SO; (=99.0%), NaF (99%), NaCl (=99.5%), MeOH
(=99.5%), and acetonitrile (CH3CN, =99.0%) were from Gre-
agent. Concentrated hydrochloric acid (36.0-38.0%), ethanol
(=99.7%), acetone (99.5%), ethyl ether (99%), NaCl (99%), KCl
(99%), BaCl, (99%), SrCl, (99%), CaCl, (99%), ZnCl, (99%),
MgCl, (99%), and NazBO; (99%) were provided by Sinopharm
Chemical Reagent Co., Ltd. Other reagents: Th(NO;),-6H,0
(99%, Changchun Institute of Applied Chemistry, CAS) and
tris((4-carboxyl)phenylduryl)lamine  (98%, Jilin = Chinese
Academy of Sciences - Yanshen Technology Co., Ltd.).

Synthesis

Th-SINAP-200. Th(NO3),-6H,0 (4.7 mg, 0.008 mmol), tris(4'-
carboxybiphenyl)amine (H;TCBPA, 2.4 mg, 0.004 mmol), DMF
(0.37 mL), and formic acid (0.04 mL) or concentrated hydro-
chloric acid (0.08 mL) were loaded in a capped vial and heated
at 120 °C for 24 h. Yellow block crystals of Th-SINAP-200 were
filtered, washed with DMF several times, and dried at room
temperature for several days. The yield was calculated to be 36%
based on HZTCBPA. Anal. caled for C,y9H,77N,3TheOgs, C,
42.81%; H, 4.76%; N, 5.49%. Found: C, 43.17%; H, 5.12%; N,
5.15%. IR: 3034 (W), 3034 (W), 2854 (W), 2034 (W), 1704 (W), 1652
(vs), 1593 (vs), 1540 (w), 1521 (m), 1490 (m), 1386 (s), 1322 (W),
1278 (w), 1254 (w), 1189 (m), 1090 (s), 1061 (w), 1017 (w), 1005
(w), 867 (w), 831 (s), 783 (s), 747 (W), 726 (m), 705 (W), 656 (W),
577 (w), 549 (W), 528 (W).

Th-SINAP-201. The yellow crystals of Th-SINAP-201 were
obtained through immersing Th-SINAP-200 in CH;CN for 1
hour. Yellow crystals were filtered, washed with CH;CN, and
dried at room temperature. Anal. calcd for C;g4H;5,N19ThgOg;3,
C, 43.63%; H, 3.72%; N, 5.25%. Found: C, 43.86%; H, 3.57%; N,
5.14%. IR: 3031 (w), 2250 (w), 1702 (W), 1657 (w), 1590 (vs), 1538
(w), 1519 (v), 1490 (m), 1398 (vs), 1323 (w), 1280 (w), 1190 (m),
1104 (s), 1017 (w), 1004 (w), 919 (w), 832 (m), 783 (s), 748 (W), 726
(m), 705 (w), 652 (W), 575 (w), 530 (w).

Th-SINAP-202. The crystals of Th-SINAP-202 were obtained
through immersing Th-SINAP-200 in H,O for 2 h. Yellow crystals
were filtered, washed with H,0, and dried at room temperature.
Anal. caled for CsysHz53N15Thy,014s, C, 40.17%; H, 3.46%; N,
2.53%. Found: C, 40.42%; H, 3.34%; N, 2.34%. IR: 3031 (w), 1670
(w), 1652 (w), 1589 (s), 1519 (v), 1489 (m), 1397 (vs), 1321 (w), 1278
(w), 1188 (W), 1104 (w), 1015 (w), 1004 (W), 864 (w), 827 (W), 782 (s),
748 (w), 725 (W), 704 (W), 650 (W), 638 (W).
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Crystallographic studies

SCXRD data of the four TOFs were collected on a Bruker D8-
Venture single-crystal X-ray diffractometer equipped with
a Turbo X-ray source (Mo Ka. radiation, 2 = 0.71073 A) adopting
the direct-drive rotating-anode technique and a CMOS detector
at 120 K. The data frames were collected using the APEX3
program and processed using the SAINT routine. The empirical
absorption correction was conducted using the SADABS
program.®® The structure was solved by Intrinsic Phasing with
ShelXT”* and refined with a full-matrix least-squares technique
of ShelXL™ interpreted by Olex2.”> Anisotropic thermal param-
eters were applied to all nonhydrogen atoms. The hydrogen
atoms were generated by the riding mode. For Th-SINAP-200,
several benzene rings were two-fold disordered and modeled
with PART command. DFIX, SADI, SIMU, RIGU, FLAT, ISOR,
and EADP restraints were used to obtain reasonable parameters
due to the poor quality of crystal data for Th-SINAP-202 and Th-
SINAP-203. The large R indices of Th-SINAP-202 and Th-SINAP-
203 can be attributed to the decreased quality of the single
crystals after SC-SC transitions, giving rise to poor diffraction
data with low resolutions of 1.25 A and 1.1 A, respectively. All
the counter ions and solvent molecules of the four TOFs are
highly disordered and cannot be modeled for refinement.
Contributions to the scattering from these species were
removed using the SQUEEZE routine of PLATON.” Structures
were then refined again using the data generated. Crystal data
and details of the data collection are given in Table S1.}

Characterization

PXRD data were collected from 2 to 40° with a step of 0.02° on
a Bruker D8 Advance diffractometer with Cu Ka radiation (1 =
1.54178 A). The calculated PXRD pattern was produced from the
CIFs using the Mercury 1.4.2 program. The N, adsorption
isotherms were recorded at 77 K by using a Micromeritics ASAP
2020. The freshly prepared TOFs were directly evacuated under
vacuum for 6 h at 200 °C before measurement. Thermogravi-
metric analysis (TGA) was carried out in a N, atmosphere with
a heating rate of 10 °C min~ " on a NETZSCH STA 449 F3 Jupiter
instrument. SEM images and EDS data were obtained on a Zeiss
Merlin Compact LEO 1530 VP scanning electron microscope.
The IR spectra with a range of 400 to 4000 cm ™' were recorded
on a Thermo Nicolet 6700 FTIR spectrometer equipped with
a diamond attenuated total reflectance (ATR) accessory. The
solid-state PL spectrum of Th-SINAP-200 was recorded on
a Craic Technologies microspectrophotometer. The excitation
and emission spectra, decay curves, and PL quantum-yields
were collected on an Edinburgh Instruments FLS 980
spectrofluorometer.

X-ray absorption near edge spectroscopy study

The XANES data at the I L; edge were collected on beamline
14W1 at the Shanghai Synchrotron Radiation Facility (SSRF).”
The electron beam energy was 3.5 GeV with a stored current of
approximately 230 mA in top-up operation. A fixed-exit double
crystal Si (111) monochromator was applied for the incident
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energy selection. The XANES spectra were collected in fluores-
cence mode employing a 7-element Ge solid state detector. The
analysis of the I L;-edge XANES data was carried out with
standard procedures by utilizing the software package of
Demeter.” The ab initio multiple scattering theory based code
FEFF 9.6 was applied for the calculation of the I L;-edge XANES
spectra of the sample.” The input file contained coordinates of
neighboring atoms within a single-scattering path length of
15.0 A. The atomic potentials were calculated self consistently
on a cluster with a radius of 4.0 A and about 15 atoms in the
presence of a core-hole. The exchange-correlation Hedin-
Lundquist potential was used. Full multiple scattering calcula-
tions were done on a cluster with a radius of 5.0 A containing
about 25 atoms.
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