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Abstract: A series of new lanthanide azelates [Ln(aze)(Ha€))]- H.O {Ln = La (1a), Ce (Lb),

Pr (1c); Haze = azelaic acid}, [Lataze}(phen}]-H,O [Ln = Nd @a), Er @b); phen =
1,10-phenanthroline], [Sm(aze)(Haze)(phen)pk@QH (3), [Gd(aze)(phen)-ClO, (4) and
(Hphen)[Th(aze}(phen)]-3CIO, (5) were hydrothermal prepared and structurally
characterizeda-c are isostructural and show 3-D framework based.-@h infinite [Ln-O-Ln],
chain.2a-b exhibit sql layer, while8 displays 1-D chain, where phen ligands locateo#tt Bides

of the chain. The L} ions of4 and5 are connected by &Zento two different types of rare
cationic 1-D chains. The luminescent investigatishew that bott2a and2b exhibit interesting
NIR luminescence anBldisplays a good potentiality as a luminescentaetasgeted for F& ion.

Of particular interest, lanthanide azelates havelb®®n to date documented, while this work
presents the only examples of lanthanide azelatgbigng luminescent properties. The magnetic

properties of some lanthanide azelates were algsiigated.

Keywords: Hydrothermal syntheses; Lanthanide azelatesctbire;L uminescenproperties.

1 Introduction

Metal coordination polymers (MCPs) have attractedsiderable interest, because of
their intriguing structural topologies and potehtigplications in the fields of catalysis,
magnetism, sensors, luminescence, ion exchangettedthers [1-5]. Among MCPs,
lanthanide coordination polymers (Ln-CPs) are rdgdr as an important class of
functional MCPs, due to their unique luminescencepprties, such abigh color purity,
visible color naked eye, and large Stokes shift§][@Multiple colors including white light
emitting materials can be accomplished by adjusthgy relative amounts of these ¥n
ions in a material [6-10]. Due to Laporte forbiddki transitions of LA ions, Ln-CPs
have weak emission intensities and low quantum yieldst suitable i—conjugated
aromatic chromophore coordinates to®Lion [11-12], where an energy transfer process
occurs from the chromophore excited state to thé'lexcited state and enhances
subsequently emission intensities of the’'Lions. Significantly, the brilliant luminescent
properties of Ln-CPs make them attractive for pming applications asuminesent
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bioassaysnd optical sensors [13-22].

Fe* is a ubiquitous ion in human or other animals, beeaa variety of vital cell
functions (such as the formation of haemoglobin andscle,the transport of oxygen, and
the improvemenbf brain function) are closely related to the sfiecamount of F&'
[23-25]. The deficiency or excess of ¥ecan largely affecthuman health, reting in
hazardous diseases, esemplified by pathological disorders, anaemia akith ailments
[24-26]. Hence, it is important to rapid and selective digecof the amounts of Bé So far, a
few Ln-CPsexhibit the good luminescent sensor fof 'H@6-33], but the progress in this specific
area has not yet reached what is expected, becdube detection sensitivity limited by the
luminescenguenching causeda cation exchange.

In order to obtain sensitive and selective lumosag sensors, the effective and facile
approach for the syntheses of the luminescent La-@Pstill thejudicious choice of
well-designed organic linker with Ln®* ion, which affords varied frameworksthe
carboxylate based ligand with the hard O-donorrisferable to link with hard LH ion,
resulting in different new extended frameworks lthea the versatile binding modes of
the carboxylate groups [6-10], whillg10-phenanthrolingphen) is one of the most widely
used chromophores in the design of luminescenthlaritie complexes because it can
absorb and efficiently transfer energy to thé'Lexcited states [34-36], It is expected that
the combination of the phen and carboxylate basgantls in the same Ln-CPs may
generate a new class of materials with novel stmest and useful properties. Guided by
this idea, we have recently used bymbining Ln®* with a mixed phen and organic
carboxylic acids to successfully construct a seriek lanthanide oxo clusters
{[Ln s(phen}Geix(13-0)24T12(H20)16]- 2H,O (Ln = Dy, Er; T = -CHCH,COO group],
[Lng(phen}Ge x(nz-0)24T12(H20)16]- 2phen-1660  (Ln = Sm, Eu, Gd) and
[Hog(phen}Gex(uz-0)24T12(H20)14]- 2phen- 13K0}[37] and lanthanide coordination
polymers {[Ln(phen)(glu)Cl (Ln =Y, Tm; glu = glutarate), [Ly{phen}(glu)s], (Ln = Ce,
Dy, Tb, Ho), [Sm(phen)(Hpim)(pim)]1.5nHO (H,pim = pimelic acid) and
[Ln(phen)(pim)}-nCIOQ;- nHLO (Ln = Gd, Tb, EN}38-40], which exhibit stronger
characteristic LA emissions, because they are closely related toirtberporation of
phen chromophores into lanthanide oxo cluster athanide coordination polymeric
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frameworks. As part of the continuing work in thégstem, herein we reported the
hydrothermal syntheses, structures and propertfea series of new lanthanide azelates
[Ln(aze)(Haze)(HO)]-H.O [Ln = La (1a), Ce (b), Pr (Lo)], [Lnx(aze}(phen}]-HO [Ln = Nd
(2a), Er @b)], [Sm(aze)(Haze)(phen)]-2B (), [Gd(aze)(phen)-CIO, (4) and
(Hphen)[Th(aze}(phen)]-3CIO, (5), whose terbium azelate shows a good potentiagya
luminescent sensor targeted fof F&he azelaic acigH,aze), as a typical flexible linker with
a —(CH-); spacer, has a flexible bridging capability for dwnstruction of a diversity of
MCPs. As a result, a large number of new varied M®BRsed on the combination of the
az€ or Hazé asorganic linkers and- or ds-block metal ions have been reported [4]1-53
but no lanthanide azelates have been reported mowl to the best of our knowledge, due
to synthetic difficulties. Therefore, the presemnpounds offer the only example of
lanthanide azelates containing the longer flexd®t€™ or Hazeé ligands.
2 Experimental Sections
2.1 General Remarks

All analytical grade chemicals were obtained conuiadly and used without further
purification. Elemental analyses (C and H) werdquared using a PE2400 Il elemental analyzer.
IR spectra were obtained from a powdered sampletjzeld with KBr on an ABB Bomen MB
102 series IR spectrophotometer in the range o£4000°™" Room-temperature optical diffuse
reflectance spectra of the powdered samples wetained with a Shimadzu UV-3150
spectrometer. Photoluminescence spectrum andmiigetvere performed on an Edinburgh FLS
980 analytical instrument equipped with 450 W xenlamp and UF900H high-energy
microsecond flashlamp as the excitation sourceiabba-temperature magnetic susceptibility
measurements were carried out in the temperatungeraf 2-300 K with a Quantum Design
MPMS-5 magnetometer. PXRD patterns were obtainddgua Bruker D8 Advance XRD
diffractometer with Cu I radiation { = 1.54056 A).
2.2 Synthesis of [La(aze)(Haze)(®D)]-H,O (1a). A mixture of Haze (0.0328 g, 0.13nmol),
LaCl; (0.1035 g, 0.4 mmol) and water (3 mL) was stifi@d20 min,and then the pH value of the
mixed solution was adjusted to 6 by ethylenedianfem® dilute solution (en : # = 1 : 100,
VIV). The final mixture was sealed in a 25 mL Tefioed autoclave and heated at 130 °C for 10
days. After cooling to room temperature slowlyhtigolorless block crystals were isolated. The
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yield of 1ais 65 % based on Lag£lAnal. calcd. forla, CigHz3LaOyp, C 39.43 %, H 6.07 %, found:
C 38.72 %, H 5.81 %. IR (Chx: 3477(m), 2929(vs), 2845(s), 1635(s), 1539(v4R6[vs), 1341(s),
1271(s), 1194(m), 1093(s), 933(w), 825(s), 774(s).

2.3 Synthesis of [Ce(aze)(Haze)(#D)]-H.O (1b). The colorless crystals dfb were prepared
similarly from CeC} (yield 63% based on Cefll Anal. calcd. forlb, CigH33CeQp, C 39.34 %, H
6.05 %, found: C 39.96 %, H 5.93 4R (cm): 3349(m), 2935(s), 2858(s), 1657(w), 1513(vs),
1443(vs), 1405(s), 1341(s), 1271(m), 1194(m), 14D5840(w), 844(w), 723(s).

2.4 Synthesis of [Pr(aze)(Haze)(kD)]-H,O (1c). The green crystals ofc were prepared
similarly from PrC} (yield 68% based on Prg}l Anal. calcd. forlc, CigH3z30:0Pr, C 39.28 %, H
6.04 %, found: C 39.74 %, H 5.45 %. IR (m3368(s), 2929(vs), 2845(s), 1654(w), 1520(vs),
1450(s), 1411(s), 1341(m), 1265(m), 1227(m), 1093046(w), 723(s).

2.5 Synthesis of [Nd(aze}(phen),]-H,O (2a). A mixture of Haze(0.0457 g, 0.24 mmol), phen
(0.0817 g, 0.4 mmol), N3 (0.1080 g, 0.32 mmol) and water (3 mL) was stificmdLl0 min, and
then the pH value of the mixed solution was adpiste2 by HCI (12 mol/L). The final mixture
was sealed in a 25 mL Teflonlined autoclave andddkeat 120 °C for 10 days. After cooling to
room temperature slowly, pink block crystals weselated. The yield oRa is 45 % based on
Nd,Os. Anal. calcd. for2a, Cs;HeoN4Nd013, C 49.98 %, H 4.93 %, N 4.57 %, found: C 49.82 %,
H 4.89 %, N 4.64 %. IR (c): 3362(m), 3078(vw), 2935(s), 2858(s), 1644(W)B4(5), 1520(vs),
1550(vs), 1405(s), 1347(w), 1309(w), 1265(w), 1194@099(w), 844(s), 723(s), 627(w).

2.6 Synthesis of [Ep(azek(phen),]-H,O (2b). The pink prism-like crystals &b were prepared
by a similar method used in the synthesis of tlystats of2a except that NgD; was replaced by
ErO; (yield 47 %, based on ED3). Anal. calcd. fo2b, Cs;HeoErRN4O13, C 48.17 %, H 4.76 %, N
4.41 %, found: C 48.27 %, H 4.81 %, N 4.481%(cm’"): 3356(s), 3058(vw), 2929(vs), 2845(s),
1551(vs), 1469(m), 1450(m), 1417(s), 1316(w), 1293(093(s), 946(s), 844(s), 729(s), 691(m),
589(w).

2.7 Synthesis of [Sm(aze)(Haze)(phen)]-2B (3). A mixture of Haze (0.0576 g, 0.3 mmol),
phen (0.0750 g, 0.38 mmol), $0% (0.0897 g, 0.25 mmol) and water (3 mL) was stiri@dl10
min, and then the pH value of the mixed solutiors &djusted to 2 by HCI (12 mol/L). The final
mixture was sealed in a 25 mL Teflonlined autoclanel heated at 120 °C for 10 days. After
cooling to room temperature slowly, light yellowobk crystals were isolated. The yield ®is
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44 % based on Si;. Anal. calcd. for3, C3oH41N>O10Sm, C 48.69 %, H 5.58 %, N 3.79 %, found:
C 48.38 %, H 4.98 %, N 4.22 %. IR (¢jn 3445(m), 3078(vw), 2935(m), 2845(m), 1584(vs),
1545(vs), 1524(vs), 1341(w), 1309(m), 1093(m), 8AH36(s), 633(W).
2.8 Synthesis of [Gd(aze)(phen)- ClO4 (4). A mixture of Haze (0.0406 g, 0.21 mmol), phen
(0.0779 g, 0.39 mmol), GO; (0.1140 g, 0.32 mmol) and water (3 mL) was stifed10 min,
and then the pH value of the mixed solution wasistdd to 2 by HCIQ(12 mol/L). The final
mixture was sealed in a 25 mL Teflonlined autoclanel heated at 120 °C for 10 days. After
cooling to room temperature slowly, light yellowobk crystals were isolated. The yield &is
43 % based on G@;. Anal. calcd. for2, CzH3CIGAN,Og, C 49.34 %, H 3.76 %, N 6.97 %,
found: C 49.03 %, H 3.64 %, N 6.18 %. IR (Bm3413(m), 3068(w), 2929(s), 2852(s), 1589(vs),
1520(m), 1424(s), 1335(m), 1150(w), 1086(vs), 8p(E7(m), 736(s), 627(s).
2.9 Synthesis of (Hphen)[Th(aze}(phen)]-3CIO4 (5). A mixture of Haze (0.0465 g, 0.24
mmol), phen (0.0817 g, 0.41 mmol), 403 (0.0770 g, 0.10 mmol) and water (3 mL) was stirred
for 10 min, and then the pH value of the mixed Boluwas adjusted to 2 by HCJ@12 mol/L).
The final mixture was sealed in a 25 mL Teflonlirdoclave and heated at 120 °C for 10 days.
After cooling to room temperature slowly, brown ditocrystals were isolated. The yield Bis
45 % based on TB;. Anal. calcd. for5, CrgH71ClaN1002:Thy, C 49.08 %, H 3.75 %, N 7.34 %,
found: C 49.15 %, H 3.65 %, N 7.25 %. IR (§m3445(m), 3075(w), 2929(m), 2852(m),
1589(m), 1551(s), 1462(m), 1417(s), 1335(w), 1099(8@50(m), 723(s), 621(m).
2.10 Crystal Structure Determinations

Single-crystal X-ray diffraction data for all compmls were collected on a Bruker
diffractometer-SMART-APEX Il using a-scan method with graphite monochromated Mo K
radiation £ = 0.71073 A). Data reduction and absorption cdizas were performed using the
SAINT and SADABS software packages, respectivell].[$he structures of all compounds were
solved by direct methods and refined by full-mati®ast-squares methods &4 using the
SHELXL-2018 program package [55]. The C24-C28 atam®a-b are disordered over site
occupation factors of 0.5/0.5, while O1w atoms haseupancy of 0.5. Fds, the CIQ’ ions and
az€ ligands are disordered. Positions of H atoms h#tddo the C atoms were geometrically
placed and H atoms were refined isotropically asdang mode using the default SHELXTL
parameters. A summary of crystallographic datesied in Table 1. The CCDC reference numbers
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are 1963279-1963286.
3 Results and Discussion
3.1Crystal structure

Description of [Ln(aze)(Haze)(HO)]-H,O [Lnh = La (1a), Ce (1b), Pr (1c)] lac are
isostructural. Hence onl§a is discussed here in detalla crystallizes in the monoclinic space
group P2/n and its asymmetric unit has one’Lin, one Haze one az&, one coordinated 40
molecule and one free .8 molecule (Fig. 1a). The central (-6} chain of az& and
Hazeéadopts a nearly extended conformation. The ceh&lion is ten-coordinated environment
(Fig. 1b) with three O atoms of three Hazix O atoms of four aZeligands and one coordinated
water molecule. The La-O bond distances vary frof625(16) to 2.7578(16) A lying within the
range of the distances in other’L@omplexes [56]. Hazeand az& show different link modes.
azé€ has two chelatingnti —COO ends (Fig. S1a), while Hazes onesyn and oneanti—anti
—COO ends (Fig. S1b). The adjacent’Lians are bridged by chelatiragti —-COO group of aZe
and anti—anti —COO group of Hazgeresulting in a 1-D infinite chain with La---Last#inces of
4.314-4.499 A. These 1-D infinite chains (Fig. &c® further interlinked bgyn—-COO group of
Hazeé and chelatinganti —COO group of aZé forming a 3-D network structure with 1-D channels
that are occupied by lattice water molecules (Figse).

---- Insert Fig. 1 here ---

Description of [Lny(azel(phen)]-H,O [Ln = Nd (2a), Er (2b)]. 2a-b have the general
formula [Lny(aze}(phen}]-H,O and are isostructural. So orflg is discussed here in detail. The
crystal structure oRa consists of 2-D [Nglaze}(phen}], layers and free ¥ molecules. Each
Nd** ion adopts a distorted tricapped trigonal pristiy(Ra) with seven O atoms of five 4ze
ligands and two N atoms from a chelating phen kigarhe Nd—O/N bond distances vary from
2.392(4) to 2.679(5) A lying within the range ogttlistances in other Kdcompounds [57-58].
One central (-Ch#); chain of az& shows a S-like conformation, the other displaysearly
extended conformation. &zexhibits different link modes with distinct crystahgineering
functions. One type has two chelatiagti —COO ends (Fig. S1c), and another has one chglatin
and oneanti-anti —COO ends (Fig. S1d). Two [Nd(phefi)]groups are bridged by two
chelatinganti —-COO and twanti—anti —COO groups, forming centrosymmetric Ntimer with a
Nd- - -Nd distance of 3.997 A. These,Mimers are interconnecteth azé ligands to give a 2-D
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layer parallel to the ac plane (Fig. 2b). The togylof the 2-D layer ir2a can be simplified by
considering the Nddimers and aZeligands as nodes and linkers, respectively. Assalt, a 2-D
layer structure of sql topological net with singled double edges is formed (Fig.2c). The Schlafli
symbol of this net is 46 There aren—n stacking interactions of phen ligands within the
[Nd,(aze)}(phen], layer, and centroid-to-centroid distance of adjagehen ligands is 3.828 A
(Fig.2d), which plays an important role in staliig2ain the solid state. These layers are stacked
in -AAA- fashion (Fig.2e) and nar—nt stacking interactions are observed between the
[Nd,(aze}(phen)], layers.

---- Insert Fig. 2 here ---

Description of [Sm(aze)(Haze)(phen)]-260 (3). The crystal structure o8 contains 1-D
neutral [Sm(aze)(Haze)(phen)Xhain and free O molecules. The coordination geometry of
Snt* ion can be described as a distorted topcappedesquéiprism comprised of five O atoms of
three Hazeligands, two O atoms from two £z#gands and two N atoms of one phen ligand (Fig.
3a). The Sm-O/N bond distances are in the rang23@54(17)-2.7225(18) A, compared with
corresponding values in other $momplexes [59-60]. Hazégand shows chelating coordination
mode (Fig. Sle), and &digand has one chelating and aarti—anti —COO ends (Fig. S1d). The
adjacent [Sm(Haze)(phen)] groups are bridged by digands to generate a 1-D neutral
[Sm(aze)(Haze)(phen)thain (Fig. 3b). Hazand phen ligands with chelating mode coordinate to
Snt* ions and are regularly located at both sides efctiain. These chains are further interacted
by n-r aromatic stacking interactions between adjaceenpigands with centroid-to-centroid
distances of 3.817 A (Fig. 3c), forming a 2-D lay€ig. 3d). Then 2-D layers are arranged in a
parallel manner, resulting in a 3-D supramolecuoktwork structure with 1-D channels, which are
filled by free HO molecules.

---- Insert Fig. 3 here ---

Description of [Gd(aze)(phen)]-ClO4 (4) and (Hphen)-[Thy(aze)(phen)]-3CIO, (5). The
asymmetric unit oft contains one Gd ion, one aze ligand, two phen ligands and one GIlO
anion (Fig. S4). The central (-GH, chain of az& in 4 shows a curved configuration, as
evidenced by torsion angles deviating from 180He &z& ligand has twanti—anti —COO ends
connecting neighboring [Gd(phel) cations to generate a 1-D cationic [Gd(aze)(pfignghain
(Fig. 4a). These chains are arranged in a parai@hner and interacteda n—n stacking
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interactions of phen ligands with centroid-to-ceitr distance of 3.656 A, resulting in a
pseudo-layered arrangement parallel to the (0G)ep(Fig. 4¢) These pseudo-layers are further
stacked in -ABA- fashion along the c-axis, leadio@ 3-D supramolecular network structure (Fig.
4e).

---- Insert Fig. 4 here ---

The crystal structure d consists of protonated Hpheion, 1-D cationic [Tb(aze)(phefi),
chain and free ClQanions. There are two kinds of coordination moofeszé” ligands in5. One
has twoanti—anti —COO ends (Fig. S1f), while the other has two atimjranti —COO ends (Fig.
Sic). The adjacent Thions are bridged by two types of &zkgands to form 1-D infinite
[Tb(aze)(phen)], chains with a shortest Th---Th distance of 3.896ié. 4b). These chains are
aligned in an antiparallel fashion and connected-bystacking interactions of phen ligands with
centroid-to-centroid distances of 3.591-3.891 Arfing a pseudo-layered arrangement (Fig. 4d).
The adjacent layers are stacked in an -AAA- sequatang the ¢ axis, and the interlayer distance
is estimated to be 13.01 A (Fig. 4f). The free pnated Hphehions and CI@ anions are located
at the interlayer spaces.

Although4 and5 contain same formula [Ln(aze)(phgiy), they display completely different
structures. The first is that different coordinatimodes of aZéligands:4 has only type of aZe
ligand, and5 has two types of aZeligands. The second is different packing of 1-D
[Ln(aze)(pheny], chains: the pseudo-layer based on the parali@hgement of 1-D chains #is
stacked in an -ABA- sequence, but the pseudo-legestructed by the antiparallel arrangement of
1-D chains irb is stacked in an -AAA- sequence. Moreover, althosigmeMCPs built up from
the linkages of transition metal ions and az& Hazé ligands have been reported, they
usually show the neutral extended frameworks. Nigtatationic extended frameworks of
MCPs have not been obtained until now to the bésiuo knowledge. Thereforel and5
provide the only examples of cationic meaaklateframeworks.

3.2 Synthetic aspects and Spectroscopic properties

A series of lanthanidazelates have been obtained under hydrothkeoonditions in the
presence of different acid or alkali reagents. @ally, the pH value of mixed solution was
adjusted to 6 by ethylenediamine, resultingtlire formation of 3-D newdl frameworks
[Ln(aze)(Haze)(HO)]-H.O [Ln = La (@a), Ce (Lb), Pr (Lo)] with two different types of ligand
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binding modes, whose positive chargf Ln** ionsis compensated by one dzand one HaZe
To consider the high-vibrational O-H oscillator of D molecule tending to quench
photoluminescence ofie Lr** ions, phen chromophore, which can prevent th& lion from the
H,O molecules, was introduced into the reaction sysiadthe pH valuewvasadjusted to Dy
HCI, leading to the 2-Iheutal layers [Lr(aze}(phen}]-H,O [Ln = Nd @a), Er 2b)]. When the
guantity of Haze ligand was slightly increased, other parametrmined unchanged, new 1-D
chain [Sm(aze)-(Haze)(phen)]- 2B (3) with doubly and singly deprotonated ligands isrfed.
When HCI was replaced dyClO, under similar condition to result in another typel-D
chain[Gd(aze)(phen)- ClO, (4), whereClO,4 anion was incorporated into the final structure
and compensates the positive chargdGd(aze)(phenj],. Under similar conditions, phen
was slightly increased, leading to another new tHain (Hphen)[Tkaze)(phen)]-3CIO, (5)
containingprotonatedHphen cation. Notably, phen was introduced into the lanittieazelate
framework, it acting as a terminating group presefutrther connections, resulting in the low
dimensional structures, for instan@e;b show 2-D layer, while&-5 exhibit 1-D chain.

--- Insert Fig. 5 here ---

Their IR spectra (Fig. S5) exhibit the charasté&rivc-o,c_o asymmetric stretching (1513-1657
cm) andve-o/c_oSymmetric stretching (1335-1469 &nof carboxylate groups. The broad bands
at 3345-3477 cthcan be assigned 1.4 stretching of coordinated. @ or free HO molecules.
For 2a-band3-5, the weak bands at 3058—-3078thelong to the .y stretching of phen ligand,
but no similar bands have been observetiais. For4 and5, the strong band at about 1097tm
is characteristic of CIQ ion. UV/Vis absorption spectra of all compoundgy( and Fig. S6)
were calculated from the data of diffuse refleceaby using the Kubelka—Munk function [61].
The strong absorptions in the ultraviolet region ba assigned to the O/ALn charge transfers
of all compounds. In addition, there are some giigmr characteristics of the f—f transitions of
Ln** ions {442 nm {H,—°P,), 467 nm {H,—°P,), 483 nm {H.—3Po) and 590 H,—'D,) for P,
and 522 nm¥(g,—"Gr +Kaap), 581 nm {lorz—"Gspo + °Grp), 742 nm {lg;r—"Ss12 + *Frp), 800
nm (1o;—"Fs + *Hep) and 871 nm*(o12—"F10) for Nd®*, and 400 nm®Hs,—"*F/,) and 1096 nm
(*Hsi—°Farz) for S, and 378 nm*(us7—°Hor), 406 NM {l157—Fai), 447 nm s~ "),
488 nm {l152-"F72), 521 nm {l152>°H1172), 653 nm {l152For)) and 975 nm*(15.2-Fu1y2) for
Er"}, which are in agreement with the UV-vis spectfather lanthanide complexes [62-64].
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--- Insert Fig. 6 here ---

Ln-CPs usually show promising luminescent properties diee the effective
intramolecular energy transfer from the organiafid to lanthanide iong-or 2a-b, since
the energy levels of Ndland Ef*ions are very close to one another, the emissimnsften in the
infrared region (Figs. 6a-b) [65]. Upon excitatiah 345 nm in the UV regiorRa exhibits the
typical f-f transition at 1061 and 1340 nm corrasging to*Fs, - *l11,and*Fs/— “l13 transitions
of Nd®* ions, while2b shows a broad band from 1450 to 1650 with the mami emission
wavelength at 1523 nm originating from the transitof *l15,,— “l15, of EF* ions. This suggests
that the ligands can sensitize the emission of Nahd Effions by UV radiation. The
lifetime-decay curves da and2b on monitoring the emission at= 1061 nm 2a, Fig. S7) and
1523 nm 2b, Fig. S8) obey a second-order exponential funcildre resulting lifetime values are
11= 1.51 ps2a, 56.77 %) and 4.13 p&lg, 53.61 %),t, = 12.35 psa, 43.23 %) and 18.33 ps
(2b, 46.39 %). The average decay tim& can be determined by using the formuta= (A1,
+A,1,7)/(Aty +A1,) [66], thus their average lifetimes are calculatetie 5.66 ps fa2a and 9.23
ps for2b. The quantum efficiencies f@a and2b are 17.18 % and 18.37 %, respectively.

Fig. 6¢c presents the emission spectrur wfith 378 nm excitation wavelengtB.shows three
emission transitions that are assigned*®,—°Hs, (561 nm), *Gs,—°Hz, (596 nm), and
*Gs/— °Hepp (643 nm) optical transitions. Among them, the $ition “Gs,— °H7, has shown a
strong orange emission. Generally, the greateimtieasity of the electric dipole (ED) transition,
the more the asymmetry nature [67]. T¥&,— ®Ho» (ED) transition of SHfi ion in 3 is more
intense than4Gs,2—>6H5,2 magnetic dipole transition, specifying the asynrioehature of a
distorted topcapped square antiprism (S The luminescence decay curve3aklated to the
4G5,2—>6H7,2 emission is shown in Fig. S9. The decay curvebmawell fitted with a second-order
exponential function. The fitting lifetimes were= 2.32 pus (38.91 %) ang = 9.76 pus (61.09 %)
and the average lifetime was calculated ta*e 6.91 ps. Upon excitation at 275 ntshows a
sharp line peak at about 312 nm and a broad emidsion 350 to 540 nm with maximum
emission wavelength of 396 nm (Fig. S10). The eispeak at 312 nm is assigned to the
transition®P;,—%S;,, for GA** [68], and the strong emission at 396 nm originétes the phen
ligand, similar to the emission of pure phen ligéRid). S11) [37].

For 5, upon excitation at the most intensive wavelength &, the emission spectrum (Fig.
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6d) exhibits four strong emission bands at 489, 588 and 621 nm corresponding’® - 'F;
(J=6, 5, 4, 3), and three weak bands located gt@@Band 679 nm arising from tﬁ94_.7FJ (J=2,
1, 0), respectively, with the green emissiofi@f— ‘Fs as the dominant band. The phen ligand can
give an emission in the UV and blue regions (Fil)SNearly no emission from the phen ligand
is detected, indicating an efficient energy tran&fem the ligand to TH ions, which supports the
idea that the quenching of the phen-related enmissém be attributed to ligand-to-Tbenergy
transfer. The luminescence decay curvg télated to théD4—>7F5 emission is shown in Fig. S12.
The decay curve is a bi-exponential function, sulteng int; = 2.16 ps (8.72 %), = 496.85 us
(91.28 %), and* = 0.50 ms. No emissions @b-c are observed in the visible region, which could
be related to the absence of phen chromophore.

--- Insert Fig. 7 here ---
3.3Luminescent sensor

To consider the free Hpheion with Lewis basic N-donor and the bright gréeminescence of
5, the luminescent detection for different metalsiovas assessetlmg of 5 was dispersed into 5
mL of an aqueous solution (0.1 M) containing difier MCL (M = Li*, Na’, K*, zr?*, Fe),
forming a suspension solution by an ultrasound putthe characteristic emissions of’ Tlons
were measured. As clearly seen from Figs. 7a-h,Na’, K* and z* decreased the luminescent
intensity of the sample to a different extent, whihe luminescent emission bfwas severely
quenched in the Fegsuspension. The possible reason is that bindirggbfto the N atoms of
free Hphefh ion leads to luminescent quenchingSpfand the paramagnetic effect caused by the
unpaired d-electrons in EFepromotes dissipation of the excited state enengg honradiative
process [27]. This luminescent quenching affecte@dS” implies the potentiality 05 for a high
selectivity and sensitivity to Eeions.

In order to further investigate the relationshgween the quenching effect ®and F&" ions
concentration, the following experiments were eatrout. Img of 5 was dispersed into 5 mL of
different concentrations (mmol/L) of FeGlqueous solutions (pH = 5), and oscillated fori@ m
by ultrasonic waves to form uniform dispersion, #meh the emission of Thion was performed
(Fig. 7c). The luminescent intensitg [Fe*'] plot can be curve-fitted intg/l = Kg\[Fe*] + 0.93
with a good linear correlation {R= 0.996, Fig. 7d), which is very close to the Stafolmer
equation: ¥1 = Ksy[M] + 1, where } and | are the luminescent intensity before aner afietal ion
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incorporation, respectively, ¢ is the Stern—Volmer constant, and [M] is the mebal molar
concentration. The value ofsk for Fe" is calculated to be 6.47x10Q/mol, which is compared
with those of other well-designed ¥eluminescent sensors (typicalsK in the range of
4.1x10~1.30x10d) [26-32]. To investigate the stability &fafter F&" solution exposition5 was
soaked in a Feglaqueous solution (0.1 mol/L) for 12 h, followed filjration and rinse with
deionized water. PXRD (Fig. S13) indicated thatstsucture in F& solution remains intact.
Meanwhile, the luminescence intensity of the reegél is well consistent with the simulated one
from 5, and two runs were made (Fig. S14). This resutstthats can be reused.
--- Insert Fig. 8 here ---

3.4 Magnetic properties

The magnetic susceptibilities tb-c and2-5 were measured in the temperature range 2—-300
K under an applied magnetic field of 1 kOe (Fig. Br 1la-b, theyuT values at 300 K are 0.83
cm®-mol™-K for 1b, and 1.57 cfimol*-K for 1c, which are close to the expected value of one
non-interacting LA ion (0.80 crt mol*-K for C€*, %Fsp, S = 1/2, L= 3, g = 6/7, J = 5/2, and
1.60 cmi-mol™-K for PP*,®H,, S =1, L =5, g = 4/5, J = 4) per formula unipdu cooling, the
w T product exhibits a gradual decrease and thes fiale minimum value of 0.41 émmol™- K
for 1b and 0.07 crhmol™ K for 1c, as a result of the depopulation of the grouncultiptet split
by the crystal field and intermolecular antiferrgmatic interactions between Y'nions [69-70].
The plot ofyy™ versus T over the entire temperature range (Fi§) % well described by the
Curie—Weiss law with Curie constant C = 0.85°amol*-K for 1b and 1.89 crimol*-K for 1c,
and Weiss constafit= -17.73 K forlb and -54.55 K fofb, which also confirms the occurrence
of antiferromagnetic exchange interactions betwher.ri** centers.

For2a-b, yuT values at 300 K are equal to 3.29°cmol*- K for 2a and 23.04 cfhmol*- K for
2b, these values are as expected for two magnetitsailgted LA™ ions (3.28 crimol™-K for
Nd®*, g, S =3/2, L=6, g = 8/11, J = 9/2, and 22.74-enol*- K for EF*, 15, S=3/2,L=6, J
= 15/2, g = 6/5). FoRa, as the temperature decreasesythieshows a gradual decrease, reaching
1.89 cni-mol™-K at 2.0 K. Fo2b, upon cooling, theyT remains practically constant until 100 K
and it decreases further to reach a value of 1662mol™-K at 2 K. The plots oRa-b are
indicative of the existence of a weak antiferronetign coupling between the £h ions.
Antiferromagnetic interactions betweenLiions of2a-b can be also confirmed by the smaller
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Ln—O-Ln angle value (104.93(7) ° f@a and 105.75(8) ° fob), because the rule is that
Ln—O—-Ln angles below 113.50 ° are assumed to caunsantiferromagnetic exchange in the
literature [71-74]. They™ versus T over the entire temperature rang@4es can be fitted to the
Curie—Weiss lawyy = C/(T-9) with the Curie constant C = 3.34 and 23.46-ecnol*- K, and the
Weiss constart = —22.24 and -6.08 K, respectively (Fig. S15).

For3, theyyuT value of 0.57 cthmol*-K at 300 K is much higher than the expected vésne
two magnetically isolated Sthions (0.18 cri mol™- K for Sni*, ®°Hs;,, S=5/2,L=5,9 =2/7,J =
5/2) per formula unit, because not only the grostade but also the first exited stalel{,) and
above for the Sl ion can be populated at room temperature [75-@ppbn cooling, thepT
value decreases rapidly, which could result froerrial depopulation of the excited-state levels.
The yv* versus T for3 does not obey the Curie—Weiss law that could tefsoin spin—orbit
coupling splits of théHs, ground state [78].

For4 and5, theyy T at 300 K are 15.28 chmol™-K for 4 and 23.73 cthmol™ K for 5, which
are close to the theoretical value for two magaéidsolated LA ions (15.75 cfhmol-K for
Gd*, %S, S=7/2,L=0,3=7/2, g = 2, and 13.64anol*-K for T, "Fs, S=3,L=3,J = 6,

g = 3/2). Upon cooling, the observagT product gradually decreases, and then drops to a
minimum value of 11.05 cfimol™- K for 4 and 12.04 cthmol™-K for 5 at 2 K as a consequence
of the depopulation of sublevels of the ground Jltipiat split by the crystal field and
intermolecular antiferromagnetic interactions. Bptheanti-anti—-COO bridge within the dimeric
entity appears as the most likely pathways for ahéferromagnetic exchange [5]. Fbr the
Th—O-Tb angle value of 105.42 ° is significantlyadler than 113.50 ° [71-74], which is further
confirmed the occurrence of antiferromagnetic ergeainteractions between the*flions. The
wv " versus T over the entire temperature rang@#y can be fitted to the Curie—Weiss law with
C = 15.21 and 23.97 chmol™ K and6 = -1.66 and -5.03 K, respectively. The negatige sif 0
also indicates a relatively weak local antiferrometig interaction between Ehions.

Conclusions

Although some transition metalzelates were obtained by the reaction of different
transition metal ions andJdze ligandsno lanthanide azelates have been documenteddo da
Therefore, this work offers the only example oftlemide azelates. Moreover, the reported
transition metahzelates usually show the neutral extended framlesydyut their cationic
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extended frameworks have been observed4irand 5. 2ab exhibit interesting NIR
luminescence, whilé exhibits excellent luminescent sensor targetedFiSF ion, due to the
presence ofhefree Hphefiion. 2a-b and3-5 exhibit stronger characteristic £hemissions,
due to the incorporation of phen chromophores latdhanide azelate frameworks. The
successful syntheses of these lanthanide azelatehemetal azelate family, and it is also
expected that more novel lanthanide azelates wgbaful luminescent and magnetic
properties might be synthesized by the combinatafnH,aze liand and different
n—conjugated aromatic chromophore.

Supplementary Information (SI) available:

Crystal data in CIF format can be obtained from\ifeb. The CIF table can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retriguitml, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cadgsi CB2 1EZ, UK; fax: (+44)
1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.pBamentary data associated with this
article can be found, in the online version.
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Table 1 Crystallographic data for all compounds.

la 1b 1c 2a
formula CygH3slaOyg CiH33Ce0yp CygH330.0Pr Cs1HeoN4Nd,013
Fw 548.35 549.56 550.35 1225.51
crystal system Monoclinic Monoclinic Monoclinic Triclinic
space group P2/n P2/n P2/n P-1
a, A 9.1449(6) 9.1037(4) 9.1305(4) 9.6080(19)
b, A 8.7178(5) 8.6770(3) 8.6828(4) 12.252(3)
c, A 27.3909(18) 27.2174(12) 27.2915(13) 12.866(3)
a,° 90 90 90 105.81(3)
B,° 94.810(2) 94.747(2) 94.6230(16) 101.51(3)
v,° 90 90 90 111.26(3)
v, A3 2176.0(2) 2142.60(15) 2156.58(17) 1280.8(6)
Z 4 4 4 1
T, K 296(2) 293(2) 293(2) 293(2)
Calcd density,Mg.i 1.675 1.704 1.695 1.589
F(000) 1112 1115 1120 618
206(max), deg 50.19 55.87 50.19 55.93
Total reflns collected 25129 66642 12881 29542
Unique reflns 3859 5137 3804 6106
No. of parar 277 270 270 346
R1[1>20(1)] 0.0207 0.0325 0.0415 0.0255
wR2(all data) 0.0416 0.0525 0.0782 0.0592
GOOF on 1.134 1.116 1.127 1.081

2b 3 4 5
formula Cs51HgoERN4O;3 C30H41N,010SM C33H3CIGAN, O  C;gH71Cl3N1 02Ty
Fw 1271.55 740.02 803.31 1908.66
crystal system Triclinic Triclinic Monoclinic Monoclinic
space group P-1 P-1 P2/c P2/c
a, A 9.537(5) 10.963(2) 12.026(2) 14.1296(6)
b, A 12.170(6) 12.816(3) 13.717(3) 21.0888(10)
c, A 12.713(6) 13.495(3) 20.116(4) 26.0287(12)
a,° 106.378(15) 109.10(3) 90 90
B,° 100.936(17) 106.41(3) 106.417(6) 90.3504(15)
v,° 111.208(19) 105.87(3) 90 90
v, A3 1247.6(11) 1572.3(7) 3183.0(11) 7755.8(6)
Z 1 2 4 4
T, K 293(2) 293(2) 293(2) 296(2)
Calcd density,Mg.i 1.692 1.562 1.676 1.635
F(000) 634 752 1604 3832
26(max), deg 55.82 50.20 50.20 50.20
Total reflns collected 28778 35997 69039 220315
Unique reflns 5939 5588 5651 13786
No. of parar 346 398 425 1239
R1[1>20(1)] 0.0245 0.0209 0.0303 0.0445
wR2(all data) 0.0481 0.0488 0.0796 0.0957
GOOF on E 1.135 1.102 1.122 1.322
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Figure captions
Fig. 1 (a) The asymmetric unit dfa with the labeling scheme. (b) Coordination
environment of the LH ion. (c) 1-D chain built up from aions and aZéligands. View
of a 3-D structure ofaalong the [100] (d) and [010] (e) directions.
Fig. 2 (a) Coordination environment of the Ribn. (b) 2-D[Nd,(aze}(phen)], layer in
2a. (c) The sql topology a?a. (d) n=—r stacking interactions. (&)iew of the stacking mode
for the layers irRa. All H atoms and free water molecules have beeittedrfor clarity.
Fig. 3 (a) Coordination environment of the ¥mion. (b) 1-D neutral
[Sm(aze)(Haze)(phen)thain. (c) Ther—r stacking interactions between the 1-D chains. (d)
The crystal packing diagram 8f All H atoms are omitted for clarity.
Fig. 4 (a) 1-D [Gd(aze)(pheg), chain in4. (b) 1-D [Th(aze)(pher)], chain in5. The =—x
stacking interactions between the 1fGd(aze)(phenj], (c) and[Tb(aze)(phen)], (d)
chains. The crystal packing diagrams4ofe) and 5 (f). All H atoms are omitted for
clarity.
Fig. 5 UV/Vis absorption spectra @t, 2a-b and3 at room temperature
Fig. 6 The emission spectra2d (a), 2b (b), 3 (c), and5 (d) at room temperature.
Fig. 7 a) Luminescent spectra 6fdispersed into various 0.1 M MCaqueous solution, b)
luminescent intensities at 545 nm ®ftreated with various 0.1 M M¢hqueous solution, c)
luminescent spectra &fsuspensions with different concentration of Be@) SternVolmer plot
of 5 quenched by Feghqueous solution.

Fig. 8 The plot ofyuT versus T forlb-c, 2a-b and3-5.
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Fig. 1 (a) The asymmetric unit dfa with the labeling scheme. (b) Coordination
environment of the L ion. (c) 1-D chain built up from *Aions and aZéligands.

View of a 3-D structure ofaalong the [100] (d) and [010] (e) directions.

Fig. 2 (a) Coordination environment of the Nibn. (b) 2-D[Nd,(aze}(phen)], layer in
2a. (c) The sqgl topology oPa. (d) n—n stacking interactions. (&jJiew of the stacking
mode for the layers ia. All H atoms and free water molecules have beeittednfor

clarity.
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Fig. 3 (a) Coordination environment of the ¥mion. (b) 1-D neutral
[Sm(aze)(Haze)(phen)thain. (c) Thei—r stacking interactions between the 1-D chains.

(d) The crystal packing diagram 8fAll H atoms are omitted for clarity.

Fig. 4 (a) 1-D [Gd(aze)(pheg), chain in4. (b) 1-D [Tbh(aze)-(phen)], chain in5. The n—r
stacking interactions between the 1@ (aze)(phenj], (c) and[Tb(aze)(phen)], (d) chains.
The crystal packing diagrams 41e)and5 (f). All H atoms are omitted for clarity.
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Highlights: &) this work presents the only examples of lanthanide azelates exhibiting |uminescent
properties;
b) 2a-b exhibit interesting NIR luminescence;
c) 5 shows excellent luminescent sensor targeted for Fe** ion;

d) 4-5 provide the only examples of cationic metal azelate frameworks.
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lanthanide azelates
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Table S1. Ranges of Some Important Bond Distandestd Bond Angles(°®) for All Compounds

Bond Dist(A) Angle )
la
La-O 2.4659(17)-2.7574(18) O-La-O 48.58(6)-174.94(6
1b
Ce-O 2.441(2)-2.755(2) 0-Ce-O 48.70(7)-144.87(8)
1c
Pr-O 2.429(4)-2.763(5) O-Pr-O 48.56(14)-175.55(13)
2a
O-Nd-O 49.96(12)-146.06(14
Nd-O 2.392(4)-2.635(4) (12) (14)
O-Nd-N 72.17(16)-147.71(15)
Nd-N 2.662(5)-2.679(5)
N-Nd-N 61.69(15)
2b
O-Er-0 53.80(15)-143.12(16)
Er-O 2.295(4)-2.429(5)
O-Er-N 68.70(16)-145.51(16)
Er-N 2.552(5)-2.593(5)
N-Er-N 63.38(16)
3
0-Sm-0 49.32(9)-148.59(10)
Sm-0 2.366(3)-2.486(3)
0-Sm-N 70.16(10)-146.17(10)
Sm-N 2.618(3)-2.687(4)
N-Sm-N 70.16(10)
4
0O-Gd-O 75.73(14)-125.91(13
Gd-0 2.218(4)-2.273(3) (14) (13)
0-Gd-N 70.84(13)-146.96(14)
Gd-N 2.533(4)-2.551(4)
N-Gd-N 64.47(13)-112.61(14)
5
O-Th-O 72.1(2)-138.3(2
Th-O 2.306(6)-2.530(6) @) @)
O-Tb-N 64.2(2)-144.9(2)
Th-N 2.578(7)-2.619(7)
N-Th-N 63.0(2)-123.7(2)
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