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Five new Lanthanide(lll) complexes of malonic acid (HOOGCH3-COOH); {[Gd(G
H204)(HeOl] NOs}n (1), {[Tb(GH204)(H:Ou] NOs}n (2), {[HO(GH204)(H:O)] NOs}n
@), [EN(GH204)(GH304)(H:Ok]n @), and {[Eb(C3H204)2(CsH304)2(H0)] 4H20%
(6) were synthesized and characterized by elemental, infradespectral, and thermal
analyses. The structures of compoundsl1l-5 were determined by single crystal X-
ray diffraction technique. The X-ray analysis reveals thaompounds 1, 2, and 3 are
isostructural and crystallized in the orthorhombic space gup Pmn2;. The lanthanide(lIl)
ions are coordinated by four carboxylate and four water oxygn atoms adopting a
distorted square antiprism geometry. The Ln@ square antiprisms are linked into in nite
layers by malonate (QHZOE ) dianions sandwiching sheets of nitrate counter ions.
Compound 4 contains ErQs square antiprisms linked into a two-dimensional network by
hydrogen malonate (GH30O, ) anions and malonate dianions. The europium complex,
5 is dinuclear having the two europium(lll) ions (Eul and EuBj)idged by carboxylate
groups of hydrogen malonate ligands. The europium ions irb are nine-coordinate
and exhibit a distorted monocapped square antiprism geomety. All the structures are
consolidated by O-H O hydrogen bonds. The photoluminescence spectra ofl-5
exhibit characteristic emissions in the visible region. EhIR spectra and thermal data
are consistent with the structural results. The room-tempeture effective magnetic
moments for 1-4 are in good agreement with those expected for the free ions, hile the
data for 5 indicates that low-lying excited states contribute to the bserved moment.
The compound 1 was further subjected to quantum computational calculatios to
explore its optoelectronic properties including; densitpf states (DOS), dielectric function,
refractive index, extinction coef cient, and absorption gectrum, to highlight the possible
applications of such materials in the optoelectronics.
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Graphical Abstract |
INTRODUCTION technological interest{enyon, 2002; Faulkner et al., 2005; Terali

et al., 2006; Daiguebonne et al., 2008; Dos Santos et a8; 200
In the modern hi-tech society, lanthanide-based metalamig ~Armelao et al., 2010; Zhuravlev et al., 2011; Rasanen et al.,
frameworks nd a wide range of applications in several cutting 2014; Buenzli, 2015; Sharma and Narula, 2015; Sun et &; 201
edge scientic elds, such as contrast agen@aavan et al., George etal., 20).6
1999; Wahsner et al., 20 eatalysis $hibasaki and Yoshikawa,  Lanthanide(lll) ions are hard Lewis acids and prefer to
2002; He et al., 2013; Pagis et al., 30fas storage and combine with hard Lewis bases such as oxygen dor@iisi{]i,
puri cation (Reineke et al., 1999; He et al., 2013; Roy et aR019. On the basis of this fact, carboxylate ligands have been
2019, magnetism \(Voodru et al., 2013; Zhu et al., 2016; widely applied for the preparation of lanthanide coordination
Gao et al., 20108 and optoelectronic devices<¢nyon, 2002; polymers Hansson, 1973a,b; Wenmei et al., 1992; Marrot and
Armelao et al., 2010; He ern et al., 201Fhe study of photo Trombe, 1994; Benmerad et al., 2000; Hernandez-Molina et al.,
physical properties of lanthanides (Ln) triggered the potdntia2000, 2002, 2003; Doreswamy et al., 2003, 2005; Thirumuruga
use of these compounds not only in color televisions andind Natarajan, 2004; Cui et al., 2005; Yan et al., 2005; GkzSad
uorescent tubes but also in optical ampli ers, luminesceatss  Delgado et al., 2006; Deacon et al., 2006; Rahahlia et al.,
concentrators, active waveguides, organic light emittimges, 2007; Zhang et al., 2007; Fang et al., 2008; Wang et al., 2009;
and immunoassay${inzli, 2010; Katkova and Bochkarev, 2010Chrysomallidou et al., 2010; Silva et al., 2010; Jin et al2;201
He ernetal., 2013; Reisfeld, 2015 he optoelectronic properties Seidel et al., 2012; Sharif et al., 2012; Calahorro et aB; Ztan
of lanthanide complexes originate from the innkf electron etal., 2013; Bunzli, 2014; Delgado et al., 2016; Li et al).Ztie
transitions. The shielding off4orbitals confers the excellent exible aliphatic dicarboxylates (e.g., malonate and suateipare
luminescence properties of Bn ions (Reisfeld and Jorgensen, more fascinating than the rigid mono or aromatic carboxgkat
2012; He ern et al., 2013; Reisfeld, 2D1Several reports have due to many possible conformation€(i et al., 2005; Rahahlia
appeared in the literature on the physical and optical propertiest al., 2007; Wang et al., 2009; Delgado et al., 20t use of
of lanthanide complexes, which demonstrate their signitan multidentate organic linkers together with the high coardtion
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number of lanthanide ions help to construct diverse struatu complexes including a nitrate ion and dinuclear ¥uor Er¢

motifs with unexpected properties. The structural arrangetaen complexes containing a hydrogen malonate anion, and their

in the lanthanide dicarboxylate polymers range from onéar{  photoluminescent properties.

et al., 2005; Chrysomallidou et al., 2010; Silva et al.,;2010

et al., 201), two- (Hernandez-Molina et al., 2000; Cafiadillas-

Delgado et al.,, 2006; Li et al., 20170 three-dimensional EXPERIMENTAL

(Hansson, 1973a,b; Wenmei et al., 1992; Marrot and Trombf&eagents and Measurements

1994; Benmerad et al., 2000; Hernandez-Molina etal., 2003;2 The nitrate salts of Gd, Tb, and Ho{M(N§s 6H,0},

Doreswamy et al., 2003, 2005; Thirumurugan and NatarajaiErClz 6H,0, and EuC 6H,O were purchased from Alfa

2004, Canadillas-Delgado et al., 2006; Zhang et al., 2606, F Aesar, a Johnson Matthey Company, USA. Malonic acid was

et al., 2008; Chrysomallidou et al., 2010; Jin et al., 201@ISe obtained from Merck Chemical Co. Germany.

et al., 2012; Calahorro et al., 2Q01€oordination networks.

Malonic acid, GH4O4, is a simple dicarboxylic acid that exhibits Synthesis of Complexes

a rather exible stereochemistry and a variety of coordioat ~ Synthesis of {{[M(C 3H204)(H,0)4] NO3}h(M D Gd, Tb,

modes toward metal ions. It can coordinate as a monodentatgyp) (1-3)

bridging, and chelating ligand in monoanionic_(hydrogen The compounds 1-3 were synthesized by reacting 0.225g (0.5

malonate, GH30,) or dianionic (malonate, €H203 ) form  mmol) of M(NO3)3 6H,0 (M D Gd, Th, Ho) dissolved in 5mL

(Rodriguez-Martin et al., 2002; Delgado et al., JOAGumber  de-jonized water and 0.156 g (1.5 mmol) of malonic acid in 20 m

of reports have been published on the synthesis and structur@ghanol. The solutions were stirred for 2 h at room temperatur

of malonate-containing lanthanide polymers, which deserib The pH of the reaction mixture was adjusted between 5 and 6

the versatility of the bonding modes of the malonate groupyith 0.1 M NaOH solution. The solutions were ltered and kept

(Hansson, 1973a,b; Wenmei et al., 1992; Marrot and Trombgt ambjient temperature (or in the refrigerator) for crystadition.

1994, Benmerad eta|,2000, Hernandez-Molina et a|,200Q,2 The Crystals appeared in the solution after 2—-3 weeks. The

2003; Doreswamy et al., 2005; Cafadillas-Delgado et 86, 20¢complexed, 2,and3 were obtained as light yellow, colorless, and

Zhang et al., 2007; Fang et al., 2008; Chrysomallidou e04l0;2 |ight pink crystals, respectively. They were separated bywacu

Silva et al., 2010, Jin et al., 2012, Delgado et al.,)ZDEQ:]adO |trat|0n and rinsed W|th ethano' Y|e|d 50%.

et al. reported a detailed overview on the crystal structares

topologies of these systems, as well as the molecular stesctu Synthesis of [Er(C 3H,04)(C3H304)(H O)]n (4)

assembled by hydrogen-bonding from low-dimensional égdit Malonic acid (0.104g, 1 mmol) and E#%H,O (0.137g, 0.5

to higher-dimensional supramolecular architectures. Thelg  mmol) were separately dissolved in 20 mL ethanol and 10 mL

describes that most of the En-malonate (mal ) complexes deionized water, respectively. The solutions were mixed and

exist as dinuclear specieSeglgado et al., 20)6while the reports  stirred for 2h in a round-bottom ask at room temperature.

about the mononuclear complexes are rai&enmei et al., During stirring, 0.1 M NaOH solution was used to maintain the

1992; Marrot and Trombe, 1994; Chrysomallidou et al., 201(H of the mixture between 5 and 6. After 10 days, pink crystals

Silva et al., 2090 of 4 appeared in solution, which were isolated by ltration and
In order to enhance the fundamental knowledge of structuratinsed with methanol. Yield: 49%.

chemistry of lanthanide-carboxylate frameworks and inawief

our continuous interest in this directionHussain et al., 2014, Synthesis of

2015a,b, 20)8we report here the syntheses, characterizationf[Eu,(C3zH204)2(C3H304)2(H20)] 4H20}, (5)

crystal structures, photoluminescence, and magnetic pragert To a solution of 0.183g (0.5 mmol) of Eyd@H20 in 10 mL

of ve novel lanthanide coordination polymers involving deionized water was added 0.104g (1 mmol) of malonic acid

malonate ligand. They include; {[M@Ei204)(H20)4] NO3},  dissolved in 25 mL ethanol. The solutions were mixed in round

(M D Gd, Th, Ho) @-3), [Er(C3H204)(C3H304)(H20)2]n  bottom ask and stirred for 3 h at room temperature at a pH of

(4), and {[Ew(C3H204)2(C3H304)2(H20)6] 4H20}, (5). The  5-6 maintained by using 0.1 M NaOH solution. After 2 weeks,

optoelectronic properties including density of states, digle  colorless crystals &were recovered by Itration and rinsed with

function, refractive index, extinction coe cient, and abiption  methanol. Yield: 43%.

spectrum, were also investigated for complewith the help

of DFT calculations. Owing to the bigger size of lanthanideAnalytical and spectroscopic data

complexes, they are very di cult to deal quantum chemically.C3H1oNO11Gd (1): Calc. (%) C 9.16, H 2.55, N 3.56; Found (%b):

Nonetheless, there are some previous computational studi€9.25, H 2.59, N 3.50.IR (crh): D 3583, 3369 (O-H), 2927

including the structures and reaction&iéenstein and Maron, (C-H), 1582 (COO)s 1384,1370 (COQ)276 (Gd-O); D 1463,

2002, bonding characteristicsAdamo and Maldivi, 199y 1149 (C-H),953 (COO), 819 (N§); r D 836 (HO), 735 (Ch).

determination of ligand- eld parameterdshikawa et al., 2003 C3H10NO11Th (2): Calc. (%) C 9.13; H 2.55; N 3.55; Found

e ective core potential studiesCundari et al., 1995 and details  (%): C 9.25, H 2.62, N 3.45. IR (cd): D 3585, 3369 (O-

of computational methods applied in lanthanide and actinideH), 2926 (C-H), 1583 (COQ}y 1384,1370 (COQ)285 (Th-O);

chemistry etc Dolg, 201%. To the best of our knowledge, this D 1463, 1149 (C-H), 954 (COO), 819 (NQr D 837 (H:0),

is the rst report that describes the formation of lanthanide 735 (CH).
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TABLE 1 | Crystal data for compounds1-5.

1 2 3 4 5
Empirical formula GH19NO;1Gd C3H19NO11Th C3H1gNO11Ho CgHgO1gEr CsH15013EU
My 393.37 395.04 401.05 408.39 447.14
T (K) 150(2) 150(2) 150(2) 150(2) 150(2)
I (A) 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic Orthorhombic Qhorhombic Monoclinic
Space group Pmn2; (No. 31) Pmn2; (No. 31) Pmn2; (No. 31) Fdd2 (No. 43) P21/n (No. 14)
a(A) 8.0955 (8) 8.0863 (6) 8.0652 (12) 15.2618 (16) 10.7945 (5)
b (&) 6.7470 (6) 6.7359 (5) 6.7123 (9) 10.0290 (10) 12.3934 (6)
c(A) 9.3030 (9) 9.2562 (7) 9.1895 (11) 13.9992 (15) 20.2839 (10)
b() 90 90 90 90 100.3900 (7)
Vv (R3) 508.13 (8) 504.17 (7) 497.48 (12) 2142.7 (4) 2669.1 (2)
z 2 2 2 8 8
F(000) 374 376 380 1,544 1,744
r calc (@ cm 3) 2.571 2.602 2.677 2.532 2.225
m(mm 1) 6.58 7.07 8.01 7.88 4.77
Total data, 2'max () 5901, 63.8 5802, 61.2 5384, 61.2 6299, 63.8 31194, 61.2
Rint 0.031 0.020 0.025 0.035 0.036
Merged, observed [> 2s())] data 1747, 1732 1642, 1635 1612, 1594 1742, 1562 8180, 7533
RF)I> 2s(1)] 0.018 0.012 0.016 0.019 0.025
WR(F2) (all data) 0.043 0.029 0.033 0.038 0.063
Absolute structure parameter 0.036 (11) 0.025 (15) 0.026 (9 0.045 (12) —
min., max1r €A 3) 1.79, C0.71 0.83, C0.75 0.49, C1.19 1.12, C0.87 1.55, C1.38
CCDC deposition number 1555502 1555503 1555504 1555505 15%506

C3H10NO11Ho (3): Calc. (%): C 8.96, H 2.49, N 3.49; FoundFLS 180 (Edinburg Instruments). The magnetic susceptibility
(%): C 8.81, H 2.52, N 3.45. IR (c): D 3591, 3369 (O- measurements were conducted on Evans balance (Sherwood
H), 2928 (C-H), 1586 (COQ), 1384,1372 (COQ)290 (Ho-0O); Scientic Ltd. UK) at room temperature and Hg[Co(SCH)

D 1463, 1149 (C-H), 955 (CO0), 819 (Npr D 838 (HO), was used as a calibrant. The diamagnetic corrections for the
739 (CH). component atoms were determined using Pascal conskaitr,

CsHgO10Er (4): Calc. (%): C 17.65, H 2.22; Found1993; Earnshaw, 20)Land details of the method is given the
(%): C 17.01, H 2.11. IR (cm): D 3573, 3338 (O- Supporting Information .

H), 2921 (C-H), 1697, 1566 (COQ) 1383, 1279 (COQ)

D 1449, 1186 (C-H), 967 (COO)r D 803 (HO0),

712 (CH). Crystal Structure Determinations

CeH15013EU (5): Calc. (%): C 16.11, H 3.38; Found (%): Gptensity data for compoundd-5 were collected on a Bruker
16.72, H3.92. IR (cm): D 3401 (O-H), 1714, 1570 (CO®)  APEXII CCD di ractometer at 150K using MoK radiation
1384(CO0y; D1440, 1206 (C-H), 964 (COM);D 711 (CH). (1 p 0.71073 A). An empirical absorption correction was carried
(Malonic acid, D 3398 (O-H), 2992, 2948 (C-H), 1737, 17064t ysing SADABS Sheldrick, 201 The crystal structures
(COO)as 1418, 1398 (COQ) D 1438, 1174 (C-H), 920 (COO); \ere solved by direct methods with SHELXS-%héldrick,
r D 804 (H0), 771 (Ch)). 2009 and re ned by full-matrix least-squares of? using

SHELXL-2014%heldrick, 2016 For molecular graphics, ORTEP

Physical Measurements 3 was used Harrugia, 2012 The C-bound H atoms were
Elemental analyses were carried out on a Varion Micrayeometrically placed (C-HD 0.99 A) and re ned as riding
Cube, Elementar, Germany. FTIR spectra were recorded ovatoms. The O-bound H atoms were located in dierence
the frequency range 4,000-250 chnon a Perkin Elmer maps and re ned freely as riding atoms in their as-found
FTIR 180 spectrophotometer using KBr pellets. Thermatelative positions or with gentle restrains. One of the water
analyses were performed from room temperature to 1,000 molecules of crystallization i is disordered over two adjacent
at heating rate of 16 min ® in air on a Thermo-gravimeter locations and its H atoms could not be located. The constraint
Analyzer/Di erential Scanning Calorimeter model SDT Q Uiso(H) D 1.2J¢q(carrier) was applied in most of the cases.
600 (TA Instruments, USA). The excitation and emissionDetails of the data collection and re nement details are
spectra were recorded on photoluminescence spectrometeummarized inTable 1.

Frontiers in Chemistry | www.frontiersin.org 4 April 2019 | Volume 7 | Article 260


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Hussain et al. Lanthanide(lll) Malonates

RESULTS AND DISCUSSION

Synthesis 1004 !
The reaction of M(NQ)3 6H,O (M D Gd, Th, Ho) with L 20
three equivalents of malonic acid §840,) in the presence
of NaOH in water-ethanol medium a orded the crystals of 80+
{IM(C3H204)(H20)4] NO3}, complexes 1-3). The presence
of nitrate was not detected in any of the previously reported
structures of lanthanide-malonate complexes. Similar tieas
of MCl3 6H20 (M D Er, Eu) and malonic acid in 1:2 molar ratio
gave the crystalline complexes [Est&04)(C3zH304)(H20)2]n
(4) and {[Ew(C3H204)2(C3H304)2(H20)6] 4H20}n (5). The 40
chloride ion did not participate in coordination demonstrag
the greater a nity of Ln(lll) ions for O than CI. In every case, 7 — : - s =
the pH of the reaction solution was adjusted to 5-6 in orde Temperature(°C)

to avoid the isolation of insoluble hydroxides. The composnd
were isolated by slow evaporation of the reaction solutidme T | FIGURE 1| TGA curve and DSC curve of {[Gd(gHz04)(H,0l] NOz}n (1).
composition of the complexes was established from elemental
and thermal analyses and veri ed by X-ray crystallographly. A
ve complexes crystallized as polymeric substances. Thermal Analysis

Weight (%)
(2]

o

1

T T
o o
o

Heat Flow(W/g)

T
A
o

The simultaneous TG-DSC curves for compléxare shown

IR Spectroscopy in Figure 1 These curves express the mass losses in three
The FTIR spectra ofl—5 are shown inFigures S1-S5In the  consecutive steps. The rst decomposition step occurs betwee
IR spectrum of malonic acid two intense bands at 1,737 and00 and 200C that is attributed to the departure of four
1,706 cm® are observed due ta,{COO), while the symmetric coordinated water molecules (experimental weight IDs§9%,
stretches of carboxylate groups appear at 1,418 and 1,398 cmcalculatedD 18.3%). This is evidenced by an endothermic
The signals at 2,992, 2,948, and 3,398 tare associated with peak of DSC at about 16Q. After the removal of water, the
C-H and O-H stretching vibrations, respectively. The £iéck  complex does not show su cient thermal stability and starts
is detected at 771 cnd. releasing malonate ligand around 2@ The decomposition of

In the IR spectra of all complexes the asymmetric andhe malonic group is completed at 40D with a weight loss of
symmetric stretching bands of the carboxylate groups werabout 27% (calculated value 25.9%). The combustion of madonat
observed around 1,600 and 1,300 cyrespectivelylfeacon and is accompanied by two exothermic transitions in DSC. In the
Phillips, 1980; Rodriguez-Martin et al., 2002; Chrysomallidothird stage nitrate is lost (as a nitrogen oxide) in the ran§é400—
et al., 2010; Hussain et al., 2018here is a signi cant drop in 650 C leaving behind ¥2GfD3 as a residue (experimental46%,
frequencies of these bands relative to that of free malocid a calculated 46.1%). The DSC plot shows an endothermic dip at
indicating the coordination of malonate ions. The broad pgak about 600 C attributable to the removal of nitrate.
near 3,600 and 3,400 crh correspond to the O-H stretching A close similarity tol is noted concerning the TG-DSC
modes. The rocking vibration of coordinated,8 (r(H20) proles of compounds2 and 3, presented inFigures S6, S7
was found at 837 cmt in complexesl-3 and at 803 cm® in  respectively. However, instead of 680or 1, the decomposition
4 and 5. The medium band around 950 cr is ascribed to is completed at 900 and 600 for 2 and 3, respectively. The
bending vibration,d(O—C-0O) of the carboxylate group. The M- DSC curves show endothermic and exothermic peaks that all
O bonds absorbed at 276, 285, and 290 &rfor complexesl, are in agreement with the mass losses observed in the TG
2,and 3, respectively, which prabably represent t{#1-Owate)  curves. The nal residues in case ®fand 3 correspond to 46
vibrations (Chrysomallidou et al., 20)0 These absorptions % %:ThhO3 (calculatedD 46.3%) and 47% Y2H@3 (calculated
con rmed the formation of complexes as they were not observedalue 47.1%), respectively. The similarity of the thermal paste
in the ligand spectra. The spectral results are in agreemeht wisuggests that the decomposition mechanism is the same for the
the reported literature \flarrot and Trombe, 1994; Doreswamy three compounds.
et al., 2003; Chrysomallidou et al., 2010; Mathew et al2)201 As illustrated inFigure S8 for compound4 the rst mass loss

The bands at 819 cnt in 1-3 mark the presence of nitrate of 8% occurs between 140 and 1ZQattributed to dehydration
ions (Alhoshani et al., 2009 The absence of a band around (calculated weight losB 8.8 % for the removal of two water
1,700 cm? for complexesi-3 indicates the deprotonation of molecules) and is associated with an endothermic peak atCL68
COOH and coordination of carboxylate dianions to the metalThe loss of water at relatively higher temperature indicales
ions. However, the peaks at 1,697 and 1,714 im 4 and absence of water molecules of crystallization in the complex.
5, respectively, correspond toBID stretches of protonated After exclusion of coordinated water molecules, the anlbydr
carboxylic acid (COOH) Chrysomallidou et al., 20)@s it is compound is stable up to 37C. The second weight loss of
evident from crystal structures that the hydrogen malonates  45% occurs due to the removal of two malonic groups in the
are present in these compounds. temperature range of 370-9@D (calculated 50.2%), leaving
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TABLE 2 | Selected bond lengths (A), bond angles (), and torsion angles () for 1.

Q@ O
Gd1-01 2.330(3) 01-Gd1-Of 115.8(2) c1vi (cz & 02
Gd1-02 2.378(3) 01-Gd1-02 77.37(11) R T~ \\%% ‘
% O ) @) ®)
Gd1-03 2.454(5) 01-Gd1-03 72.00(11) 1 | "
- p (4
Gd1-04 2.415(3) 02-Gd1-03 80.41(13) e o /
Qfos . A
Gd1-05 2.421(5) 02-Gd1-04 112.51(12) ) V Yot &
c1-01 1.245(4) 04-Gd1-03 144.61(9) Bos C g{%/ \Q &
c1-01 1.264(5) 05-Gd1-03 117.72(16) ) }Qtﬂ
01-C1-C2-Cfi 125.1(4) 02-C1-C2-Cl i 55.4(6) o L N o2t 0O
'\:/\\ o7 Opii
Symmetry codes: (i) x¥, 1-y, z-¥%; (i) =C2, y, z; (iii) X, y-1, z; (iv) &3/2, -yC2, zC1/2. h2S

@ \ 2

o i
N
behind 47% Y2EiO3 as residue (calculatdd 46.8%). The DSC -
curve depicts two exotherms presumably due to combustion OfFIGURE 2 | The asymmetric unit ofl (50% displacement ellipsoids) expanded
organic moieties at 400 and 625. to show the full metal coordination sphere.

The thermal behavior of complekis described irFigure S9
The decomposition begins with the loss of two water molecofles
crystallization in the temperature range 90—-18Qexperimental
weight losD 8%; calculate® 8.1%). The second weight loss of
12% was observed in the range of 150—ZDand is ascribed to
the elimination of three water molecules coordinated witktal
atom. Thus, the thermogram clearly distinguishes the preser
uncoordinated and coordinated water molecules in the comple
After 225 C, the malonate ligands are lost reducing the mass
by 41% (calculate® 45.8%). The nal residue is 39% that is
associated with 2E@3 (calculated 39.4%). In the DSC plot
an endotherm at about 15C corresponds to the dehydration
step, while the exotherms at about 300 and 4€10epresent
the combustion of the malonate ligand$he shapes of the i
TGA curves forl-5 are similar to those of the other malonate- \ \g/‘ og2il
containing Li¥¢ complexes described in the literaturd (raishi \ ! -
etal., 1991; Doreswamy et al., 2003; Chrysomallidou et®lQ;2 A\, oo
Delgado et al., 20)8uggesting that the stability of the complexes
is comparable to the reported ones.

4

FIGURE 3 | The square anti-prismatic metal coordination geometry id.

Description of Crystal Structures

Single-crystal X-ray structural analysis revealed thatmounds

1, 2, and 3 crystallize in the polar, orthorhnombic space groupO atoms and two O atoms of water molecules, but their

Pmr2; and are isostructural. Therefore, compléxis taken dispositions are di erentFigure 3). In the 01/01/03/05 face,

as an example to present and discuss the structures in detétile water O atoms ardrans” (lying across the square diagonal),

with any signicant dierences for2 and 3 noted, where whereas in the other, 3202i1/04/04, they are tis”(adjacent).

ever applicable. Selected bond distances and bond angles Tdre angles subtended at the Gd atom by them vary in the

1 are presented inTable 2 while for 2-5 in Tables S1-S4 range of 72.01 to 144.61The malonate ligand is bonded to

respectively. The hydrogen bonding details 186 are given in  three di erent symmetry-related metal atoms yielding a two

Tables S5-S%espectively. dimensional coordination polymer. It forms a six-membered
The asymmetric unit ofl. shown in Figure 2 consists of a chelate ring with one G ion, while the remaining two carboxyl

Gd* ion (site symmetrym), a malonate (@I—IZOLZ1 ) ligand  oxygen atoms bind in a unidentate mode to the other two metal

(with the central C atom lying on a crystallographic mirror ions. In this way, the coordination mode of the bridging madde

plane), four water molecules (two lying on a mirror plane) andgroup can be described ag-k?0,0k0” kO™ (Delgado et al.,

a nitrate counter ion (the N atom and one of the O atoms2016. The six-membered chelate ring is well described as a boat

have m site symmetry). The cationic complex is polymericconformation, with C1 2 and O2 2 exactly coplanar by

with each Gd° ion coordinated by four O atoms from three symmetry and C2 and Gd1 displaced in the same sense by 0.610

di erent malonate groups and by four water molecules adopting6) A and 0.623 (7) A, respectively.

a fairly regular square anti-prismatic geometry. Each sguar The mean Gd—O bond distance this 2.390(4) A Table 2.

face of GdQ@ coordination polyhedron consists of two malonate The comparable distances for Th i (Table S} and for Ho
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FIGURE 4 | Part of a (010) layer in the structure of with the GdOg moieties represented as green polyhedra and C, H, and O atomshown as dark grey, white, and
red spheres, respectively.

in 3 (Table S2 are 2.377(3) and 2.352(4) A, respectively. This Complex 4 crystallizes in the unusual orthorhombic space
trend agrees well with that expected in terms of the lanthanidgroup Fdd2. The asymmetric unit o#4 depicted in Figure 5
contraction e ect @unzli, 2013 In each case, the M-f) contains one erbium(lll) ion (site symmetry 2), a malonate
(m D malonate) bonds are shorter than the My@Qw D water) ligand, a hydrogen malonate anion and two water molecules. T
bonds, which can be explained electrostatically in terms dbalance the charge of ¥, the malonate species must represent
stronger attraction to the delocalized negative charge o t statistically disordered malonate 4620421 ) and hydrogen
malonate O atoms. The M-O bond lengths fall within the rangemalonate (GH30,) ions, with half of the O2 oxygen atoms
observed for other L¥ complexes of malonate-Hernandez- in the crystal bearing a proton. The coordination polyhedra
Molinaetal., 2003; Cafiadillas-Delgado et al., 2006; Delgeal., of ErC ion is a square antiprism de ned by two chelating
2016. The C1-01 and C1-02 bond length%aple 2 in the ligands (bondingvia O1 and O3), two monodentate malonate
malonate ligand are almost equal, indicating delocalizattd ligands {ia O4) and two water molecules. In both square faces
charge. The dihedral angle between the square planes i48)84( (01/01/03/03 and 04'/041/05/05), the water molecules
and the metal ion is displaced from the O1 and O2 planes bygre located atttans” positions Figure S10. The dihedral angle
1.248(2) and 1.330(2) A, respectively. between these planes is (by symmetry) and the metal ion is

In the extended structure ofl, the ligands bridge the displaced from them by 1.303(2) and 1.186(2) A, respectively.
metal ions into innite cationic sheets of the formula The average Er-O bond length is 2.334(4) Talfle S3 that
[Gd(C3H204)(H20)4]¢ propagating in the (010) plane agrees well with the reported valudse(gado et al., 20)6The
(Figure 4). Each malonate ligand links with three metal ions andchelate conformation is an asymmetric boat, with C2 and Erl
the shortest Gd Gd separation within a layer is 6.1705(9) A, deviating from C1/01/C3/O3 (r.m.s. deviatioD 0.001 A) by
slightly less than the shortest inter-layer separation @480(7) 0.324(6) and 0.827(6) A, respectively. The C3—-03 and C3-04
A [The corresponding data foR D 6.1498(7) and 6.7359(5) bond lengths in the ligand are almost the same, indicating th
A, respectively, and fo8 D 6.1179(11) and 6.7123(10) A, delocalization of charge. However, C1-02 is much longer than
respectively]. The nitrate counter ions occupy the inter-tayeC1-O1 as a result of its disordered protonation, as described
sites and the inter-sheet bonding is consolidated by O-l®  above. It is notable that O2 (the protonated O atom) does
hydrogen bonds Table S5, with malonate O atoms, water not coordinate to the metal ion. The coordination mode of
molecules and nitrate-O atoms all acting as acceptors. Thiae C1/01/02 carboxyl group is! (monodentate) and that of
hydrogen-bonding patterns in the terbiumTgble S§ and C3/03/04 ismp-! 11 1 (bridging). In the extended structure of
holmium (Table ST compounds are essentially identical to4 the malonate ligands are bound in chelating form on one side
thatin 1. (through O1 and O3) and as a bridging entityid O4) from the
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FIGURE 5 | The asymmetric unit of4 (50% displacement ellipsoids) expanded
to show the full metal coordination sphere.

FIGURE 6 | Part of a (110) chain in the structure ot with the ErO3 moieties
represented as pink polyhedra and C, H, and O atoms shown as d& grey,
white, and red spheres, respectively.

FIGURE 7 | The asymmetric unit of5 (50% displacement ellipsoids) with the
non-coordinated water molecules of crystallization omiéd for clarity.

eight (for G#° - ErfC) to nine (for EUC) is due to

its larger size as compared with the otheiBuzli, 2013.
The coordination polyhedron around Eul can be described
as a distorted capped square antiprisrrigure S1) with
01/03/04/05 and 09/010/017/018 sets (two water molecules
cig forming the square faces and 019 (water molecule) as the
cap. The dihedral angle between the squares is 2.8{ay
Eul is displaced from them by 0.7244(12) andl.6269(12) A,
respectively. Eu2 possesses a similar coordination polyhedron
the squares of which are de ned by 09/013/@1@15' and
05/06/021/022 (water moleculesy [dihedral angle between
them D 4.61(9)] and the cap by 020. Eu2 is displaced from
these squares by 0.7270(11) and 1.6413(12) A, respectively.
The malonate dianions behave as bridging as well as chelating
(forming a six-membered chelating ring through O1 and
03) ligands adoptingrp-k?0,0k0” coordination mode. The
hydrogen malonate ions bind only on one side in ra-
kOk20' manner. The carboxylate bonding modes in 5 are
more varied than in 1-4: C1/01/02 is monodentate to Eul

other side (np-k?0,0k0” coordination mode). The repeating (! 1 mode); C3/03/04 is bridging to two Eul atomspf! 11 1
units are cross-linked to generate a dense two-dimensionahode); C4/05/06 bonds to both Eul and Eu2 in chelating-
network, with no evidence of channels or pores. A part of thedridging mp-! 2:1 1 mode; C7/09/010 is chelating-bridgingy-

chain propagating in the (110) direction is expresse#igure 6.

1211 mode); C6/07/08 and C9/011/012 are protonated at

The structure of the compound does not match with any ofO8 and 012, respectively and these two groups do not
the earlier reported structures of Bhcomplexes involving the coordinate to the metal ion; C10/013/014 is bridgingp¢
hydrogen malonate ligand{enmei et al., 1992: Marrot and ! 11 1); C12/015/016 is monodentaté { mode). The ligands

Trombe, 1994; Delgado et al., 2016

have dierent conformations as indicated by the following

Complex5 is a 2D polymer consisting of neutral dinuclear dihedral angles between the carboxylate groups: C1/0XZ02

asymmetric units Eigure 7) composed of two E¥ ions, two

C3/03/04 D 34.4(3); C4/05/06 C C6/07/08 D 72.9(3);

malonate dianions, two hydrogen malonate ions, six cocaithd C7/09/010 C C9/011/012D 87.0(3); C10/013/014C
water molecules, and four water molecules of crystalirati C12/015/01@ 28.5(3).

(one of which is disordered over two adjacent sites). In each The mean Eu—O distances are 2.454(2) and 2.457(2) A for Eul
dinuclear unit the two europium centers (Eul and Eu2) areand Eu2, respectivelyTdble S4, which are comparable to the
bridged by the carboxylate groups of two hydrogen malonatéterature data Hansson, 1973a; Hernandez-Molina et al., 2002;
ions to form a four membered Eu-O-Eu-O ring. Both metal Zhang et al., 2007; Jin et al., 2D1For both metal ions, the
ions are nine-coordinated by six carboxylate and three waterharge-assisted Eu—O bonds from the deprotonated carbiexyla
oxygen atoms. The increase in coordination number fromgroups tend to be the shortest. In the extended structure of
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FIGURE 8 | Part of a (001) layer in the structure of with the Eu1Qy and
Eu209 moieties represented as blue and green polyhedra, respestely and C,
H, and O atoms shown as dark grey, white, and red spheres, resgctively.

5, the europium polyhedra share an edgea O5 and O9,

resulting in a Eul Eu2 separation of 4.3486 (4) A. The ligands,

bridge the dinuclear species into (001) 2D sheéigyre 8).
Numerous O—H O hydrogen bondsTable S9 consolidate the
packing: the bonds from the O8 and O11 carboxyl

coordination frameworks, while some as 1D or 2D polymers.
The richness of structural architectures could be relatetht®
versatility of malonate coordination modes and high valoés
the coordination number and exibility of geometries of the
Ln(lll) ions.

In the majority of the complexes, the metal ions exhibit
the coordination number nine, and the common geometries
are tri-capped trigonal prism and distorted monocapped
square antiprism [Delgado et al., 20)6In [Pro(mal)3(H20)e]
and its dihydrate, the coordination environment is distatte
capped tetragonal antiprismChrysomallidou et al.,, 20)0
[Gdz(mal)3(H20)5]n2nH20 is eight-coordinated in which the
Gd environment is distorted square antiprismatiCgfadillas-
Delgado et al., 2006 Complexes with coordination number
of ten are also known. For example, in 1D polymeric
[CeCl(mal)(H0)3]'0.5(H0), the cerium center adopts a highly
distorted dodecahedronS(lva et al., 2000 The coordination
polyhedra of metal ions in [La(kD)2(mal)(mal-H)]'H,O and
[PrCl(mal)(H20)3]n 0.5nH20 are best described as distorted
tetracapped trigonal prismMarrot and Trombe, 1994 and
bicapped tetragonal antiprismCirysomallidou et al., 20)0
respectively. The extensive network of hydrogen bonds in the
polymers enhances their structural stability.

The structures of the complexes presented héré) do not
possess similarity to any of the previously reported structure

groups (ONgqyr of the ve complexes exist as mononuclear 2D polymers,

to another ligand O atom and one to a water molecule) havgiie the fth (5) is dinuclear. Two complexest(and 5) are
notably shorter H O separations than the bonds arising from o jonic as usual, but threel{3) contain nitrate as a counter

the water molecules.

Comparative Structural Analysis
The crystal structures of several

ion, which are so far unprecedented. In compleke4, the metal
ions are eight-coordinated. The increase in coordinatiomber
from eight (for GFC-Er’C) to nine (for EL’C) is due to its

lanthanide compoundkarger size compared with the others. The change in cooriinat

containing malonate ligand have been reported, which dbscri number from nine to eight can be related to the lanthanide

the ability of the malonate ion to adopt monodentate, chelgfi

contraction Bunzli, 201.

and bridging coordination modes. The six-membered chelate ) _
ring through the two carboxylate groups is quite commonPhotoluminescence Properties

in the lanthanide complexesDglgado et al., 20)6In the
present series of complexes, the malofatégand adopts two
types of coordination modesys-k?0,0k0” kO™ (1-3) and
mp-k?0,0k0” (4,5) leading to 2D network structures.

The excitation and emission spectra bf5 were recorded in
the solid state at room temperature. All these compoufd$s

exhibited luminescence in the visible region but most ercell
results were obtained for compoundsand 5. The excitation

A closer look at the previously reported structures ofspectrum of2 was recorded to monitor the strongest emission of

the Ln(lll)-malonate (mad ) compounds shows that

terbium ®D4!  “Fs) at 548 nm. The spectrum & (Figure 9A)

most of them are dinuclear having the general formulagexhibited ligand excited peaks between 230 and 270 nm which

[Lno(mal)z(H20)6]n'xH20 (Delgado et al., 20)6 (Ce, Sm)
(Doreswamy et al., 2003; Chrysomallidou et al., 20(Rr),
(Hansson, 1973b; Doreswamy et al., 20@ld) (Hernandez-
Molina et al., 2002; Zhang et al., 200(Eu) (Hernandez-Molina
et al., 2003; Cafadillas-Delgado et al., 3q@), (Fang et al.,
2009, (Dy), or [Lna(mal)3(H20)s]n xH20 (Delgado et al.,
2019 (Ho, Tb, Dy, Er, Yb) Hernandez-Molina et al., 2003;
Cafiadillas-Delgado et al., 2Q0@>d) (Hansson, 1973a (Eu).
Some of them exist in the mononuclear forrfd/énmei et al.,

correspond to the §! S S of the ligand transitions. The
peaks in the terbium spectrum were observed at 318, 341, 351,
365, and 379 nm which correspond to thes !  °H7,°Dg 1, ‘Fe

I 5Dy, "Fg! °D3, "Fs! SLig and’Fg! SGg transitions,
respectively. The excitation spectrum bfwas recorded to
monitor the strongest emission of europiunily ! ’F,) at

619 nm. The spectrum & (Figure 9B) also exhibited broad band
between 230 and 275nm that represents the ligand excitations
S! Sand $!  S. The excitation peaks of europium are

1992; Marrot and Trombe, 1994; Chrysomallidou et al., 2010pcated at 300, 317, 360, 381, 393, 413, and 461 nm attributed

Silva et al., 2090 The trivalent lanthanide cations (because ofto the "Fg !
their high charge and small size) have high a nity for water !

5F3, "Fo ! SHy, "Fo !
5D3, and "Ry !

D4, 'Fo ! OLz, Ry

SLg, Fo ! 5Dj3 transitions, respectively.

and therefore, the coordination sphere is usually completed byhe major ligand excitation signab$ S expected at 370 nm

water molecules. Most of the structures are assembled into 3light be superimposed on strong peal&; !

510 and "R
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FIGURE 9 | Solid state excitation spectra of2 (A) and 5 (B) to monitor emission wavelength at 548 and 619 and respectivig.

FIGURE 10 | Solid state emission spectra of2 (A) and 5 (B) excited at 365 and 381 nm respectively.

I 5L7in 2 and5, respectively. The excitation spectra2ofind  emission spectrum db under the excitation of 381 nm is shown
5 depict that the ligand absorbs at shorter wavelength (23Gn Figure 10B which exhibits ve characteristid—f emission
280 nm) for excitation which helps to sensitize the symmetrypeaks of europium 560 nn?D1 ! “Fy), 597nm Do ! "Fy),
forbiddenf-f transition of Th(lll) and Eu(lll) ions, respectively. 619nm D! ’F,), 661nm PDg! ’Fs), and 560 nm{Dg !
The emission spectrum ¢f under the excitation wavelength of 7F4). Among them an induced electric dipole transitiég !
365 nm is shown irFigure 10Awhich exhibits ve characteristic ’F; is the most intense which is hypersensitive to the chemical
f—f emission peaks of terbium at 496, 548, 584, 626, and 654 nemvironment in the vicinity of Eu(lll) ion and responsiblerfthe
attributed to the®D4 ! "Fg,®°Da!  'F5,°D4! 7F4,°D4! 7Fs,  strong red emission when irradiated under UV lighidu et al.,
and®Dy4! 7R, transitions, respectively. The strongest emissior2014. The magnetic dipole transition at 597 nfi{p !  ’Fy)
is observed by electric dipole transition at 548 nRD{ ! that is less sensitive to the coordinated environment iatre¢ly
"Fs) due to the induced e ect of the coordinated ligand, which weak compared with the electric dipole transition. The Ey(lIl
confers to the intense green luminescence output from thiel sol transition rule states that the magnetic dipole transitiGpg !
sample when irritated under UV light-{ou et al., 2013; Bogale “F1) will be more intense when there exists a center of inversion.
et al., 2017a)bln some previously reported terbium carboxylate The intensity of electric dipole transitio?Dg ! ’F transition
polymers, the intensity of this emission is quenched in thewill be decreased as the site symmetry of Eu(lll) ion increase
presence of F& and nitroaromatics, and can be used as a sensdiHou et al., 201} By comparing the intensity ofDg ! "F»
for the detection of metal ions and nitro compoundBdgale (619nm) and®Dg !  “F1(597nm) for 5, the intensity ratio is
etal., 2017a)bThe magnetic transition at 490 nrilD4! ’Fg)is  about 4:1 which suggests that europium ion exists in the low
relatively very weak with intensity ratio 1:804 ! "Fe: °Dy ! symmetry environment and there is no center of inversion as
Fs) that is almost insensitive to the coordinated environmgnt revealed by the X-ray structural analysis of compo8r{éu and
(Bogale et al., 20173,@hese peaks have been observed in otheXue, 2005 The excitation and emission spectreBqfFigure S12
terbium complexesghao et al., 2004; Hou et al., 2013, 20The  exhibited sharp peaks with broad bases at 319!( 3Gg) and

Frontiers in Chemistry | www.frontiersin.org 10 April 2019 | Volume 7 | Article 260



Hussain et al. Lanthanide(lll) Malonates

TABLE 3 | The room temperature experimental values of effective magtic
moment ( ¢f) for1-5 and Van Vleck and Hund magnetic moment () for free
lanthanide ions.

Complex Trivalent  Con guration ( B) (Van ( B) eff( B)
ion 4" Vieck) (Hund) Experimental

1 Gd a4’ 7.94 7.94 8.38

2 Tb 4f8 9.70 9.70 9.82

3 Ho 4710 10.60 10.60 9.95

4 Er 411 9.60 9.60 9.53

5 Eu 46 3.40-351 0.00 3.98

B D Bohr magneton

570nm P, °F4 ! Slg), respectively. In addition, few broad
peaks are observed between 400 and 500 nm in the emission
spectrum of3 which are di cult to designate. The emission
spectra ofl (Figure S13B and 4 (Figure S14B are di erent
from 2, 3, and 5. No characteristic peaks of gadolinium and| FIGURE 11 | The calculated TDOS and PDOS graph fol at GGA-PBE level
erbium are observed in the emission spectral@ind 4 except | °f theorv.
broad emission bands at 560 and 470 nm, respectively.

Plush and Gunnlaugsson reported that a dinuclear
europium(lll)  bismacrocyclic ~ complex HRlush  and

Gunnlaugsson, 2007 showed signi cant enhancement in .. < are given in the Supporting Information. All the

europium(lll) emission when ftitrated with malonic acid at .,mnytational calculations were performed using Cambridge
p_H 6.5. When this dinuclear complex was titrated with otherggrial Total Energy Package (CASTEP) in Material Studio
dicarboxylates such acetate, succinate, aspartate, atatajel (Carter et al, 2006 A detailed comparison of optimized

acids at the same pH, the Eu(lll) emission on all occasiqns Wafsometry and experimental single crystal geometry of
quenched _I(—"Iush gnd Gunnl_augsson, 2007hus, we believe compound 1 is presented inTable S10 and Figure S16
that malonic acid is most suitable to produce excited stet@s t \, ich indicates the reliability of our chosen geometry ireth

help to sensitize the lanthanide luminescence comparedtiéh present investigation.

other aliphatic dicarboxylates.
M tic P " Density of States (DOS)

hagne IC Froperties ) ‘ | In order to understand the structure-property relationshipe w
The room temperature magnetic moments of compledes .0 o5icylated total density of states (TDOS) and partiasite

are provided inTable 3 The experimental ¢ values for these ¢ 1o (PDOS) for compound 1. The TDOS and PDOS
complexes are near to the Hund (except for 5) and Van Vieck i e into individual states contributions of the malie

(Van Vieck, 1932\/?“63 for Lhe app!lt;:a(ljale frﬁe Ln(III)l;oq. Th? were calculated for compound 1 as shownFHigure 11 The
lnon-lzgro momednt or5 can he ascribec to the Ct?nt” u(;'r?n O total DOS shows a lot of structural patterns that can be better
ow-lying excited states to the magnetism, as observednarot e sto0qd by looking at the PDOS. It can be seen that in

europium(lll) complexes kerenc et al., 20133,bThese data deep valence band the contributions sf and p-states from
indicate that the energies of thé drbitals in the title compounds oxygen atoms are signicant in the range of25 to 3eV.

diera ”tﬂ% f““T‘ the free lanthanide(ll) ions due to the ‘?that which indicates signi cant ligand contributions in the mextular
55 angl P orbnal; are completely lled aqd strongly shield the_ structure. On the other hand, around the Fermi-level the
4t orbitals. Thu;, It supports th_e assumption of th? electrostati ;. rihytions fromp- and f-states are signi cant. Hybridization
nature of metal-ligand bonding in these compouné@si(ha, 2012; e ects can also be analyzed using PDOSs fiigure 10 The

Kettle, 2013 signi cant contributions ofp-states of O atoms anttstates of

Computational Study of Optoelectronic Gd atoms around 0.5_ey mghcates the s.tr_ong bondlng.character
or energy states hybridization of gadolinium atoms with geg

Properties of atoms of ligands.

[Gd(C3H204)(H20)4]n NOgz}n (1) _ _

The optoelectronic properties of compourttd were explored Optical Properties

using rst principle methods $upporting Information). In the past, the photophysical and electroluminescence
The theoretical calculations have been performed withirproperties of rare earth metals have been studied very
periodic boundary conditions (PBC) using DFT functional keenly because of their many technological applications
called PBE (in generalized gradient approximation) ini.e., optical ampliers, luminescent solar concentratorsdan
solid-state calculations. Further details about compotsi active waveguides<gnyon, 2002; Kido and Okamoto, 2002;

parameters including Brillouin Zone (BZ) sampling and energy
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FIGURE 12 | The calculated optical properties ofl, including real and imaginary parts of the dielectric funin, refractive index, and extinction.

FIGURE 13 | The calculated (PBE-GGA) and experimental (in ethanol) arption spectra of compound 1.

Armelao et al., 2010; Katkova and Bochkarev, 2010; He erwavelength up to 800 nm to the direction of polarization vecto
et al., 2013; Reisfeld, 2Q15Along similar lines, we have [100]. For compoundl, its real and imaginary parts of the
calculated some important optical parameters, including reatlielectric function show peaks of maximum dielectric fuocti
and imaginary parts of dielectric function, refractive inxge values (reaD 2.2 and imaginanp 1.5) in the range of 200 nm
extinction coe cient and absorption spectrum in the solid- to 300 nm, which indicates that the maximum interaction of
state for1 using periodic boundary conditions. The real andlight occurs in this range. The refractive index and extiot
imaginary parts of the dielectric function are presented incoe cients also show the highest valuesro{1.52) andk (0.64)
Figure 12 The dielectric function is the response of the materialat similar wavelengths as that of dielectric function in ¥

to the alternating electric eld. Experimentally, dieldgctr region. These values indicate by how much the value is bent
function is calculated using dielectric techniques e.gledtric  when entering the material.

relaxation spectroscopy (DRS). In the present investigatiom, t  Moreover, we have also calculated the UV-Visible spectrum
optical functions of compoundl) are calculated for photon for compoundl by using the PBE-GGA method for solid-state
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crystal structure. In addition to the commutated UV-Visible in 4 and 5. The results of the thermogravimetric analysis
spectrum, we have also experimentally recorded the UWeried the composition of the investigated complexes. The
Visible spectrum in ethanol solution. Both the calculatedian photoluminescence spectra @ and 5 exhibit characteristic
experimental spectra are illustratedfiigure 13 It is important  emission of Tb(lll) and Eu(lll), respectively. Additionally
to mention that the experimental spectrum is only availablhe we have used the rst principle calculations for compound
range of 190—400 nm due to the limits of our spectrophotometerl to explore its optoelectronic properties. The prediction of
Owing to the above situation and to make a comprehensivéielectric function, refractive index, extinction coe ent and
comparison of computed and experimental UV-Visible spectraabsorption spectrum shed light on prospective applications as
we have also presented the enlarged part of the computationalbptical materials. The maximum dielectric function and athe
generated UV-Visible spectrum in the range of 150-400 nnabsorption coe cients in the UV region for compoundl
as shown inFigure 13 A comparison of computationally indicate its potential application as a UV sensor. A comparison
generated and experimental UV-Visible spectra shows that theyf computationally generated and experimental UV-Visible
are in reasonable agreement with each other. The maximumspectra shows that they are in reasonable agreement with
absorption wavelengths in both spectra are found to be aroundach other having maximum absorption around215nm.
215nm. Moreover, the absorption ranges for both the spectrdihus, we strongly believe that the present set of synthesis,
are between 175 and 300 nm. The experimental spectrum faharacterization, and computational insights will evokee th
compound 1 shows one shoulder peak which might be duesigni cant interests of scienti c community in the chemistiof
to the fact that it has been measured in ethanol while theare-earth coordination polymers.
computationally generated spectrum is in the solid state. The
absorption values display maximum amplitudes in the range o(AUTHOR CONTRIBUTIONS
200-250 nm with good absorption coe cients in the ultraviole
region that could be valuable for the possible application oXC, SA, and IK devised the project, the main conceptual ideas,
compound 1 as a UV sensor. Thus, we believe that thesand proof outline. SH synthesized the compounds, performed
optical properties can be very helpful to oer a theoreticalanalyses and wrote the manuscript. SM carried out the
basis for the experimental analysis of photophysical propertiesomputational and theoretical work. ME collected the crystal
in future, and to get new physical insights from the moleculeslate and helped in structure solutions. WH re ned and drew
to materials. images of the structures and wrote the crystal description.

CONCLUSIONS FUNDING

Five new lanthanide-malonate coordination polymers (1-National Natural Science Foundation of China (Grants No.
5) with two- or three-dimensional connectivity have beenU1804253 and 21771507).

synthesized and their crystal structures were determingd b

X-ray crystallography. The complexels4 are monoculear ACKNOWLEDGMENTS

and the central LA ions are eight-coordinate assuming

square antiprism geometry. Comple¥ is dinuclear with XC is grateful for the nancial support from the National
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malonate ligands show typical versatility in their chelgtin for postdoctoral support. The authors from KKU also extend
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2009 [Era(C3H204)3(H20)s]n 2nH20, (Delgado et al., 20)6

and [Et(C3H204)3(H20)e]n 2nH0 (Hernandez-Molinaetal, SUPPLEMENTARY MATERIAL

2009 contain dianionic malonate ligands, while only a few

reports are available on the hydrogen malonate complexekhe Supplementary Material for this article can be found
(Wenmei et al., 1992; Marrot and Trombe, 199he IR online at: https://www.frontiersin.org/articles/10.38&hem.
spectra also indicate the presence of hydrogen malonatedigar2019.00260/full#supplementary-material
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