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Lanthanide contraction and chelating effect on
a new family of lanthanide complexes with
tetrakis(O-isopropyl)methyle-nediphosphonate:
synthesis, structures and terahertz time-domain
spectroscopyf

Yan Ma,? Yong-Sheng Yang,® Yu-Han Jiang,? Yue-Xue Li,? Min Liu,” Zhong-Feng Li,®
Hong-Liang Han,® Yu-Ping Yang, Xiu-Lan Xin® and Qiong-Hua Jin @ *2

Sixteen lanthanide—diphosphate complexes [LnL,(H,0)4ClICL (Ln = La** for 1, Ln = Ce®* for 2), [LnL,(H,0)4]
Cls-6H,0 (Ln = Nd** for 3, Ln = Sm>* for 4, Ln = Eu®* for 5, Ln = Gd* for 6, Ln = Tb>* for 7, Ln = Dy>* for 8,
Ln = Er** for 9), {[LaLx(H20)4ClUClo}, (10), [PrLo(OH)a(H,0)CH [Pris(H,0)4CUCL (11), [Laly(Ho0)sCUCL, - 2H,0
(12),  [YbLx(H20):CUCL-HO  (13),  [NdLx(HxO)sClUCl-3H,O  (14),  [Holx(HO)CLICI-H,O  (15),
[ScoLa(H20)4(OH),ICl, - 4H,O-2CH-OH (16) (L = tetrakis(O-isopropyl)methylenediphosphonate) have been
synthesized by the reaction of lanthanide chlorides and L ligand in the solvent of acetonitrile (with ethanol
or DMF) at room temperature. The title complexes were characterized by IR, elemental analysis, single-
crystal X-ray diffraction analysis, thermal analysis, *HNMR and 3!PNMR spectroscopy. Complexes 1-15 are
mononuclear complexes and complex 16 is a binuclear cluster complex. Complex 12 is the intermediate
of complex 1. Complexes 11-13 display a one-dimensional chain formed by hydrogen bonds and the
structures of complexes 14, 16 can be simplified as two-dimensional mesh 6° topology formed by
hydrogen bonds. In those lanthanide complexes, the lanthanide ion with an atomic number smaller than
Pr element tends to form a nine-coordinated structure and that with the atomic number larger than Pr
element tends to form an eight or lower number-coordinated structure. Pr element has two kinds of
coordination situations, with coordination numbers of nine or eight. The terahertz (THz) time-domain

rsc.li/rsc-advances

Introduction

Supramolecular chemistry is the chemistry of the intermolec-
ular bond, covering the structures and functions of the entities
formed by association of two or more chemical species’?
through weaker non-covalent bonding interactions such as
hydrogen bonding, electrostatic interactions, electron-donor/
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spectra of these complexes were also studied.

electron-acceptor interactions and w-m stacking interac-
tions.>* A considerable amount of the research activity on metal
phosphonate chemistry has focused on the rational design and
synthesis of multifunctional coordination polymers, mainly due
to their interesting structures and potential application in the
areas of catalysis, ion exchange, proton conductivity, intercala-
tion chemistry, photochemistry, and materials chemistry.>*
Many research groups have used phosphonate ligands to
synthesize a large number of metal phosphonates that possess
mainly extended structures including 1D-chained, 2D-layered
and 3D-pillared structures. As a result of these studies, a wide
range of 3d-metal phosphonate and 3d-4f-heterometallic
phosphonate cages have been synthesized. In contrast to tran-
sition metal phosphonates, reported molecular assemblies of
purely 4f-phosphonates are rare.”® According to the HSAB
principle, lanthanide cations belong to hard acid, so it is easily
coordinated by the hard base. For this reason, lanthanide
cations are expected to interact strongly with phosphoryl (P=0)
group in order to gain lanthanide-phosphate compounds.’
Compared with their monodentate analogues, the lanthanide
complexes with chelating diphosphonate ligands have good
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stability. So they have been studied owing to their interesting
coordination patterns, catalytic properties and the applications
in certain specialized separation or recovery processes.

In rare earth coordination chemistry, the chelating effect and
lanthanide contraction are very common laws. The chelating
effect indicates that the reaction to produce the chelate is more
advantageous in terms of energy than the reaction to produce
the monodentated complex. Chelating effect is mainly caused
by two factor, one is the entropy increase effect, the entropy in
the reaction increase due to the need for less ligand molecules
caused by chelating. The other is the role of enthalpy, the same
multi-dentate ligand reduces the mutual repulsion of ligands in
different sites, which will affect the coordination pattern of
ligands and the stability of complexes."*™ Due to the reason of
lanthanide contraction the atomic radius and ionic radius of
the lanthanide elements decrease with the increase of atomic
number will affect coordination number of metal ions."™°
Under the influence of these two factors, the coordination
modes and properties of lanthanide complexes are very
different.””>* What is more, lanthanide ions have a larger radii
and higher coordination numbers than transition metals and
exhibit specific, line-shaped f-f emissions, covering a large
spectroscopic range from the visible to the near-infrared (NIR).
Lanthanide complexes have attracted attention due to their
potential applications in electroluminescent devices, fluores-
cence materials, bioassays and luminescent probes.*’

There are a few reports on the use of terahertz means to detect
the properties of lanthanide complexes. In our previous work, we
synthesized a number of lanthanide complexes with the bidentate
ligand tetrakis(O-isopropyl)methylenediphosphonate, some of
them were characterized by THz-TDS spectra.”**° Terahertz
spectrum covers the frequency region from 0.1 to 10 THz
(3.3 ecm ™" to 333 em ') which bridges the microwave and the far
infrared. The THz spectrum contains a wealth of chemical infor-
mation, such as intramolecular twist, crystal lattice vibration,
hydrogen bond, van der Waals force and so on. Besides, many
substances have fingerprints in range of the terahertz spectra
band. Therefore, based on these fingerprints, it is possible to
identify the components, to analyze the physicochemical proper-
ties and to study dynamic behaviour of the compound. Conclu-
sively, terahertz spectroscopy is complementary to Fourier
transform infrared spectroscopy and X-ray technology.** Due to
the relative infancy of THz spectroscopy, especially in the chem-
ical sciences, work in this area is still limited and the literature is
underdeveloped and disparate. This is also true with regard to
THz metrology where further developments are required to stan-
dardise measurements and methodologies in order to allow THz
spectroscopy to become a routine tool for the chemical sciences.*

In this paper, we will make a detailed discussion for a series
of sixteen lanthanide-diphosphates complexes on the syntheses,
crystal structures, "HNMR and *"PNMR spectroscopy character-
istics, thermal analysis and terahertz (THz) time-domain spec-
troscopy. In additions, these complexes afford an opportunity to
study lanthanide contraction and chelating effect.
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Experimental details
Materials and physical measures

All other materials were of analytical grade and used without
further purification. All experiments were performed at ambient
temperature. Elemental analyses (C, H, N) were performed on
a Flash EA 1112 analyzer. IR spectra were recorded from KBr
pellets on a Brucker EQUINOX 55 FT-spectrometer operating in
the 4000-600 cm ™' region. NMR experiments were carried out
on a VNMRS-600 spectrometer using CDCl; as solvent. Emis-
sion spectrum was recorded on a Hitachi F-4500 Luminescence
Spectrophotometer. The THz absorption spectrum was recor-
ded on the THz time-domain device of Minzu University of
China, based on photoconductive switches for generation and
electro-optical crystal detection of the far-infrared light. The
experimental apparatus for terahertz transmission measure-
ments has been discussed in detail elsewhere.*® The prepara-
tion of the samples is by pressing the mixed powder of samples
and polyethylene into a pellet. The detection of THz absorption
spectra is carried out at N, atmosphere to avoid the influence of
water vapour. The thickness of the samples 1-16 and ligands is
about 1 mm. The THz absorption spectra of the samples are
obtained by the THz time-domain device and the effective
spectrum range is 0.4-3.3 THz.

Synthesis of complexes 1-2, 4-9, 11 and 12

A mixture of 0.2 mmol LnCl;-6H,0 (Lafor 1, Ce for 2, Sm for 4,
Eu for 5, Gd for 6, Tb for 7, Dy for 8, Er for 9, Pr for 11, La for 12),
1,10-phenanthroline (0.005 g), CH;CN (10 ml)and three drops
of DMF was stirred for 3 hour before adding nine drops of L
(0.4 mmol). Stirring was continued for 3 hours at ambient
temperature to give a clear solution. The solution was filtered.
Three days later, the clear solution became turbid. Several
months later, lavender crystal of complex 4 and other colourless
crystals of complexes not in quantitative yield were obtained.
Single crystals suitable for X-ray diffraction were obtained by
slow evaporation of a mixed solvent of CH;CN and DMF in the
refrigerator.

[LaL,(H,0),CI|Cl, (1). Yield 49.7%, 99.8 mg. Anal. calc. (%)
for C,6HgsCl3La046P,: C, 31.08; H, 6.57. Found (%): C, 31.36; H,
6.54; IR (KBr disc, cm™'): 3650w, 3369s, 2979s, 2933m, 2875m,
1632m, 1544w, 1469m, 1454m, 1388s, 1376s, 1360m, 1251s,
1220s, 1145s, 1099s, 997s, 939m, 889m, 815s, 803s, 775m,
700m, 577m, 524s, 425w.

[CeL,(H,0)4CI|Cl, (2). Yield 47.6%, 95.9 mg. Anal. calc. (%)
for C,6HgsCl;Ce0,P,: C, 30.98; H, 6.75. Found (%): C, 31.05; H,
6.93; IR (KBr disc, Cmfl): 3650m, 3350s, 2982s, 2933m, 2899m,
2875m, 1632m, 1467m, 1453m, 1388s, 1376s, 1359m, 1219s,
1144s, 1100s, 998s, 938m, 890m, 817s, 775m, 764m, 722w,
700m, 576m, 528s, 484w, 417w.

[SmL,(H,0),]Cl;-6H,0 (4). Yield 50.1%, 107.1 mg. Anal.
dehydration calc. (%) for C,cHgsClzSmO;6P,: C, 30.66; H, 6.68.
Found (%): C, 32.10; H, 6.80. IR (KBr disc, Cmfl): 3379s, 2982s,
2935m, 2875w, 2737w, 1625m, 1519w, 1468m, 1425w, 1388s,
1377s, 1253s, 1226s, 1203s, 1145m, 1101s, 1084s, 1065s, 1015s,
890m, 863w, 813s, 779m, 762m, 702m, 576m, 525s, 425w.

This journal is © The Royal Society of Chemistry 2017
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[EuL,(H,0),]Cl;-6H,O0 (5). Yield 52.1%, 117.4 mg. Anal
dehydration calc. (%) for C,sHgsCl3EuO;4P4: C, 30.62; H, 6.67.
Found (%): C, 31.73; H, 6.71. Found (%): C, 27.80; H, 7.12; IR
(KBr disc, cmfl): 3369s, 2978s, 2932m, 2874m, 1627m, 1469m,
1455m, 1387s, 1376s, 1360m, 1255s, 1228s, 1205s, 1170s, 1142s,
11225, 1104s, 1085s, 10675, 990s, 866m, 811s, 803s, 779m, 729w,
701m, 580m, 523s, 426w.

[GdL,(H,0),]Cl;-6H,0 (6). Yield 47.2%, 106.9 mg. Anal.
dehydration calc. (%) for CpsHesClz3GdO16P4: C, 30.46; H, 6.64.
Found (%): C, 30.71; H, 6.60. IR (KBr disc, cm™"): 3369s, 2979s,
2934s, 2875m, 2517w, 2345w, 2308w, 1870w, 1631m, 1660w,
1468m, 1455m, 1387s, 1376s, 1257s, 1229s, 1171s, 1143s, 1103s,
1085s, 10665, 994s, 887m, 812s, 779m, 763m, 728m, 702m, 580m,
524s, 426w.

[TbL,(H,0),]Cl;-6H,0 (7). Yield 48.3%, 109.6 mg. Anal.
dehydration calc. (%) for C,6HggClsTbO;6P,: C, 30.41; H, 6.63.
Found (%): C, 30.86; H, 6.65; N, 4.95. Found (%): C, 27.65; H,
7.07; IR (KBr disc, cm™*): 3437s, 2979s, 2934m, 2875m, 1630m,
1468m, 1454m, 1387s, 1375m, 1256s, 1229s, 1207s, 1177s,
1143m, 1122m, 1104s, 1084m, 1068s, 996s, 887m, 812s, 801s,
779m, 731w, 702w, 581w, 524s, 420w.

[DyL,(H,0)4]Cl;-6H,O (8). Yield 45.9%, 104.4 mg. Anal.
dehydration calc. (%) for CcHggCl3DyO;6P,4: C, 30.30; H, 6.60.
Found (%): C, 31.01; H, 6.67. IR (KBr disc, cm ™ "): 3392s, 2979s,
2934s, 2875m, 2737m, 1730w, 1631m, 1468m, 1454m, 1387s,
1376s, 1208s, 1144s, 1123s, 1102s, 1084s, 1067s, 998s, 888m,
813s, 802s, 777m, 735w, 702m, 587w, 5275, 428w.

[ErL,(H,0),]Cl; - 6H,0 (9). Yield 46.0%, 105.1 mg. Anal. dehy-
dration calc. (%) for CpysHegCl3ErOs6P4: C, 30.16; H, 6.57. Found
(%): C, 30.46; H, 6.64. IR (KBr disc, cm™"): 3392s, 3271s, 2981s,
2935s, 2875m, 1638m, 1468m, 1455m, 1388s, 1377s, 1361m,
1234s, 1190s, 1144s, 1124s, 1099s, 1084s, 1068s, 1003s, 939m,
889m, 812s, 763m, 735m, 700m, 669w, 588w, 532s, 479m, 429w.

[PrL,(OH),(H,0)CI][PrL,(H,0),CI|C, (11). Yield 52.1%, 200.6
mg. Anal. calc. (%) for Cs,H;3,ClPr,03,Pg: C, 32.42; H, 6.86.
Found (%): C, 32.74; H, 6.95. IR (KBr disc, cm™"): 3649m, 3350s,
2980s, 2930m, 2898m, 2875m, 2836w, 2380w, 1632m, 1469m,
1453m, 1387s, 1377s, 1359m, 1219s, 1144s, 1099s, 999s, 938m,
889m, 817s, 776w, 765m, 723w, 700m, 577w, 528s, 483w, 420w.

[LaL,(H,0)sCI|Cl,- 2H,0 (12). Yield 50.6%, 107.27 mg. Anal.
dehydration calc. (%) for C,cH,oCl;LaO4,P,: C, 32.77; H, 7.35.
Found (%): C, 32.72; H, 7.43. Found (%): C, 29.57; H, 7.00; IR (KBr
disc, cm™"): 3651m, 3339s, 2981s, 2933s, 2897m, 2875m, 2823w,
2354w, 2171w, 1632s, 1467s, 1452s, 1388s, 1377s, 1359s, 1215s,
1144s, 1100s, 979s, 938s, 890s, 818s, 775w, 764m, 723w, 700s,
576w, 528s, 499m, 485m, 416w.

Synthesis of complexes 3, 10

A mixture of LnCl;-6H,0 (0.2 mmol, 0.07172 g NdCl;- 6H,0 for 3,
0.2 mmol, 0.07427 g LaCl;-6H,0 for 10), pyrazine (0.005 g),
CH;CN (10 ml) was stirred for 3 hour before adding nine drops
of L (0.4 mmol). Stirring was continued for 3 hours at ambient
temperature to give a clear solution. The solution was filtered.
Three days later, the clear solution became turbid. Several months
later, lavender crystals of complex 3 not in quantitative yield were
obtained. Single crystals suitable for X-ray diffraction were
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obtained by slow evaporation of a mixed solvent of CH;CN in the
refrigerator.

[NdL,(H,0),]Cl;-6H,O (3). Yield 43.2%, 96.5 mg. Anal.
dehydration calc. (%) for C,sHesCl;NdO;6P,: C, 30.93; H, 6.54.
Found (%): C, 30.84; H, 6.61. IR (KBr disc, cm™*): 3369s, 2979,
2933m, 2875m, 2737w, 1628m, 1543w, 1469m, 1454m, 1387s,
1375s, 1360m, 1251s, 1224s, 1202s, 1172s, 1143s, 1104s, 1084s,
992s, 886m, 812s, 802s, 779m, 728w, 700m, 579m, 523s, 425w.

{[LaL,(H,0),CI|CL,}, (10). Yield 44.0%, 88.5 mg. Anal. calc.
(%) for CysHgsClzLaO46P4: C, 31.02; H, 6.76. Found (%): C,
31.33; H, 6.82. IR (KBr disc, cm 1): 3650m, 3351s, 2981s, 2933m,
2898m, 2875w, 2838w, 2382w, 1632m, 1468m, 1453m, 1388s,
1376s, 1359m, 1219s, 1144s, 1100s, 996s, 938m, 890m, 818s,
775w, 764m, 723w, 700m, 576w, 528s, 484w, 449w, 417w.

Synthesis of complexes 13, 15

A mixture of LnClz - 6H,0 (YbCl;- 6H,0 0.2 mmol, 0.07110 g for 13,
HoCl;-6H,0 0.2 mmol, 0.07586 g for 15), CH;CN (10 ml) was
stirred for 3 hour before adding nine drops of L (0.4 mmol).
Stirring was continued for 3 hours at ambient temperature to give
a clear solution. The solution was filtered. Three days later, the
clear solution became turbid. Several months later, colourless
crystals of complexes not in quantitative yield were obtained.
Single crystals suitable for X-ray diffraction were obtained by slow
evaporation of a mixed solvent of CH;CN in the refrigerator.
[YbL,(H,0),;CI|CL,-H,O (13). Yield 50.4%, 104.8 mg. Anal.
dehydration calc. (%) for CyHeClsYDO15P4: C, 30.53; H, 6.46.
Found (%): C, 30.86; H, 6.52. IR (KBr disc, cm™"): 3392s, 2981s,
2936m, 2876m, 2740w, 2310w, 1658m, 1468m, 1389s, 1378s,
1361m, 1236s, 1191s, 1143s, 1101s, 1084s, 999s, 889m, 813s,
765m, 725m, 699m, 592w, 577w, 528s, 428w.
[HoL,(H,0)CL,]JClI-H,O (15). Yield 46.5%, 92.6 mg. Anal.
dehydration calc. (%) for CysHe,ClsHOO 3P,: C, 31.90; H, 6.34.
Found (%): C, 32.06; H, 6.37. IR (KBr disc, cm~*): 3369s, 2982s,
2936m, 2873m, 2848m, 2737w, 2381w, 2354w, 2189w, 1636m,
1468m, 1388s, 1378s, 1244s, 1195s, 1144s, 1100s, 1009s, 940w,
889m, 816s, 782m, 758w, 703m, 574m, 528s, 504m, 447w, 426w.

Synthesis of complex 14

A mixture of NdCl;-6H,0 (0.2 mmol, 0.07172 g), 1,10-phenan-
throline (0.005 g), CH;CN (10 ml) was stirred for 3 hour before
adding nine drops of L (0.4 mmol). Three days later, the clear
solution became turbid. Several months later, lavender crystals
of complex 14 not in quantitative yield were obtained. Single
crystals suitable for X-ray diffraction were obtained by slow
evaporation of a mixed solvent of CH;CN in the refrigerator.
[NdL,(H,0),Cl]Cl,- 3H,0 (14). Yield 43.3%, 90.7 mg. Anal.
dehydration calc. (%) for CpcHesClzNdO;5P,: C, 33.22; H, 7.03.
Found (%): C, 33.86; H, 7.11. IR (KBr disc, cm™"): 3369s, 2980s,
2936m, 2874m, 2737w, 1630m, 1544w, 1468m, 1454m, 1388s,
1378s, 1360m, 1243s, 1224s, 1200s, 1172s, 1143s, 1101s, 1084s,
995s, 887m, 814s, 800s, 778m, 728w, 701m, 579m, 524s, 424w.

Synthesis of complex 16

A mixture of ScCl;-6H,0 (0.2 mmol, 0.05186 g), CH;CN (5 ml)
and CH3;OH (5 ml) was stirred for 3 hour before adding nine

RSC Adv., 2017, 7, 41651-41666 | 41653
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drops of L (0.4 mmol). Stirring was continued for 3 hours at
ambient temperature to give a clear solution. The solution was
filtered. Three days later, the clear solution became turbid.
Several months later, colourless crystals of complex 16 not in
quantitative yield were obtained. Single crystals suitable for X-
ray diffraction were obtained by slow evaporation of a mixed
solvent of CH;CN and CH;OH in the refrigerator.
[Sc,L,(H,0)4(0OH),]Cl,- 4H,0- 2CH;0H (16). Yield 47.7%, 110.9
mg. IR (KBr disc, cm™'): 3448m, 2981s, 2936m, 2878w, 2309w,
1639m, 1469m, 1455m, 1388s, 1376s, 12525, 1178s, 1144s, 1109s,
1081s, 996s, 886m, 823s, 803m, 703w, 552m, 524m, 485w, 431w.

X-ray crystallography

Single-crystal X-ray diffraction studies of complexes 1-16 are
performed on a Bruker SMART diffractometer equipped with
CCD area detector with a graphite monochromator situated in
the incident beam for data collection. All data are corrected by
semi-empirical method using SADABS program. The program
SAINT is used for integration of the diffraction profiles. All
structures are solved by direct methods using SHELXS program
of the SHELXTL-97 package and refined with SHELXL.**** Metal
atom centers were located from the E-maps and other non-
hydrogen atoms are located in successive difference Fourier
syntheses. The final refinements are performed by full matrix
least-squares methods with anisotropic thermal parameters for
non-hydrogen atoms on F>. All the hydrogen atoms are first
found in difference electron density maps, and then placed in
the calculated sites and included in the final refinement in the
riding model approximation with displacement parameters
derived from the parent atoms to which they are bonded.
Further crystallographic data and experimental details for
structural analyses of all the complexes are summarized in
Table 1 and selected bond lengths and angles with their esti-
mated standard deviations for products 1-16 in Table 2
respectively (Scheme 1).

Results and discussion
Synthesis of the complexes

Sixteen complexes 1-16 were synthesized by the reactions of
lanthanide metal(m) chloride with tetrakis(O-isopropyl)methyl-
enediphosphonate (L) under the presence of a small amount of
1,10-phenanthroline (phen) or pyrazine (pz) at room temperature
in acetonitrile or in a mixture of ethanol and DMF solution. This
shows that the choice of the solvent has influence on the experi-
mental product, just as reported in the literature.> It is worth
noting that a small amount of 1,10-phenanthroline (phen) or
pyrazine (pz) is added into the reaction. According to HSAB
theory, compared with nitrogen atoms of 1,10-phenanthroline or
pyrazine, rare earth metals tend to be coordinated with oxygen of
tetrakis(O-isopropyl)methylenediphosphonate or crystal water. So
we can guess that phen or pz play can facilitate the synthesis of
unsolvated products with good crystallization quality.

It is very interesting that the crystals of complex 12 was found
in the process of synthesizing complex 1. Therefore, we believe
that complex 12 is an intermediate product of complex 1. The
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complex 12 was colourless and the complex 1 was yellow.
During the evaporation of the solvent, the colour change from
the colourless to yellow was observed in the beaker. From the
perspective of the structure of the complexes, the L ligand of
monodentate coordination in 12 is converted to one of biden-
tate coordination in 1, which makes the structure of 1 more
stable. It is well-known that the thermodynamic stability of the
complex is expressed by the stability constant, and the factors
that affect the stability constant are the enthalpy change and the
entropy change of the coordination reaction. Chelating effect is
essentially an entropy increase effect.>?* The conversion of
complex 12 to complex 1 can be understood as L-ligand
substitution with H,O molecules acting on the metal center.
This substitution reaction increases the number of molecules in
the reaction system and can be regarded as an entropy increase
process (Scheme 2). The experimental results show that the
presence of chelating effect will enhance the stability of the
complex.

Crystal structure

Description of [LnL,(H,0),CI|Cl, (1-2) (Ln = La for 1, Ln =
Ce for 2, L = tetrakis(O-isopropyl)methylenediphosphonate).
Complex 1 and complex 2 are all nine-coordinated by four
oxygen atoms from two L ligands, four oxygen atoms from four
water molecules and a coordinated chlorine atom (Fig. 1). Their
crystal system is triclinic and their space group is P1. Here, we
only discussed complex 1 deeply to demonstrate the common
structural features. In complex 1, the average of distance of La-
O (P=O0) bonds is 2.545 A as usual, the average of distance of
La-O (P=0) bonds being observed between the reported
complexes NaLa[(PO;H),CH-C¢H,~CH(PO;H),]-4H,0% and La
[(EtO),P(O)CH,P(O)(EtO),]»(NO3); (ref. 38) varies between 2.558
A and 2.518 A. The average of (P)O-La-O(P) bond angle is 71.3°
and it is smaller than those reported the compounds [La(Ph,-
P(O)CH,P(O)Ph,),](0Tf);1.5H,0 (72.7°)* [H;N(CH,),NH;]La
[hedpH][hedpH,] (hedp = 1-hydroxyethylidenediphosphonate)
(74.0°)* and La[(EtO),P(O)CH,P(O)(EtO),]»(NOs); (74.0°)*. The
smaller (P)O-La-O(P) bond angle is a great extent on the
different substituent group of phosphorus. Meanwhile, coor-
dination water and free chlorine atoms also form hydrogen
bonds with distances of 2.278 A for [O(13)-H(13F)---Cl(2)], 2.657
A for [0(14)-H(14C) --Cl(2)], 2.673 A for [O(14)-H(14A)---C(2)],
2.677 A for [O(15)-H(15C)---Cl(2)], 2.361 A for [O(16)-H(16F)---
Cl(2)], 2.296 A for [0(13)-H(13G)---CI(3)], 2.312 A for [O(15)-
H(15D)---CI(3)], 2.283 A for [O(16)-H(16G) --Cl(3)] and 2.374 A
for [O(14)-H(14C)---O(13)]. These strong hydrogen bonds
enhance the stability of the two adjacent units and affect the
crystal packing of the molecules (Fig. 2).

Description of [LnL,(H,0),]Cl;-6H,0 (3-9) (Ln = Nd for 3,
Ln = Sm for 4, Ln = Eu for 5, Ln = Gd for 6, Ln = Tb for 7, Ln =
Dy for 8, Ln = Er for 9, L = tetrakis(O-isopropyl)methyl-
enediphosphonate). Compounds 3-9 are isomorphous; hence,
only the structure of complex 3 will be discussed in details as
a representative. X-ray single-crystal diffraction shows that
complex 3 crystallizes in triclinic space group P1, each unit
contains one Nd(m) atom, two bidentate L ligands, four

This journal is © The Royal Society of Chemistry 2017
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coordinated water molecules, six lattice water molecules, and
three free chlorine atoms. Nd(ui) atoms are eight-coordinated by
four phosphonate oxygen atoms (01, 04, 07, 010) from two
bidentate L ligands and four oxygen atom (013, 014, 015, 016)
from four coordinated water molecules (Fig. 3). In complex 3,
the average distance of Nd-O (P=0) bonds (2.466 A) is shorter
than the average distance of Nd-O (P=0) bonds (2.474 A) in
complex [NH,4][Nd(hedp)(H,O)]-H,O (hedpH, = 1-hydroxy eth-
ylidenediphosphonic acid)® and longer than the average
distance of Nd-O (P=0) bonds (2.432 A) in complex Nd
[(PO;H),CH-CH,~CH(PO;H)(PO;H,)]-4H,0.** The average (P)
O-Nd-O(P) bond angle (73.2°) is quite similar to those reported
complexes Nd[(PO3;H),CH-C¢H,~CH(PO3;H)(PO3H,)]-4H,0
(73.2°)* and [Nd((iPrO),P(O)CH,-P(O)(OiPr),),(NO;);]- (CH;CN),
(73.6°).>* Moreover, O-H-:--Cl hydrogen bonds formed by
coordinated water molecules with free chlorine ions 2.380 A for
[0(13)-H(131)---Cl(1)], 2.397 A for [O(13)-H(13])---CI(1)], 2.470 A
for [0(20)-H(20F)- --Cl(1)], 2.309 A for [0(22)-H(22F)---Cl(1)], 2.206
A for [O(16)-H(16F)---Cl(2)], 2.392 A for [O(18)-H(18C)---CI(2)],
2.247 A for [0(19)-H(19F)---Cl(2)], 2.238 A for [O(16)-H(16G)- -
CI(3)], 2.343 A for [0(17)-H(17G)-+-Cl(3)] and 2.237 A for [O(18)-
H(18D)---Cl(3)] and the O-H---O hydrogen bonds formed by
coordinated water molecules with free water molecules 1.954 A
for [O(15)-H(15C)---0O(17)], 2.299 A for [0(20)-H(20G)---O(17)],
1.954 A for [O(15)-H(15D)---0(18)], 1.890 A for [O(14)-H(14C)-+-
0(19)], 1.905 A for [O(17)-H(17F)---O(19)], 1.945 A for [O(21)-
H(21D)---0(20)], 1.961 A for [0(22)-H(22G)---O(20)], 1.881 A for
[0(19)-H(19G)---0(21)], 1.922 A for [O(14)-H(14D)---O(22)],
1.942 A for [0(21)-H(21C)---O(22)]. The complex displays a one-
dimensional chain formed by these twenty hydrogen bonds and
these non-covalent bond interactions make this complex stable
(Fig. 4).

Description of [LaL,(H,0),CI|Cl, (10) and [PrL,(OH),(H,-
0),CI][PrL,(H,0)4CI|Cl, (11) (L = tetrakis(O-isopropyl)methyl-
enediphosphonate). Complex 10 and complex 11 have two
monomers. The central atom La of complex 10 are all nine-
coordinate and the central atom Pr of complex 11 have two
kinds of coordination modes, nine- or eight-coordinated. The
crystal system of them is triclinic and space group is P1. Here,
we only discuss complex 11 to research structural features. In
complex 11, one of the central atoms Pr is eight-coordinated by
four oxygen atoms from two L ligands, one oxygen atom from
a coordinated water molecule, two oxygen atoms from two
hydroxyls and a coordinated chlorine atom; while the other
central atom Pr is nine-coordinated by four oxygen atoms from
two L ligands, four oxygen atoms from four coordinated water
molecules and a coordinated chlorine atom (Fig. 5). The average
distance of Pr-O (P=0) bonds is 2.463 A and the average (P)O-
Pr-O(P) bond angle is about 71.8°. The average Pr-O (P=O0)
bond distance being observed between the reported complexes
[Pr(NO;),(Ph,P(O)CH,P(O)Ph,),] [Pr(NO3),(Ph,P(O)CH,P(O)
Ph,),]* and [NH,][Pr(hedp)(H,0)]-H,O (hedpH, = 1-hydroxy
ethylidenediphosphonic acid)*? varies between 2.429 A and
2.474 A. The average (P)O-Pr-O(P) bond angle (71.8°) in the title
structure is smaller than the (P)O-Pr-O(P) bond angle in the
complexes [Pr((iPrO),P(O)CH,-P(O)(OiPr),),(NO3)3]- (CH;CN),
(73.3°)°  [Pr(NO;),(Ph,P(O)CH,P(0)Ph,), [Pr(NO;)(Ph,P(O)

This journal is © The Royal Society of Chemistry 2017
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Table 2 Selected bond length (A) and angles (°) for 1-16
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Coordination
Complex Ln number Ln-O (P=0) O-Ln-O (P=0) Ln-Cl
1 La 9 2.513(4) 2.542(4) 2.555(4) 2.571(4) 70.8(13) 71.8 (13) 2.916(16)
2 Ce 9 2.470(2) 2.500(2) 2.514(2) 2.552(2) 73.2(7) 71.8(7) 2.903(10)
3 Nd 8 2.422(5) 2.435(5) 2.465(5) 2.470(6) 73.1(18)  73.3(18) —
4 sm 8 2.412(4) 2.444(4) 2.404(4) 2.449(4) 73.8(13) 73.4(13) —
5 Eu 8 2.412(5) 2.418(5) 2.453(5) 2.466(5) 73.5(17) 74.0(17) —
6 Gd 8 2.369(8) 2.441(8) 2.419(8) 2.389(8) 73.6(3) 74.0(3) —
7 Tb 8 2.368(3) 2.379(3) 2.408(3) 2.413(3) 74.3(10) 73.8(9) —
8 Dy 8 2.363(3) 2.390(4) 2.402(3) 2.347(4) 74.2(12) 74.2(12) —
9 Er 8 2.321(7) 2.343(6) 2.347(7) 2.384(7) 74.3(2) 73.5(2) —
10 La 9,9 2.539(11) 2.553(10) 2.564(11) 2.474(11) 72.7(4) 70.7(4) 2.911(5)
2.538(10)  2.566(11)  2.556(10)  2.524(11)  71.4(4) 71.6(4) 2.910(4)
11 Pr 8,9 2.444(4) 2.460(4) 2.495(4) 2.521(4) 71.0(14) 70.6(14) 2.902(18)
2.441(6) 2.450(6) 2.461(6) 2.430(5) 72.2(2) 73.2(19) 2.848(3)
12 La 9 2.503(3) 2.534(3) 2.574(3) 73.6(11) 2.916(14)
13 Yb 7 2.240(6) 2.287(6) 2.319(6) 75.3(2) 2.556(2)
14 Nd 8 2.402(3) 2.435(3) 2.477(3) 2.477(3) 72.1(11) 71.5(12) 2.818(13)
15 Ho 7 2.333(6) 2.353(6) 2.357(6) 2.362(6) 73.8(2) 73.7(2) 2.591(3)
2.611(3)
16 Sc 6,6 2.088(4) 2.078(4) Sc-Sc 3.164(19) O(L,)-Sc-O(L,) 175.1(15)
phentCHLCNTDME__ g7 11 ,(H,0),CIICI, (Ln=La, Ce) (1,2)
| pztCHLON g1 11 ,(H,0),]CIy6H,0 (Ln=Nd) (3) phen + CH;CN + DMF
| phentCH.CNTDME g} 11 (H,0),]C1y 6H,0 (Ln=Sm,Eu.Gd,Tb,Dy,Er) (4-9)
| P2rCHON g ({1 nl,(H,0),CIIChy} (Ln=La) (10)
LnCly 6H,0+L —— |- PhentCHCNDME g 1 (OH) (H,0)CIILALy(H,0),CIICl, (Ln=Pr) (1)

| phentCH,CNDMF_ g} 11 ,(H,0)5CI]Cly'2H,0 (Ln=La) (12)

L CHCN (1 nly(H,0);ClICLH,0 (Ln=Yb) (13)

| phentCH\CN g {1 0Ly (H,0);CIICly 3H,0 (Ln=Nd) (14)

| CHCN gl nl,(H,0)Cl,]CIH,0 (Ln=Ho) (15)

L CHCN+CH;OH g (1 0, L,(H,0)4(OH),]Cl;2CH;0H4H,0 (Ln=Sc) (16)

L = tetrakis(O-isopropyl) methylenediphosphonate
phen = 1,10-phenanthroline pz = pyrazine
Scheme 1 The routine of synthesis for complexes 1-16

Scheme 1 Schematic illustration for the synthesis of complexes 1-16.

CH,P(O)Ph,),] (74.0°)* and [NH,4][Pr(hedp)(H,O)]-H,O (76.1°)
(hedpH, = 1-hydroxy ethylidenediphosphonic acid).® In addi-
tion, it is also having a number of hydrogen bonds (2.361 A for
[O(13)-H(13F)---CI(3)], 2.339 A for [0(15)-H(15C)---C(3)], 2.336
A for [O(16)-H(16F)---CI(3)], 2.314 A for [O(16)-H(16G)---CI(3)],
2.257 A for [0(13)-H(13G)---Cl(4)], 2.638 A for [O(14)-H(14E)-
Cl(4)], 2.258 A for [O(14)-H(14F)---Cl(4)] and 2.274 A for [(015)-
H(15D)---Cl(4)]) which formed a one-dimensional chain of
complex 11 (Fig. 6).

Description of [LaL,(H,0)sCI|Cl,-6H,0 (12) (L = tetrakis(O-
isopropyl)methylenediphosphonate). In complex 12, the central
atom La(mr) is nine-coordinated by three oxygen atoms from
two L ligands (a monodentate L ligand and a bidentate L
ligand), five oxygen atoms from fivecoordinated water mole-
cules and a coordinated chlorine atom. The crystal system of
complex 12 is triclinic and space group is P1 (Fig. 7). We believe
that complex 12 is an intermediate product of complex 1. The

This journal is © The Royal Society of Chemistry 2017

[LaL,(H,0),ClIcl, (1)

[LaL,(H,0)sClICl,-2H,0 (12)

Scheme 2 The relationship between complex 1 and complex 12.

average distance of La-O (P=0) bonds of complex 12 is 2.537 A,
and it is longer than that of complex 1 (2.450 A). The (P)O-La-
O(P) bond angle is 73.6°, and it is larger than that of complex 1
(71.3°). This phenomenon is due to the different coordination
modes of complex 1 and complex 12. The steric hindrance of
two bidentate ligands in complex 1 is larger than that of
a monodentate L ligand and a bidentate L ligand in complex 12,
so complex 12 has a longer La-O (P=0) bond and a larger (P)O-
La-O(P) bond angle. A part of hydrogen bonds can be seen in
complex 12 between free water molecules, coordinated water
molecules and P=0 of L ligands (1.876 A for [O(13)-H(13F)-+-
0(10)], 1.984 A for [O(19)-H(19F):--O(10)], 1.928 A for [O(19)-
H(19G)---0(14)], 2.018 A for [0(13)-H(13G)---O(18)], 2.109 A for
[O(14)-H(14E)---O(18)], 1.969 A for [O(18)-H(18F)---O(19)]),
which is much shorter than the sum of the van der Waals radii
(3.22 f&). These hydrogen bonds connect the two adjacent units
strongly and it is helpful for forming a one-dimensional chain.
The other part of hydrogen bonds is formed by free water
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Fig.1 Molecular structure of complex 1. Hydrogen atoms and solvent
molecule were omitted for clarity.

molecules, coordinated water molecules and two free chlorine
atoms (2.323 A for [0(15)-H(15C)---CI(2)], 2.369 A for [O(16)-
H(16G)---Cl(2)], 2.348 A for [0(17)-H(17F)---Cl(2)], 2.303 A for
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Fig. 2 The hydrogen bonds (C—H---Cl) in complex 1.

Fig. 3 Molecular structure of complex 3. Hydrogen atoms and solvent
molecule were omitted for clarity.
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Fig. 4 The hydrogen bonds (C—H-:-Cl) in complex 3.

[0(18)-H(18C)--Cl(2)], 2.303 A for [O(14)-H(14F)---CI(3)], 2.240
A for [0(15)-H(15D)---CI(3)], 2.498 A for [O(16)-H(16F)---CI(3)],
2.264 A for [0(17)-H(17G)---CI(3)]). These hydrogen bonds act as
a linker linked the dual-core units and it is necessary for
forming a one-dimensional chain (Fig. 8).

Description of [YbL,(H,0);CI|Cl,-H,0(13) (L = tetrakis(O-
isopropyl)methylenediphosphonate). In complex 13, the central
atom Yb(m) is seven-coordinated. Compared with complex 12,
two coordinated water molecules were missing and the reason
is due to the small radii of the central atom, which leads to
a large steric hindrance. The crystal system complex 13 is
monoclinic and space group is P2(1)/n (Fig. 9). The average

Fig. 5 Molecular structure of complex 11. Hydrogen atoms and
solvent molecule were omitted for clarity.

Fig. 6 The hydrogen bonds (C—H---Cl) in complex 11.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Molecular structure of complex 12. Hydrogen atoms and
solvent molecule were omitted for clarity.

Fig. 8 The hydrogen bonds (C—H---Cl and C-H---O) in complex 12.

distance of Yb-O (P=0) bonds is 2.282 A and the average (P)O-
Yb-O(P) bond angle is about 75.3°. We also found the complex
formed by Yb(m) and diphosphate ligands, in which Yb(um) is
also coordinated by a monodentatediphosphate ligand and
a bidentate diphosphate ligand ([Yb(NOj;)(Ph,P(O)CH,P(O)
Ph,);]-(NO3),).** Complex 13 is also a one-dimensional chain
formed by a lot of hydrogen bonds. Among them, two groups of
these three hydrogen bonds (2.170 A for [O(15)-H(15C)---Cl(2)],
2.541 A for [O(16)-H(16G)---Cl(2)] and 1.873 A for [O(15)-
H(15D)---0(16)]) formed a six-membered ring and two groups of
these two hydrogen bonds (2.208 A for [0(13)-H(13F)---Cl(3)]
and 2.349 A for [O(13)-H(13G)---Cl(3)]) formed a four-
membered ring. These two kinds of rings and the other three
hydrogen bonds (2.220 A for [O0(14)-H(14E)---Cl(2)], 2.288 A for
[O(14)-H(14G)---CI(3)] and 1.984 A for [O(16)-H(16D)---0O(10)])
made the structure more stable collectively (Fig. 10).
Description of [NdL,(H,0);CI|Cl,-3H,0 (14) (L = tetrakis(O-
isopropyl)methylenediphosphonate).  X-ray  single-crystal
diffraction reveals that complex 14 crystallizes in ortho-
rhombic space group P2(1)2(1)2(1), each unit contains one
Nd(m) atom, two bidentate L ligands, three coordinated water
molecules, a coordinated chlorine atom, three lattice water
molecules and two free chlorine atoms. The Nd(m) atoms are
eight-coordinated by four phosphonate oxygen atoms (01, O4,

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Molecular structure of complex 13. Hydrogen atoms and
solvent molecule were omitted for clarity.

Fig. 10 The hydrogen bonds (C-H---Cl and C-H---O) in complex 13.

07, 010) from two bidentate L ligands, three oxygen atoms
(013, 014, 015) from three coordinated water molecules and
a coordinated chlorine atom (Cl1) (Fig. 11). The average
distance of Nd-O (P=0) bonds of complex 14 (2.448 A) is
similar to that of complex 3 (2.446 A) and the (P)O-Nd-O(P)
bond angle (71.8°) is smaller than that of complex 3 (73.2°). This
phenomenon is due to the different coordination modes of
complex 3 and complex 14. The steric hindrance of three
coordinated water molecules and a coordinated chlorine atom
in complex 14 is larger than that of four coordinated water
molecules in complex 3, so complex 14 has a smaller (P)O-Nd-
O(P) bond angle. In addition, it is also having a number of
hydrogen bonds (2.444 A for [0(16)-H(16G)---Cl(1)], 2.376 A for
[0(17)-H(17G)---Cl(1)], 2.276 A for [0(13)-H(13F):--CI(2)], 2.262
A for [0(14)-H(14F)---C1(2)], 2.295 A for [O(18)-H(18C)---Cl(2)],
2.308 A for [0(13)-H(13G) +-Cl(3)], 2.250 A for [O(15)-H(15C)-+-
CI(3)], 2.395 A for [O(16)-H(16E) --Cl(3)], 2.328 A for [O(17)-
H(17F)-+-Cl(3)], 2.328 A for [O(18)-H(18D)---O(16)], 1.917 A for
[O(14)-H(14E)---O(17)] and 1.842 A for [O(15)-H(15D)---O(18)])
which formed a two-dimensional mesh of complex 14 (Fig. 12).

Topologically, each Nd(u1) atom and chlorine atom (Cl) is
considered as a 3-connected quadrangle node and the complex
can be simplified as two-dimensional mesh 6° topology formed
by Nd(m) atom and chlorine atom (Cl) (Fig. 13 and S91). Type of

RSC Adv., 2017, 7, 41651-41666 | 41659
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Fig. 11 Molecular structure of complex 14. Hydrogen atoms and
solvent molecule were omitted for clarity.

Fig. 12 The hydrogen bonds (C—H---Cl) in complex 14.

this net consists of six connected nodes shared by three
hexagonal units. The hexagonal unit forms a six-membered
ring, comprising three Nd(ur) atoms and three chlorine atom.
This two-dimensional mesh 6* topology makes complex struc-
ture more stable.

Description of [HoL,(H,0)CL,]Cl-H,0 (15) (L = tetrakis(O-
isopropyl)methylenediphosphonate). In complex 15, the central
atom Ho(m) is seven-coordinated by four oxygen atoms from
two L ligands, one oxygen atom from a coordinated water
molecule and two coordinated chlorine atoms. The crystal
system of complex 15 is triclinic and space group is P1 (Fig. 14).
The average distance of Ho-O (P=0) bonds is 2.351 A and it is
longer than the average distance of Ho-O (P=0) bonds (2.341 A)
in complex [Ho(NOs),(Ph,P(O)CH,P(O)Ph,),H,0]-NO;3. The
average (P)O-Ho-O(P) bond angle is about 73.8° and it is
smaller than the average (P)O-Ho-O(P) bond angle (76.7°) in
complex  [Ho(NOs),(Ph,P(O)CH,P(O)Ph,),H,0]-NO;.*>  There
are four hydrogen bonds in complex 15 (1.969 A for
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Fig. 13 Schematic representation of a two-dimensional mesh 6°
topology formed by hydrogen bonds in complex 14.

Fig. 14 Molecular structure of complex 15. Hydrogen atoms and
solvent molecule were omitted for clarity.

[0(13)-H(13F)---0(14)], 2.258 A for [O(13)-H(13G)---Cl(3)],
2.792 A for [O(14)-H(14E)---Cl(3)] and 2.299 A for
[O(14)-H(14F)---C1(3)]) and these hydrogen bonds connect the
two adjacent units strongly and it is helpful for the stability of
this structure (Fig. 15).

Description of [ScL,(H,0),(OH),]Cl,-4H,0-2CH;0H (16) (L
= tetrakis(O-isopropyl)methylenediphosphonate). In complex
16, each atom Sc(m) is six-coordinated by two oxygen atoms from
two L ligands, two oxygen atoms from four coordinated water
molecules and two oxygen atoms from two hydroxyls. Interest-
ingly, two Sc(ur) atoms are bridged by two oxygen atoms from two
hydroxyls and two L ligands to generate a dimmer, and this
interesting structure is rarely found. It is worth mentioning that
complex 16 is a cluster compound and the metallic bond between
adjacent Sc(m) atoms is 3.164 A. The crystal system of complex 16
is triclinic and space group is P1 (Fig. 16). The average distance of
Sc-O (P=0) bonds is 2.083 A and it is similar to the average
distance of Sc-O (P=0) bonds (2.090 A) in complex [Sc(Ph,P(O)
CH,P(0O)Ph,);](OTf);.* What is more, there are a lot of hydrogen

This journal is © The Royal Society of Chemistry 2017
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Fig. 16 Molecular structure of complex 16. Hydrogen atoms and
solvent molecule were omitted for clarity.

bonds in complex 16 (2.576 A for [O0(7)-H(7D)--Cl(1)], 2.300 A for
[0(10)-H(10G)---Cl(1)], 2.630 A for [O(12)-H(12F)---Cl(1)], 2.104 A
for [O(8)-H(8E)---Cl(2)], 2.251 A for [O(10)-H(10F)---Cl(2)], 2.309
A for [0(11)-H(11C)---Cl(2)], 1.738 A for [O(8)-H(8D):--O(10)],
1.822 A for [O(9)-H(9F):--O(11)], 2.330 A for [O(11)-H(11D)---
0(11)] and 1.668 A for [0(9)-H(9G)---O(12)]) and these hydrogen
bonds form a two-dimensional mesh.

Topologically, all the Sc(ur) are viewed as a 3-connected
quadrangle node. In this way, hydrogen bonds link the Sc-Sc
units to form a two-dimensional mesh 6° topology. The type of
this net is similar to that of complex 14 and consists of six
connected nodes shared by three hexagonal units. The hexag-
onal unit constitutes a six-membered ring, comprising six Sc(u)
atoms (Fig. 17). However, every line of complex 14 in the topo-
logical structure is simplified by hydrogen bonds and the blue
lines of complex 16 are the real metallic bonds. Comparing the
two complexes, the topological structure of complex 14 is
a distorted two-dimensional mesh 6° topology and the net of
complex 16 is a classic one (Fig. 18 and S107).

This journal is © The Royal Society of Chemistry 2017

Fig. 18 Schematic representation of a two-dimensional mesh 63
topology formed by hydrogen bonds in complex 16.

Chelating effect and lanthanide
contraction

In this work, chelating effect and lanthanide contraction affect
the coordination modes of the ligand tetrakis(O-isopropyl)
methylenediphosphonate, the coordination numbers of the
Ln(m) ions, and the average Ln(m)-Ojigana bond lengths of
lanthanide complexes.

The single crystal diffraction data shows that the two L
ligands have the same bidentate coordination mode in the
complexes 1-11, 14-16, but two ligands in complexes 12 and 13
adopt two different modes - monodentate mode and bidentate
mode. The complex 12 is the intermediate of complex 1, in the
process of reaction the monodentate ligand L in 12 is sponta-
neously converted into bidentate coordination mode. All these
show that the ligand is more prone to take bidentate chelation
mode when forming the complex, which agrees with the result
found in literature* that the values of AEp;gentate iS lower than
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AE honodentate When bis-phosphinoxides coordinate with rare
earth ions. Because of the lanthanide contraction, the radius of
the Yb*" in 13 is smaller than the other rare earth ions (La*",
ce®, pr**, Nd*', sm*", Eu**, Gd**, Tb**, Dy**, Ho®", Er*"), which
leads to a large steric hindrance hence results in the existence of
monodentate coordination in 13. In summary, we believe that it
is chelating effect and lanthanide contraction which decide the
coordination mode and crystal structure of complexes.

In addition, there are two interesting phenomena associated
with lanthanide contraction in this work. One is that we
selected the similar reaction route and ligands, but we obtained
products with different coordination number. Complexes 1, 2,
10, 12 all have a coordination number of nine with central atom
La or Ce. Complexes 3-9 and 14 all have a coordination number
of eight with central atom Nd, Sm, Eu, Gd, Tb, Dy or Er.
However, complex 11 with central atom Pr has two kinds of
coordination number, nine or eight. The lanthanide with
atomic ordinal number smaller than Pr element tends to form
nine-coordinated structure and the metal with atomic number
larger than Pr element tends to form eight or lower number-
coordinated structure. Pr element has two kinds of coordina-
tion numbers-nine or eight. In complexes 13 and 15, the coor-
dination number is 7, whose central atoms are Yb and Ho.
Complex 16 is a binuclear cluster compound with the central
atom Sc and the coordination number is six. This phenomenon
is considered to be due to the different radii of the central atom.

In the complexes 1-8, 15, 9 and 13, the normalized average
distances from Ln to the oxygen of ligand decrease as the atomic
number of the lanthanide increases [2.545 A for La—O (P=0),
2.509 A for Ce-O (P=0), 2.446 A for Nd-O (P=0), 2.427 A for
Sm-0 (P=0), 2.437 A for Eu-O (P=0), 2.405 A for Gd-O (P=0),
2.392 A for Tb-O (P=0), 2.376 A for Dy-O (P=0), 2.351 A for
Ho-O (P=0), 2.349 A for Er-O (P=0) and 2.282 A for Yb-O
(P=0)]. This phenomenon can be attributed to “lanthanide
contraction”.*** Furthermore, the (P)O-Ln-O(P) bond angles
change almost increasingly as the atomic number of the
lanthanide increases (71.3° for (P)O-La-O(P), 72.5° for (P)O-Ce-
O(P), 73.2° for (P)O-Nd-O(P), 73.6° for (P)O-Sm-O(P), 73.7° for
(P)O-Eu-O(P), 73.8° for (P)O-Gd-O(P), 74.1° for (P)O-Tb-O(P),
74.2° for (P)O-Dy-O(P), 73.8° for (P)O-Ho-O(P), 73.9° for (P)O-
Er-O(P) and 75.3° for (P)O-Yb-O(P)).

NMR spectra of complexes

The '"H NMR and *'P NMR spectra of complexes 1-16 were
measured at room temperature in CDCl; solution. In "H NMR
spectra of complexes 1-16, the resonance signals at range 1.08-
1.89 ppm (1.24-1.52 ppm for 1, 1.09-1.68 ppm for 2, 1.19-
1.54 ppm for 3, 1.12-1.35 ppm for 4, 1.25-1.89 ppm for 5, 1.39-
1.55 ppm for 6, 1.16-1.41 ppm for 7, 1.20-1.40 ppm for 8, 1.28-
1.38 ppm for 9, 1.24-1.47 ppm for 10, 1.15-1.25 ppm for 11, 1.35-
1.40 ppm for 12, 1.08-1.18 ppm for 13, 1.23-1.55 ppm for 14,
1.38-1.48 ppm for 15 and 1.27-1.35 ppm for 16) are assigned to
the methyl groups of L ligand in the solution. The resonance
signals at range 2.07-2.69 ppm (2.53 ppm for 1, 2.64 ppm for 2,
2.69 ppm for 4, 2.45 ppm for 5, 2.13 ppm for 7, 2.51 ppm for 10,
2.07 ppm for 11, 2.53 ppm for 12 and 2.36 ppm for 16) is assigned
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to the methylene of L ligand in the solution. And the resonance
signals at range 4.08-5.97 ppm (4.94 ppm for 1, 5.50 ppm for 2,
5.28 ppm for 3, 4.86 ppm for 4, 4.32 ppm for 5, 4.85 ppm for 6,
4.08 ppm for 7, 4.15 ppm for 8, 4.62 ppm for 9, 4.91 ppm for 10,
5.97 ppm for 11, 4.99 ppm for 12, 4.12 ppm for 13, 5.27 ppm for
14, 4.85 ppm for 15 and 4.76 ppm for 16) are assigned to the
methane of L ligand in the solution. The resonance signals at
7.25-7.26 ppm are assigned to the CDCl; solution.

In *'P NMR spectra of complexes 1-11 and 14-16, all phos-
phorus atoms in each molecule are chemically equivalent
because only a single resonance signal is found (18.24 ppm for
1, 18.45 ppm for 2, 18.43 ppm for 3, 17.90 ppm for 4, 15.77 ppm
for 5, 16.70 ppm for 6, 16.68 ppm for 7, 16.32 ppm for 8,
17.07 ppm for 9, 18.11 ppm for 10, 18.72 ppm for 11, 19.64 ppm
for 14, 17.44 ppm for 15 and 17.38 ppm 16). The similarity of
resonance signals in solution of complexes 1-11 and 14-16
shows that the chemistry environment for the phosphorus atom
from L in complexes 1-11 and 14-16 is similar. In *'P NMR
spectra of complex 12 and 13, two resonance signals are found
(21.49 ppm, 39.02 ppm for 12 and 16.88 ppm, 40.08 ppm for 13).
In the *'P NMR spectra, the type of P=O0 exhibits two charac-
teristic signals indicating that there are two kinds of coordi-
nated situation of L ligands (a monodentate L ligand and
a bidentate L ligand) of complex 12 and 13 (Table 3).

Thermogravimetric analysis of
complexes

TG experiments of the samples of complexes 1-9, 11-13, 15-16
were carried out from room temperature to 800 °C (Fig. 19). The
TGA curves for complex 1 and complex 2 display an initial
weight loss of 18.36% (calcd 17.82%) for 1 and 18.68% (caled
17.72%) for 2 at the temperature range of 114-168 °C and 120-
184 °C, suggesting the loss of one coordinated chlorine atom,
two uncoordinated chlorine atoms and four coordinated water
molecules. Then, in the temperature range from 168 °C for 1
(184 °C for 2) to 242 °C, this part of weight loss is the

Table 3 'H NMR and *'P NMR spectra data for complexes 1-16

31p NMR

"H NMR (ppm) (ppm)
Complex 1 1.24-1.52  2.53 494 7.26  18.24
Complex 2 1.09-1.68 2.64 550 7.6  18.45
Complex 3 1.19-1.54 5.28  7.26  18.43
Complex 4 1.12-1.35  2.69 4.86 7.26  17.90
Complex 5 1.25-1.89  2.45 432  7.26 1577
Complex 6 1.39-1.55 485 7.26  16.70
Complex 7 1.16-1.41  2.13  4.08 7.26  16.68
Complex 8 1.20-1.40 415  7.26  16.32
Complex 9 1.28-1.38 462 726  17.07
Complex10  1.24-1.47 251 491  7.26  18.11
Complex 11 1.15-1.25  2.07 597  7.26  18.72
Complex 12 1.35-1.40  2.53  4.99  7.25  21.49  39.02
Complex 13 1.08-1.18 412 7.26  16.88  40.08
Complex 14  1.23-1.55 527 7.26  19.64
Complex 15  1.38-1.48 485 7.25  17.44
Complex 16 ~ 1.27-1.35  2.36 476  7.26  17.38

This journal is © The Royal Society of Chemistry 2017
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Fig. 19 TG curves of the complexes 1-9, 11-13, 15-16.

decomposition of L ligands. At the temperature of 242 °C the
weight percentage of complex 1 and complex 2 are 48.48% and
50.55%, respectively and then they are slowly decomposed.

The TGA curves for complexes 3-9 display initial weight
losses of 25.64% (calcd 25.28%) for 3, 25.46% (caled 26.28%) for
4, 25.42% (caled 25.68%) for 5, 25.30% (caled 25.01%) for 6,
25.26% (calcd 24.37%) for 7, 25.18% (caled 24.46%) for 8, and
25.07% (caled 24.22%) for 9 between 100-111 °C and 210-
214 °C (105-213 °C for 3, 103-213 °C for 4, 100-211 °C for 5,
106-214 °C for 6, 108-213 °C for 7, 111-212 °C for 8 and 111-
210 °C for 9), suggesting the loss of three coordinated chlorine
atoms, four coordinated water molecules and six free water
molecules. The weight loss of the temperature range from 210-
214 °C to 250 °C is the decomposition of L ligands and the rest
of weight percentage were 47.46% for 3, 47.98% for 4, 48.44%
for 5, 48.63% for 6, 48.32% for 7, 50.25% for 8 and 43.08% for 9.
At the temperature higher than 250 °C, complexes 3-9 are slowly
decomposed.

The TGA curves for complex 11 displays an initial weight loss
of 12.21% (calcd 10.12%) between 114 °C and 155 °C, suggest-
ing the loss of two coordinated chlorine atoms, two free chlo-
rine atoms, five coordinated water molecules and two
coordinated hydroxide radicals. The weight loss of the
temperature range from 155 °C to 252 °C is the decomposition
of L ligands and the rest of weight percentage is 52.68%. At the
temperature higher than 252 °C, complex 11 is slowly
decomposed.

The TGA curves for complex 12 and complex 13 display
initial weight loss of 21.00% (calcd 21.93%) for 12 and 18.68%
(caled 17.16%) for 13 at the temperature range of 111-182 °C
and 116-181 °C, suggesting the loss of one coordinated chlorine
atom, two free chlorine atoms, coordinated water molecules
(five for complex 12 and three for complex 13) and free water
molecules (two for complex 12 and one for complex 13). Then,
in the temperature range from 111 °C for 12 (116 °C for 13) to
247 °C for 12 (255 °C for 13), this part of weight loss is the
decomposition of L ligands. At the temperature of 247 °C and
255 °C the weight percentage of complex 12 and complex 13 are
47.48% and 50.55%, respectively and then they are slowly
decomposed.

This journal is © The Royal Society of Chemistry 2017
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The TGA curves for complex 15 displays an initial weight loss
of 15.60% (calcd 14.31%) between 131 °C and 189 °C, suggest-
ing the loss of two coordinated chlorine atoms, one free chlo-
rine atom, one coordinated water molecule and one free water
molecule. The weight loss in the temperature range from 189 °C
to 253 °C is the decomposition of L ligands and the rest of
weight percentage is 53.46%. At the temperature higher than
253 °C, complex 15 is slowly decomposed.

The TGA curves for complex 16 displays an initial weight loss
of 5.42% (calcd 5.51%) between room temperature and 150 °C,
suggesting the loss of two free methanol molecules. The weight
loss in the temperature range from 150 °C to 200 °C is four
coordinated water molecules, four free water molecules and two
coordinated hydroxide radicals. Then at the temperature range
from 200 °C to 255 °C, this part of weight loss is the decom-
position of L ligands and the rest of weight percentage is
40.37%. At the temperature higher than 255 °C, complex 16 is
slowly decomposed.

According to the results of thermogravimetric analysis, we
can clearly find that complex 1 begins to decompose at 114 °C
and complex 12 begins to decompose at 111 °C. This
phenomenon also demonstrates that the stability of complex 1
is superior to that of complex 12, namely the structure formed
by two ligands adopting chelating coordination modes is more
stable than the structure formed by two ligands adopting mono-
dentate and chelating coordination modes.

Terahertz (THz) time-domain
spectroscopy of the complexes

We present absorptivity and dispersion spectra of three
different retinal isomers in the far-infrared region between 10
and 100 cm ™" (0.3-3.0 THz) measured by terahertz time-domain
spectroscopy at 298 K. The bands in the THz region may be
related to various modes. Hydrogen bonds, rotation of dipole,
vdW (van der Waals' force), low-frequency vibrations of lattices
and other modes may be related to the bands in the THz
region.* The observed signal terahertz pulses after passing
through the sample material is usually interpreted as a possible
reduction of the material by absorption and scattering.

The room temperature terahertz (THz) absorption spectra of
complexes 1-9, 11-13, 15, 16 and relative ligand (tetrakis(O-
isopropyl)methylenediphosphonate) are measured (Table 4).
The found peaks for each compound are as following: L (1.05,
1.22, 1.41, 1.58, 1.76 and 1.93 THz), complex 1 (0.85, 1.56, 1.80,
2.10, 2.35, 2.69 and 2.99 THz), complex 2 (0.87, 1.56, 1.80, 2.12,
2.34, 2.70 and 2.99 THz), complex 3 (1.04, 1.58, 1.83, 2.15, 2.35,
2.52,2.74, 2.92 and 3.09 THz), complex 4 (1.05, 1.57, 1.81, 2.13,
2.34, 2.53, 2.76, 2.92 and 3.16 THz), complex 5 (1.06, 1.56, 1.82,
2.17,2.35, 2.52, 2.71, 2.94 and 3.09 THz), complex 6 (1.07, 1.60,
1.83, 2.14, 2.35, 2.55, 2.71 and 2.93 THz), complex 7 (1.07, 1.59,
1.82, 2.13, 2.35, 2.51, 2.74 and 2.94 THz), complex 8 (1.04, 1.58,
1.81, 2.15, 2.30, 2.52, 2.74, 2.88 and 3.10 THz), complex 9 (1.07,
1.58,1.82, 2.14, 2.33, 2.57, 2.70, 2.93 and 3.09 THz), complex 11
(1.07, 1.58, 1.82, 2.12, 2.34, 2.52, 2.69, 2.87 and 3.04 THz),
complex 12 (1.58, 1.82, 2.06, 2.34, 2.69, and 3.00 THz), complex
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Table 4 THz spectral data for complexes 1-16 and relative ligand

Complex 1 0.85 1.56 1.80 2.10 2.35 2.69 2.99

Complex 2 0.87 1.56 1.80 2.12 2.34 2.70 2.99

Complex 3 1.04 1.58 1.83 2.15 2.35 2.52 2.74 2.92 3.09

Complex 4 1.05 1.57 1.81 2.13 2.34 2.53 2.76 2.92 3.16

Complex 5 1.06 1.56 1.82 2.17 2.35 2.52 2.71 2.94 3.09

Complex 6 1.07 1.60 1.83 2.14 2.35 2.55 2.71 2.93

Complex 7 1.07 1.59 1.82 2.14 2.35 2.51 2.74 2.94

Complex 8 1.04 1.58 1.81 2.15 2.30 2.52 2.74 2.88 3.10

Complex 9 1.07 1.58 1.82 2.14 2.33 2.57 2.70 2.93 3.09

Complex 11 1.07 1.58 1.82 2.12 2.34 2.52 2.69 2.87 3.04

Complex 12 1.58 1.82 2.06 2.34 2.69 3.00

Complex 13 1.26 1.59 1.87 2.35 2.69 2.93

Complex 15 1.21 1.56 1.81 2.07 2.28 2.52 2.81 3.10

Complex 16 1.05 1.57 1.80 2.08 2.34 2.53 2.69 2.93 3.10 3.30

Ligand 1.05 1.22 1.41 1.58 1.76 1.93
1.80, 2.06 THz for complexes). By comparing the THz absorp-
tion spectra of complexes 1-9 (Fig. 21 and 22), they all have the
peaks of 1.58, 1.83, 2.15, 2.35, 2.74 and 2.92 THz and it is due to

T the similar structure with one rare earth metal atom and two

% ligands. However, there also have some different peaks for these

§ . complexes (0.87 THz for complexes 1-2 and 1.04, 2.52 THz of

5 Complex 15 . .

2 complexes 3-9). From the perspective of structural analysis,
complexes 1-2 have one more chlorine atom and the extra
chlorine atom changes the hydrogen bonding interaction of the
complex. In complexes 12-13 (Fig. 23), the central atom coor-

EEE————— dinated by a monodentate diphosphate ligand and a bidentate

04 06 08 10 12 14 F"s '8 2-(()7:2) 24 26 28 30 32 34 diphosphate ligand. In the spectrum of complexes 12-13, we
requency(THz .

found that the peaks of 2.12 and 2.52 THz were missing

Fig. 20 THz absorption spectra of complex 15. comparing with complexes 1-9. This phenomenon indicates

13 (1.26, 1.59, 1.87, 2.35, 2.69 and 2.93 THz), complex 15 (1.21,
1.56, 1.81, 2.07, 2.28, 2.52, 2.81 and 3.10 THz in Fig. 20) and
complex 16 (1.05, 1.57, 1.80, 2.08, 2.34, 2.53, 2.69, 2.93, 3.10 and
3.30 THz).

By comparing the THz absorption spectra of the products
with those of the reactants, we can note that after reaction, the
peaks of ligand disappeared or moved. The new peaks of
complexes have a tendency to blue shifted compared with that
of ligand (Fig. S141) (1.41, 1.76, 1.93 THz for ligand and 1.56,

Absorbance(a.u.)

) O (LA L L ) T LN L L T T T .
04 06 08 10 12 14 16 18 20 22 24 26 28 3.0 32
Frequency(THz)

Complex 2

J’ Complex 1

Fig. 21 THz absorption spectra of complex 1 and complex 2.
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Fig. 24 THz absorption spectra of complex 16.

that these terahertz absorption peaks were assigned to two
bidentate diphosphate ligands coordinating to the central
atom. By comparing the THz absorption spectra of complex 16
with the other complexes, the spectrum of complex 16 (Fig. 24)
almost have all terahertz absorption peaks of the other
complexes and even have the peaks of 3.30 THz. This result is
due to the special structure of complex 16, and which is a cluster
compound and have some metallic bonds.

These results indicate that although the central atom and the
ligand are the same, but different coordination situations make
the terahertz absorption peaks have significant differences. The
coordination number and ligand species of complexes can also
affect the terahertz spectral absorption peaks appear or disap-
pear. Therefore, THz spectroscopy may be a novel means to
characterize the situation with the coordination of the ligand,
and even more characterization methods in the field of coor-
dination chemistry will have better prospects.>*

Conclusion

In summary, a series of sixteen lanthanide-diphosphates
complexes (L = tetrakis(O-isopropyl)methylenediphosphonate)
have been synthesized in the solvent of acetonitrile, ethanol or
methanol at room temperature and characterized by IR,
elemental analyses, single-crystal X-ray diffraction analysis,

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

thermal analysis, 'HNMR and *'P NMR spectroscopy.
Complexes 11-13 displays a one-dimensional chain formed by
hydrogen bonds and complexes 14 and 16 can be simplified as
two-dimensional mesh 6° topology formed by hydrogen bonds.
It is worth mentioning that complex 16 is a cluster compound
and the metallic bond between adjacent Sc(u) atoms is 3.164 A.
In these complexes, the ligand adopts monodentate mode or
chelating mode. As the atomic number increases, the coordi-
nation number of the Ln(m) ions change from nine to seven, the
average Ln(m)-Ojigana bond lengths of lanthanide complexes
decrease. From the above facts we can see that the
chelating effect and lanthanide contraction can affect the
coordination modes of the ligand tetrakis(O-isopropyl)methyl-
enediphosphonate, the coordination number of the Ln(u) ions,
and the average Ln(u)-Ojgang bond lengths of lanthanide
complexes. With the study and exploration of terahertz (THz)
time-domain spectroscopy, we reach the following conclusions:
the new peaks of complexes have a tendency of blue shifted
compared with that of the ligand. Although the central atom
and the ligand are basically the same, different coordination
situations make the terahertz absorption peaks significantly
different. The coordination number and ligand species of
complexes can also affect the existence of the terahertz spectral
absorption peaks. So, THz spectroscopy may be a sensitive
method to distinguish and determine small differences
between the lanthanide-organic complexes.
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