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Rare earth (RE) complexes of 3-benzoylpropanoate (bp), [RE(bp)3(H2O)n] (RE¼La, n¼ 2; RE¼Y, Ce, Pr, Nd, Yb,
n¼ 1) and 3-phenylpropanoate (pp), [RE(pp)3] (RE¼Y, La, Ce, Nd, Yb), have been prepared by metathesis reactions
between the corresponding rare earth chloride and the appropriate sodium carboxylate. Analysis by single-crystal X-ray

diffraction finds that both RE bp and pp complexes favour formation of carboxylate-bridged 1-D coordination polymers in
the solid state. Here, the former favours heteroleptic 9 or 10-coordinate complexes (splitting between Ce and La) with the
carbonyl remaining uncoordinated but participating as a hydrogen bond acceptor with water in the coordination sphere.
Lack of bp carbonyl coordination leaves this group available for surface interactions during corrosion inhibition and

complex solubilization. The latter pp derivatives form eight-coordinate complexes for Y and Yb and are the first examples
of homoleptic RE pp complexes to be reported.
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Introduction

Rare earth carboxylates are a rich source of coordination poly-
mers with structural diversity enriched by the high coordination
numbers and lack of directional effects exhibited by the rare
earth ions and the many coordination modes of the carboxylate

ion.[1–5] Besides the structural and bonding interests, rare earth
carboxylates have potential applications in gas absorption, as
luminescent probes and light conversion devices,[6–9] and as

catalysts in artificial rubber production.[10] One promising
application is the use of rare earth arene carboxylates[11–14] as
non-toxic alternatives to increasingly restricted toxic chromate

corrosion inhibitors.[15]

Although the carboxylate structural features for optimum
anticorrosion activity are not yet clear, some trends are

emerging. In particular, additional unsaturation or donor capac-
ity appears advantageous;[11–13,16–18] see Fig. 1. Thus, good
performers include cerium salicylate,[11–13] lanthanum 3-[19]

and 4-hydroxycinnamate,[11–13] lanthanum and cerium 3-

methoxy-4-hydroxycinnamate (ferulate),[16] and yttrium
3-(40-methylbenzoyl)propanoate.[17,18,20] The importance of
unsaturation was shown by the far greater effectiveness

of lanthanum 4-hydroxycinnamate relative to lanthanum

3-(40-hydroxyphenyl)propanoate.[16,21] Subtle caveats are

becoming apparent though, as additional unsaturation, using
3-(40-hydroxyphenyl)propiolate, reduced effectiveness whereas
addition of a methoxy group was an improvement.[16] Optimal
inhibition also varies with the rare earth applied: with salicylate,

cerium prevails; for 4-hydroxycinnamate, it is lanthanum;[11–13]

in the ferulate series, both cerium and lanthanum display excel-
lent behaviour;[16] and for 3-(40-methylbenzoyl)propanoate,[22]

yttrium performs best.[17,18]

3-(40-Methylbenzoyl)propanoic acid (mbpH) is an estab-
lished corrosion inhibitor, originally sold by Ciba as Irgacor

419 and now available as a 2 : 1 mixture with 4-ethylmorpholine
as Irgacor 1405 or Rustban 1405 (Pantech Chemicals). To
attempt to understand the behaviour of complexation of mbp

with iron, model cage complexes have been prepared.[23] In
neither case was the carbonyl (C=O) group coordinated to iron
but in one, it was involved in H-bonding. In the case of the
excellent [RE(mbp)3)(H2O)] inhibitors,

[17,18] the structures of

the complexes show no .C=O–RE interactions,[22] and the
question arises as to the significance of the carbonyl functional-
ity. Although the [RE(mbp)3(H2O)] complexes are excellent

inhibitors, the limited solubility (0.25mM) of the optimum
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yttrium complex has deterred us from pursuing a comparison

with analogous complexes without the carbonyl group.We have
now found that the corresponding benzoyl derivatives, i.e. of 3-
benzoylpropanoate (bp, Fig. 1), have greater solubility. Accord-

ingly, we have prepared a range of rare earth complexes
(RE¼Y, La, Ce, Pr, Nd, Yb) of this ligand and some correspond-
ing 3-phenylpropanoate (pp, Fig. 1) complexes (i.e. without the
C=O group) as a prelude to comparing their anticorrosion proper-

ties. In this paper, we report the preparations, several X-ray
structures, X-ray powder diffraction (XRPD) properties, IR spec-
tra, and solubilities of a range of rare earth bp and pp complexes. In

our earlier study of rare earth 3-(40-methylbenzoyl)propanoate
complexes,[22] we were unable to obtain single crystals of an
La complex. We now report the structure of [La(mbp)3(H2O)2]�
3H2O together with an understanding of the difficulties in its
characterization.

Results and Discussion

Rare earth 3-benzoylpropanoates and 3-phenylpropanoates were

precipitated on mixing aqueous solutions of the appropriate

sodium carboxylate and rare earth chloride. Crystals of the

compounds were obtained by slow evaporation of aqueous
ethanol solutions. The bulk crystals of [RE(bp)3(H2O)]
(RE¼Ce, Pr, Nd, Yb, Y) and [RE(pp)3] (RE¼Yb, Y) gave

microanalyses consistent with the single-crystal compositions,
whereas the [RE(pp)3]�nH2O (RE¼La, n¼ 0.5; RE¼Ce,
n¼ 1; RE¼Nd, n¼ 3) compositions were derived by micro-
analysis as the crystal diffraction data were unsatisfactory.

Microanalysis of the La bp complex was indicative of the com-
position La(bp)3(H2O)1.5, whereas the low-temperature X-ray
diffraction data indicated a 2 : 1 mixture of [La(bp)3(H2O)2]�H2O

and [La(bp)3(H2O)2]�2H2O. Water is evidently readily lost at
room temperature as the X-ray powder diffractogram of the bulk
crystals indicates the presence of two phases, one with a powder

pattern corresponding to that simulated from the X-ray structure
while the other matches the pattern of [Ce(bp)3(H2O)], see
Fig. 2a. The latter is presumably [La(bp)3(H2O)] isomorphous
with the Ce complex and with a much lower amount of water

(–2H2O or –3H2O) than the single crystals. Partial formation of an
anhydrous La(bp)3 species is also evident by thermogravimetric
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Fig. 1. Ligands for actual and potential rare earth carboxylate corrosion inhibitors.

5 10 15 20 25 30 35 40 45 50

2q [°]

2q [°]

5 10 15 20 25 30 35 40 45 50

La simulated

La

Ce

(b)

(a)

La simulated

La

Ce simulated

Fig. 2. (a) XRPD of the bulk La(bp)3 sample and simulated XRPD patterns for [La(bp)3(H2O)2]�1 1/3H2O

and [Ce(bp)3(H2O)]. (b) XRPD of bulk RE(mbp)3 samples (RE¼La, Ce) and simulated XRPD pattern of [La(mbp)3
(H2O)2]�3H2O. Simulated patterns obtained from single-crystal data.
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analysis (TGA) of the bulk sampled for microanalysis (,1.1H2O

loss).Heating a fresh sample of [La(bp)3(H2O)2]�11/3H2O shows,
by IR and XRPD, water loss, residual [La(bp)3(H2O)2]�1 1/3H2O
and a species of low crystallinity, presumably anhydrous La(bp)3.

From a lengthy crystallization procedure, single crystals of
[La(mbp)3(H2O)2]�3H2O were obtained. This compound
could not be satisfactorily crystallized previously. On standing,
the crystals lost water to give a powder pattern corresponding

to overlapping patterns derived from the crystal and that of
[Ce(mbp)3(H2O)]; see Fig. 2b. Correspondence of the latter is
attributable to formation of isomorphous [La(mbp)3(H2O)] by

loss of four H2O from the efflorescent single crystals. The ready
water loss explains the previous crystallographic problems.

Solubilities

Solubilities (see Table 1) were determined by dissolution in
boiling aqueous ethanol, boiling off the ethanol, cooling, and
standing at room temperature while part of the complex

deposited (2–3 h). This was collected and weighed to determine
what remained in solution. The values indicated an approximate
3-fold increase in solubility for the bp complexes over the

corresponding mbp complexes (solubility ,0.25mM); hence,
the bp complexes are potentially more useful than the mbp
derivatives. Although low solubility in water is attractive for use
in coatings, a somewhat higher solubility would enable con-

centrations to be varied for electrochemical measurements of
inhibition and to be tailored for different uses in aqueous solu-
tion, such as for protection of cooling towers or radiators.

Structural Studies

The structures of [La(bp)3(H2O)2]�1 1/3H2O, [RE(bp)3(H2O)]
(RE¼Ce, Yb, Y) and [RE(pp)3] (RE¼Yb, Y) were deter-
mined. Rare earth coordination bond lengths can be found in

Table 2 and crystal refinement data are given in the Experi-

mental section. Unit cell data (Experimental section) show that
[RE(bp)3(H2O)] (RE¼Nd, Pr) are isomorphous with the Ce,

Yb, and Y analogues but the data could not be refined satis-

factorily owing to twinning that could not be resolved.
The lanthanum complex was modelled as a mixed crystal of

[La(bp)3(H2O)2]�H2O and [La(bp)3(H2O)2]�2H2O in a 2 : 1 ratio.

As the variation in water of crystallization only has effects at the
periphery of the molecules, the lanthanum coordination spheres
are the same in both components. The complex is a polymerwith
10-coordinate lanthanum. The molecular array is shown in

Fig. 3a, the lanthanum coordination sphere in Fig. 3b, and the
coordination polymer in Fig. 3c. Each La atom is coordinated by
a chelating 1k(O,O0) carboxylate, two chelating components of

two m-1k(O,O0):2k(O) ligands, two unidentate components of
two m-1k(O):2k(O,O0) ligands, and two cisoid water ligands
(O(10)–La(1)–O(11): 68.61(5)8). The coordinated aqua ligands
form O–H���O hydrogen bonds with a carboxylate or carbonyl
oxygen; see Fig. 3b, d. The shortest RE–O bond lengths,
La–O(4i,7ii) by .0.1 Å, involve bridging oxygens rather than
any of the four terminal oxygens. The three chelate rings vary

from symmetrical to quite unsymmetrical (0.14 Å) binding,
presumably reflecting steric strain and/or H-bonding effects.
The carbonyl group is not coordinated but is involved in hydrogen

bonding.
The isomorphous series of complexes [RE(bp)3(H2O)]

(RE¼Y, Ce, Nd, Pr, Yb) have polymeric structures with nine-

coordinate rare earth ions. A representative structure of [Ce(bp)3
(H2O)] can be found in Fig. 4. Bond lengths for the cerium
coordination sphere and crystal refinement data are given in

Table 2 and the Experimental section, respectively. The coordi-
nation environment comprises two transoid chelating k(O,O0)
carboxylates of m-1k(O,O0):2k(O) ligands, two single oxygens
of m-1k(O);2k(O,O0) ligands, an oxygen from each of two

separate m-1k(O):2k(O0) ligands, and an aqua ligand. Chelation
is more symmetrical than in [La(bp)3(H2O)2]�1 1/3H2O and the
two shortest RE–O bonds again involve bridging, not terminal,

oxygen atoms (Table 2). RE–OH2 bond lengths in the [RE(bp)3
(H2O)]complexesare shorter than thoseof [La(bp)3(H2O)2]�11/3H2O
by considerably more than expected for the change in

Table 1. Solubility of rare earth bp and pp complexes in water

Compound Y(bp)3 La(bp)3 Ce(bp)3 Pr(bp)3 Nd(bp)3 Yb(bp)3 Y(pp)3 La(pp)3 Ce(pp)3 Nd(pp)3 Yb(pp)3

Solubility 0.80mM 0.70mM 0.73mM 0.57mM 0.76mM 0.95mM 0.72mM 0.67mM 0.69mM 0.93mM 0.39mM

530 ppm 470 ppm 490 ppm 380 ppm 510 ppm 685 ppm 380 ppm 390 ppm 410 ppm 550 ppm 240 ppm

Table 2. Selected bond distances (Å) for rare earth bp and pp complexes

Atoms La(bp)3 Atoms Y(bp)3 Ce(bp)3 Yb(bp)3 Atoms Y(pp)3 Yb(pp)3

M–O(1) 2.5836(13) M–O(1) 2.467(5) 2.587(3) 2.434(4) M–O(1) 2.372(4) 2.342(5)

M–O(2) 2.6642(14) M–O(1)ii 2.439(4) 2.537(3) 2.397(4) M–O(2) 2.462(4) 2.438(5)

M–O(4) 2.6342(12) M–O(2) 2.518(4) 2.632(3) 2.511(3) M–O(2)i 2.353(4) 2.321(5)

M–O(4)i 2.4835(12) M–O(4) 2.425(4) 2.536(3) 2.398(3) M–O(3) 2.307(4) 2.273(4)

M–O(5) 2.6285(13) M–O(5) 2.436(4) 2.565(3) 2.395(4) M–O(4) 2.716(4) 2.772(5)

M–O(7) 2.7370(12) M–O(5)i 2.318(4) 2.443(3) 2.288(4) M–O(4)i 2.343(4) 2.305(4)

M–O(7)ii 2.4616(12) M–O(7) 2.321(4) 2.446(3) 2.295(3) M–O(5) 2.252(4) 2.216(5)

M–O(8) 2.6007(13) M–O(8)ii 2.404(4) 2.517(3) 2.376(3) M–O(6)i 2.235(4) 2.202(5)

M–O(10) 2.5777(14) M–O(10) 2.351(4) 2.486(3) 2.312(3)

M–O(11) 2.6426(14)

Symmetry operators: La(bp)3,
i –x, 1 – y, 1 – z, ii 1 – x, 1 – y, 1 – z; Y(bp)3,

i x, 1 1/2 – y, 1/2þ z, ii x, 1 1/2 – y, z – 1/2; Ce(bp)3,
i x, 1 1/2 – y, 1/2þ z, ii x, 1 1/2 – y,

z – 1/2; Yb(bp)3,
i x, 1/2 – y, 1/2þ z, ii x, 1/2 – y, 1/2 – z; Y(pp)3,

i x – 1/2, 1 – y, z; Yb(pp)3,
i 1/2þ x, 1 – y, z.

1252 N. C. Thomas et al.



coordination number and of rare earth element, thereby imply-

ing relief of steric strain. For the coordinated water, there are
O–H���O hydrogen bonds to a carboxylate oxygen in the same
polymer chain and to a carbonyl oxygen of an adjacent chain.

Again, the carbonyl groups are not coordinated.

Only two 3-phenylpropanoate complexes could be obtained

as crystals suitable for structure determination. [RE(pp)3] with
RE¼Y,Ybwere isolatedwithout coordinatedor latticewater and
are isomorphous. The structure of the Yb complex is shown in

Fig. 5. Bond lengths and crystal refinement data can be found in
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Table 2 and the Experimental section, respectively. The isomor-
phous pair contain eight-coordinate rare earth ions. In the
coordination sphere, there are two cisoid (,91–928) chelating
groups from m-1k(O,O0):2k(O0) ligands, two single oxygen
donors from m-1k(O):2k(O,O0) ligands, and two single oxygens
from m-1k(O):2k(O0) ligands, as observed in [RE(bp)3(H2O)]

though without coordinated water. In addition, the chelate rings
are cisoid compared with transoid in the bp complexes. A
striking feature is the asymmetry of the O(3)–RE–O(4) chelate

ring, where RE–O(4) is longer than RE–O(3) by,0.5 Å (Yb) or
0.4 Å (Y). This bond is also,0.4 Å longer than in corresponding
bonds of nine-coordinate [RE(bp)3(H2O)] complexes. Despite

this,,RE–O. for the pp complexes is slightly smaller than for
the bp analogues, though by less than expected for a change of
coordination number. In the [RE(pp)3] series, the shortest RE–O
bonds are those of the m-1k(O):2k(O0) ligands. Although there

are several rare earth 3-phenylpropanoate structures reported,
the current complexes are the first homoleptic derivatives to be
structurally characterized. The sole structures of aqua com-

plexes of the unsubstituted 3-phenylpropanoate ion are five
isomorphous monomeric nine-coordinate [RE(pp)3(H2O)2]�
Hpp (RE¼Eu, Gd, Tb, Dy, Er) species, which crystallize with

lattice 3-phenylpropanoic acid and have terminal chelating pp
ligands[24] that are not observed in our [RE(pp)3] complexes.
Other reported aqua complexes are of substituted
3-phenylpropanoates, mainly 2-hydroxy[25] or 4-hydroxy[21]

derivatives. There are also several structures of 2,20-bipyridine
and 1,10-phenanthroline complexes of both the simple
3-phenylpropanoate and also 2- and 4-hydroxy derivatives

in which the coligands completely displace aqua ligands.[26–31]

The structure of [La(mbp)3(H2O)2]�3H2O was determined
but therewere problemswith the refinement (seeExperimental);

hence, the structure is discussed in terms of connectivity only.
The crystal and refinement data, and lanthanum coordination
bond lengths are given in the supplementary material. The

complex is a polymer with ten-coordinate lanthanum (see
Fig. 6) that differs from [La(bp)3(H2O)2]�1 1/3H2O in several
regards, thereby showing the considerable effect of the 4-Me

group on the overall array. As in the bp analogue, there are two
oxygens coordinated from each of two m-1k(O,O0):2k(O0)
ligands and the chelate rings are transoid (,1568), and two

oxygens from two m-1k(O0):2k(O,O0) ligands. However, the
two aqua ligands are transoid (O(10)–La–O(11)¼ 131.8(2)8) as
distinct from cisoid in the bp analogue. The chief difference is

that the chelating bp ligand is replaced by oxygen atoms from
two m-1k(O):2k(O0) mbp ligands. Thus, the polymer is more
tightly connected than in the bp complex. Dehydration to give
the La analogue of the crystallographically defined [Ce(mbp)3
(H2O)]

[22] (see characterization above) involves no rearrange-
ment of the carboxylate binding modes.

Infrared Spectroscopy (Table 3)

The IR spectra of the [RE(bp)3(H2O)n] complexes show n(CO)
absorptions at 1693–1672 cm�1 arising from thehydrogen-bonded

carbonyl group. The values are similar to those of [RE(mbp)3
(H2O)] complexes,[22] but the feature is more complex. In
addition, a d(CO) band was identified at 662–663 cm�1, a fea-
ture not assigned in [RE(mbp)3(H2O)] spectra.

[22] As expected,

this region is clear in the spectra of [RE(pp)3]�nH2O (n¼ 0–3)
complexes (see Experimental). The nas(CO2) and ns(CO2)
absorptions of both [RE(bp)3(H2O)n] and [RE(pp)3]�nH2O

(n¼ 0–3) complexes are complicated features in the expected
regions (,1580–1500 and 1420–1390 cm�1 respectively), the
complexity reflecting the multiple coordination modes of the
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Fig. 5. (a) Molecular diagram; (b) ytterbium coordination environment; and (c) 1-D coordination polymer chain of [Yb(pp)3]. Atoms generated by

symmetry operators: i 1/2þ x, 1 – y, z.

1254 N. C. Thomas et al.



ligands. The n(OH) bands of the bp complexes are weak, broad,
and split into several features, as expected for the extensive H-
bonding,whereas the pp complexes have fewer n(OH) bands and
the unsolvated Y and Yb complexes have no absorptions above
aromatic n(CH) at ,3100 cm-1. All complexes show the
expected features associated with monosubstituted benzenes

(Experimental section).

Conclusions

The successful synthesis and characterization of a comparable
set of rare earth 3-benzoylpropanoate and 3-phenylpropanoate
complexes provide a basis for determining the importance of the
carbonyl group of the 3-benzoyl substituent on corrosion

inhibitor properties. As the bp complexes are more soluble than
the excellent inhibitor [Y(mbp)3(H2O)], the comparison can be
made over a wider solubility range than would be possible with

the mbp system. To assess the corrosion inhibiting properties of

the compounds, electrochemical methods such as potentiody-
namic polarization and impedance spectroscopy will be used.
Polarization probes the effect of a compound on cathodic and

anodic reaction rates as well as the overall corrosion current,
whereas impedance spectroscopy also provides information on
the surface effects. Imaging of immersed surfaces is also used to

determine the effect on corrosion mechanisms such as pit
growth. An isomorphous series of [RE(bp)3(H2O)] (RE¼Ce,
Pr, Nd, Yb, Y) complexes crystallize as coordination polymers

with nine-coordinateREatoms,whereas [La(bp)3(H2O)2]�11/3H2O
is a cocrystallized 2 : 1 mono-hydrate or dihydrate, both of
which are polymeric with 10-coordinate La, and readily dehy-
drate to an isotype of [Ce(bp)3(H2O)]. [La(mbp)3(H2O)2]�3H2O

has also been crystallized as a polymer with 10-coordinate La,
but the coordination differs from that of the bp analogue. It also
readily dehydrates. Five pp complexes were prepared (RE¼La,

Ce, Nd, Yb, Y), but only [RE(pp)3] (RE¼Y, Yb) were obtained

Table 3. Selected infrared bands (cm21) for bp and pp rare earth coordination compounds

Assignment Y(bp)3 La(bp)3 Ce(bp)3 Pr(bp)3 Nd(bp)3 Yb(bp)3 Y(pp)3 La(pp)3 Ce(pp)3 Nd(pp)3 Yb(pp)3

n(OH) 3490 3455 3449 3461 3461 3496 3391 3392 3330

3283 3166 3174 3283 3279 3236 3230

3157 3164 3158

n(CO) of
isolated

C=O

1693 1691 1687 1692 1691 1692

1684 1686 1672 1687 1686 1684

1674 1673 1674 1673 1675

nas(CO2) 1591 1597 1596 1597 1596 1591 1542 1527 1525 1540 1542

1579 1574 1574 1575 1575 1579 1520 1509 1510 1524 1521

1560 1548 1559 1560 1561 1560 1509 1510 1509

1554 1534 1552 1551 1552 1555

1535 1535 1536 1534 1536

ns(CO2) 1421 1412 1413 1421 1420 1421 1418 1416 1419 1421 1417

1401 1400 1400 1414 1400 1401 1404 1407 1406 1408 1404

1401

d(CO2) - 678 678 678 679 669 670 670 669 670

d(CO2) of

isolated

C=O

663 663 662 662 662 663
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as structurally viable single crystals. They are polymeric with
eight-coordinate rare earth atoms and are the first homoleptic pp

complexes.

Experimental

General

Solvents and chemicals were purchased from Sigma–Aldrich
and used without further purification. Microanalyses (C, H)

were obtained from Galbraith Laboratories (Knoxville, TN,
USA). IR spectra were recorded using an Agilent Cary 630
(FT)IR spectrophotometer equipped with a single-reflection

diamond attenuated total reflectance accessory. TGA was
recorded on a TA Instruments SDT 650 using a temperature
range of 25–4008C (ramp 108Cmin�1), standard 40 mLAl metal

pan and N2 gas (50mL min�1). Powder diffraction data were
recorded at room temperature using a Bruker D8 ADVANCE
Eco fitted with a Lynxeye detector, Cu source (wavelength
1.54059 Å), and Ni filter.

Preparation of Sodium 3-Benzoylpropanoate and
Phenylpropanoate

bpH or ppH (1.5 g) in ethanol (15mL) was added to an equi-
molar amount of NaHCO3 in water (20mL) and stirred for

20min. Solutions were then filtered, evaporated to dryness
under a stream of air at room temperature, and the resulting solid
dried in a vacuum desiccator for 24 h.

Preparation of Rare Earth bp and pp Complexes

Three molar equiv. of aqueous sodium 3-benzoylpropanoate and
3-phenylpropanoate were filtered into 1 molar equiv. of stirred

aqueous rare earth chloride, affording immediate precipitate
formation. The resulting suspensions were stirred for 2 h before
the precipitates were isolated, washed with water followed by

ethanol, and dried to constant mass under vacuum (24–48 h).
Crystalswere preparedbypartial dissolution of the bulk rare earth
complexes in aboilingwater/ethanolmixture (80 : 20, 200–400mL)

before being filtered and concentrated by slow evaporation of
solvent over 1–2 weeks.

Dehydration of La(bp)3

Crystalline La(bp)3 was homogenized with a spatula and sam-
pled for IR and XRPD before being heated to 608C for 30min
under a circulated N2 atmosphere. After 30min, the temperature
was ramped to 1008C (ramp 18Cmin�1) with periodic mixing of

the sample. Once 1008C was reached, the sample was cooled to
room temperature under N2 before being sampled for IR and
XRPD.

[Y(bp)3(H2O)]

Colourless crystals; yield 41%. nmax (ATR)/cm
�1 3490wbr,

3157vwbr, 3089vw, 3074vwsh, 3062w, 3028vw, 2983vw,

2955vw, 2914wsh, 2903w, 1693m, 1684m, 1674m, 1656w,
1648vw, 1626w, 1617w, 1591s, 1579s, 1560vssh, 1554vsbr,
1535msh, 1509w, 1500w, 1491w, 1474wsh, 1458w, 1446ssh,

1434vs, 1421ssh, 1401vs, 1390ssh, 1357vs, 1310m, 1296s,

Table 4. Crystallographic data and structure refinement for rare earth bp and pp complexes

Complex Y(bp)3
A La(bp)3

B Ce(bp)3 Pr(bp)3
C Nd(bp)3

C Yb(bp)3
A Y(pp)3 Yb(pp)3

Empirical formula C30H29O10Y C30H33 2/3O12 1/3La C30H29O10Ce C30H29O10Pr C30H29O10Nd C30H20O10Yb C27H27O9Y C27H27O9Yb

Formula weight 638.44 730.47 689.65 690.44 693.80 722.57 536.39 620.52

Crystal system Monoclinic Triclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic

Space group P21/c PP�1 P21/c P21/c P21/c P21/c Ia Ia

Colour Colourless Colourless Colourless Pale green Colourless Colourless Colourless Colourless

a [Å] 30.1795(7) 8.6328(2) 29.1035(3) 29.1811(8) 29.2275(3) 30.0406(6) 8.0242(2) 7.9985(2)

b [Å] 11.9946(2) 13.2306(2) 12.0352(1) 12.0334(3) 12.0285(2) 11.9398(3) 22.5750(6) 22.5212(5)

c [Å] 7.6267(2) 13.6590(3) 7.9365(1) 7.8786(2) 7.8367(1) 7.5382(2) 13.3057(4) 13.3096(3)

a [8] 90 93.090(2) 90 90 90 90 90 90

b [8] 94.032(2) 98.428(2) 94.911(1) 94.759(2) 94.544(1) 93.782(2) 98.697(3) 98.603

g [8] 90 104.207(2) 90 90 90 90 90 90

V [Å3] 2753.96(11) 1489.46(5) 2769.68(5) 2756.99(13) 2746.41(6) 2697.90(11) 2382.56(11) 2370.56(10)

Z 4 2 4 4 4 4

l [Å] 1.54184 0.71073 1.54184 0.71073 1.54184 1.54184 0.71073 0.71073

Temperature [K] 123 123 123 123 123 123 123 123

m [mm�1] 3.494 1.499 13.208 6.932 2.488 3.986

Tmin/max 0.274, 1.000 0.526, 1.000 0.568, 1.000 0.613, 1.000 0.164, 1.000 0.256, 1.000

2ymax [8] 153.7 57.4 153.7 153.9 55.0 55.8

Nt 18769 41145 27258 25553 26820 15722

N, Rint 6486, 0.082 7704, 0.054 5668, 0.042 8013, 0.051 5435, 0.068 4960, 0.041

No (I. 2s(I)) 5937 7072 5393 7648 4779 4257

Parameters 379 488 469 379 316 316

R1 (I. 2s(I)) 0.061 0.024 0.037 0.038 0.044 0.029

wR2 (all data) 0.188 0.057 0.097 0.107 0.101 0.078

GoF 1.096 1.084 1.156 1.034 1.091 1.073

Demin,max [e Å
�3] �1.73, 1.26 �0.72, 1.25 �1.27, 1.21 �1.91, 2.24 �0.87, 0.92 �1.30, 2.28

CCDC no. 2009222 2009226 2009223 2009221 2009224 2009225

AData treated as a two-component non-merohedral twin.
BThe structural model comprises a disordered 2 : 1 mixture of [La(bp)3(H2O)2]�H2O and [La(bp)3(H2O)2]�2H2O.
CFull structure refinements not obtained as crystal samples examined showed evidence of twinning that could not be resolved.
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1267m, 1253msh, 1240s, 1201s, 1181s, 1151m, 1102w, 1080w,

1064w, 1027vw, 1018w, 1000w, 990w, 972m, 956msh, 952m,
931w, 925wsh, 895w, 884m, 856vwsh, 848w, 836vwsh, 827vw,
799vw, 763s, 747vs, 691vs, 685vs, 670msh, 663m. Anal. Calc.

for C30H29O10Y: C 56.43, H 4.58. Found: C 56.10, H 4.05%.

[La(bp)3(H2O)2]�1 1/3H2O ([La(bp)3(H2O)2].2H2O:
[La(bp)3(H2O)2].H2O 1:2)

Colourless crystals; yield 45%. TGA weight loss calculated

for: 0.5H2O, 1.31%; 1.1H2O, 2.84%. Found in the range of 50–
808C: 2.81%. nmax (ATR)/cm

�1 3455vwbr, 3166vwbr, 3088vw,
3061vw, 3028vw, 2977vw, 2945vw, 2920vwsh, 2905vw,

1691msh, 1686m, 1673s, 1656vwsh, 1648vwsh, 1631vw,
1597m, 1574vs, 1548vsbr, 1534ssh, 1509wsh, 1499vwsh,
1491vw, 1475vw, 1441msh, 1424vs, 1412vssh, 1400vs,

1389ssh, 1358vs, 1314wsh, 1293vs, 1267m, 1240s, 1202s,
1182s, 1171msh, 1151wsh, 1100vw, 1078vwsh, 1064w,
1028vw, 1017vw, 1001w, 988w, 977w, 969m, 951m, 932vw,

923vwsh, 886w, 879m, 857vw, 846vw, 836vwsh, 822vw 798vw,
759s, 748vs, 688vs, 678ssh, 663m. Anal. Calc. for C30H29LaO10:
C 52.34, H 4.25. Anal. Calc. for C30H30LaO10.5: C 51.66, H 4.34.
Anal. Calc. for C30H33.66LaO12.33: C 49.33, H 4.65. Found: C

51.53, H 4.62%.

[Ce(bp)3(H2O)]

Colourless crystals; yield 31%. nmax (ATR)/cm
�1 3449wbr,

3087vw, 3061w, 3029vw, 2980vw, 2904w, 1687s, 1672s,
1655w, 1648w, 1636wsh, 1632w, 1618wsh, 1596s, 1576s,
1559ssh, 1552ssh, 1544s, 1535ssh, 1508w, 1499vwsh, 1491vw,

1449wsh, 1441msh, 1423vs, 1413vs, 1400vs, 1389vssh, 1354vs,
1313m, 1292vs, 1266s, 1236vs, 1202vs, 1180s, 1164msh,
1153msh, 1099w, 1077w, 1065m, 1027w, 1018w, 1000m,
987m, 978m, 968m, 951s, 932w, 924w, 888m, 879m, 853w,

825wsh, 795w, 758s, 748vs, 686vs, 678ssh, 662m.Anal. Calc. for
C30CeH29O10: C 52.24, H 4.24. Found: C 52.19, H 4.33%.

[Pr(bp)3(H2O)]

Pale green crystals; yield 49%. nmax (ATR)/cm
�1 3461vwbr,

3174vwbr, 3087vw, 3060vw, 3028vw, 2981vw, 2942vw,
2927vwsh, 2905vw, 1692m, 1687m, 1674m, 1655w, 1648vw,

1637vw, 1631vw, 1625vwsh, 1619vw, 1597m, 1575s, 1560s,
1551vssh, 1543vs, 1536ssh, 1524msh, 1509w, 1500w, 1491vw,
1475vw, 1466vw, 1458w, 1446msh, 1427vs, 1421vssh, 1414ssh,

1401vs, 1390msh, 1357s, 1313wsh, 1295s, 1268w, 1239s,
1203m, 1182m, 1154w, 1103vwsh, 1078vw, 1065vw, 1028vw,
1018vw, 1001w, 990w, 978w, 969w, 953w, 932vw, 924vwsh,
890w, 881m, 854vw, 846vwsh, 837vwsh, 827vw, 798vw, 760m,

749vs, 717vw, 688vs, 678msh, 662w. Anal. Calc. for
C30H29PrO10: C 52.19, H 4.41. Found: C 52.17, H 4.23%.

[Nd(bp)3(H2O)]

Colourless crystals; yield 48%. nmax (ATR)/cm
�1 3461wbr,

3164vwbr, 3087vw, 3062w, 3029vw, 2983vw, 2905w, 1691m,

1686m, 1673s, 1656w, 1648w, 1637w, 1630w, 1619w, 1596m,
1576s, 1561ssh, 1543vs, 1534vssh, 1509m, 1500w, 1491w,
1474w, 1465wsh, 1458w, 1445msh, 1428vs, 1420vssh, 1400vs,

1390ssh, 1356vs, 1313msh, 1293s, 1267m, 1238s, 1202s, 1181s,
1153m, 1101wsh, 1078w, 1065w, 1027w, 1017w, 1001m, 990m,
977m, 969m, 952m, 932w, 924wsh, 890m, 881m, 853w, 847wsh,

826vw, 798w, 759s, 748vs, 716wsh, 686vs, 679ssh, 662m. Anal.
Calc. for C30H29NdO10: C 51.93, H 4.21. Found: C 51.75,
H 4.34%.

[Yb(bp)3(H2O)]

Colourless crystals; yield 20%. nmax (ATR)/cm
�1 3496vwbr,

3158vwbr, 3090vw, 3074vw, 3062vw, 3027vw, 2984vw,
2915vwsh, 2903w, 1692m, 1684m, 1675s, 1656vw, 1648vw,
1624wsh, 1620w, 1591s, 1579s, 1560vssh, 1555vs, 1542ssh,

1536msh, 1508w, 1499vw, 1491vw, 1474vwsh, 1460w,
1446ssh, 1435vs, 1401vs, 1389ssh, 1356vs, 1311m, 1295s,
1267m, 1253m, 1239s, 1201s, 1181s, 1151m, 1102m, 1080w,
1064w, 1027vw, 1018w, 1007vwsh, 1001w, 991w, 972m,

956m, 952m, 936w, 924wsh, 897w, 885m, 855vwsh, 848vw,
827vw, 798vw, 763s, 747vs, 692vs, 684vs, 663m. Anal. Calc.
for C30H29O10Yb: C 49.86, H 4.05. Found: C 49.82, H 4.05%.

[Y(pp)3]

Colourless crystals; yield 42%. nmax (ATR)/cm�1 3105vw,
3083vw, 3057vw, 3042vwsh, 3028vw, 3003vw, 2968vwsh,
2928vw, 2861vw, 1601vw, 1543wsh, 1520s, 1494s, 1451ssh,

1433vs, 1417vs, 1402vs, 1345m, 1334m, 1272m, 1242m, 1206w,
1182w, 1167w, 1152w, 1111vw, 1080w, 1047vw, 1027w,
1006w, 999wsh, 988vw, 971vw, 954w, 915vw, 856vw, 851vw,

836w, 814vw, 788w, 755m, 743msh, 722s, 698vs, 669wsh. Anal.
Calc. for C27H27O6Y:C60.40,H 4.81. Found:C 60.45,H 5.07%.

[La(pp)3]�0.5H2O

Colourless crystals; yield 55%. nmax (ATR)/cm�1 3391wbr,
3087vw, 3060vw, 3027w, 3005vw, 2956vw, 2933vw, 2870vw,

1603vw, 1555msh, 1527vs, 1509ssh, 1494s, 1475w, 1440vssh,
1417vs, 1407vs, 1338s, 1329s, 1276m, 1247msh, 1238m, 1234m,
1180w, 1161w, 1153w, 1110vw, 1078w, 1044w, 1028w, 1002w,

983vw, 968vw, 952w, 944w, 910wsh, 904w, 871vw, 832w, 786w,
747s, 695vs, 685ssh, 670s. Anal. Calc. for C27H28LaO6.5: C 54.46,
H 4.74. Found: C 54.46, H 4.62%.

[Ce(pp)3]�H2O

Colourless crystals yield: 45%. nmax (ATR)/cm
�1 3392wbr,

3086vw, 3061w, 3027w, 3005vwsh, 2956vw, 2933w, 2870vw,
1655vw, 1638vw, 1602vw, 1554msh, 1525vs, 1510ssh, 1495s,

1437ssh, 1419vssh, 1406vs, 1338s, 1329s, 1276m, 1249msh,
1237m, 1232msh, 1179w, 1161wsh, 1153w, 1110w, 1077w,
1044w, 1027w, 1001w, 983vwsh, 967vwsh, 952w, 945w,

908wsh, 904w, 872vw, 832w, 809vwsh, 785w, 747m,
717msh, 695vs, 670msh. Anal. Calc. for C27H29CeO7:
C 53.54, H 4.83. Found: C 53.65, H 4.41%.

[Nd(pp)3]�3H2O

Colourless crystals; yield 56%. nmax (ATR)/cm
�1 3339vwbr,

3086vw, 3061vw, 3027vw, 3003vwsh, 2960vwsh, 2926vw,

2863vw, 1603wsh, 1524vs, 1510vssh, 1497s, 1452ssh, 1438vssh,
1431vssh, 1421vssh, 1408vs, 1341m, 1331m, 1304m, 1273msh,
1240m, 1180w, 1163w, 1155w, 1109vw, 1078w, 1029w, 1003w,

981vw, 966wsh, 951w, 906w, 874vw, 839w, 830wsh, 786w,
775wsh, 748m, 716m, 695vs, 669s, 663m. Anal. Calc. for
C27H27NdO6: C 50.22, H 5.15. Found: C 50.37, H 4.83%.

[Yb(pp)3]

Colourless crystals; yield 51%. I nmax (ATR)/cm
�1 3085vw,

3058vw, 3040vwsh, 3029vw, 3003vw, 2970vwsh, 2929vw,
2862vw, 1601vw, 1542msh, 1521s, 1509ssh, 1494s, 1474msh,
1452ssh, 1434vs, 1417vs, 1404vs, 1346s, 1334m, 1319msh,

1282msh, 1272m, 1242m, 1205w, 1182w, 1166w, 1152w,
1111w, 1080m, 1045w, 1027w, 1006w, 1000wsh, 989ws,
972w, 956w, 914vw, 857vw, 851vw, 837w, 815vw, 788w,
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754s, 744msh, 723s, 698vs, 670wsh. Anal. Calc. for

C27H27O6Yb: C 52.26, H 4.39. Found: C 52.34, H 4.22%.

[La(mbp)3(H2O)2]�3H2O

Colourless single crystals of the title compound were pre-

pared by slow mixing of aqueous lanthanum chloride and
Na(mbp) solutions from opposite arms of an H-tube assembly.
Precipitation commenced where the solutions met in the cross-

arm and, after several months of standing at room temperature,
single crystals were found among the precipitate and separated
for structural examination.

X-Ray Crystallographic Data and Refinement of Structures
(Table 4)

Representative needle-shaped crystals of RE(bp)3 and RE(pp)3
compounds were mounted onto nylon loops and placed in the
cold nitrogen stream of a Rigaku Synergy S diffractometer fitted
with a Hypix6000HE hybrid photon counting detector. Diffrac-

tion data were collected using MoKa ([La(bp)3(H2O)2]�1 1/3H2O,
[Yb(pp)3], and [Y(pp)3]) or CuKa ([RE(bp)3(H2O)], RE¼Ce,
Yb, Y) radiation and processed, including an empirical
(multiscan) absorption correction, with the proprietary software

CrysAlisPro.[32] Data for [RE(bp)3(H2O)] (RE¼Pr, Nd) were
obtained similarly but showed evidence of significant twinning
that could not be resolved; only the unit cell parameters are

reported here. Crystals of [La(mbp)3(H2O)] yielded problematic
data using laboratory instruments. Consequently, the final
dataset was obtained on the MX1 beamline at the Australian

Synchrotron and processed with the XDS software program.[33]

All structures were solved and refined by conventional methods
using the SHELX2018 software suite.[34] Non-hydrogen atoms
were refined with anisotropic displacement parameter forms

and hydrogen atoms attached to carbon were placed in calcu-
lated positions using a riding model (d(C–H)¼ 0.95–0.99 Å,
Uiso(H)¼ 1.2�Ueq(C)). For the water molecules, suitable

difference-density peaks were assigned as hydrogen and either
freely refined or refined with a restrained geometry (d(O–
H)¼ 0.86(2) Å, H–O–H¼ 109(4)8). Data for [Yb(bp)3(H2O)]

and [Y(bp)3(H2O)] were each processed as two non-merohedral
twin domains related by a 1808 rotation about [1 0 0] (reciprocal
cell axis) using the twinning tools in CrysAlisPro. Twin data

statistics are listed in the appropriate CIF files. The structure of
[La(bp)3(H2O)2]�1 1/3H2O was modelled with one of the bp
groups disordered over two positions, with occupancies fixed at
0.66 : 0.33 after a trial refinement. The minor component has

additionally an associated water molecule (occupancy 0.33) not
present in the major component. Thus, the overall structural
model comprises a 2 : 1 mixture of [La(bp)3(H2O)2]�H2O and

[La(bp)3(H2O)2]�2H2O. The structure of [Ce(bp)3(H2O)] was
modelled with one of the CH2C(O)Ph groups disordered over
two positions, corresponding to a 1808 rotation relative to the

Ce–O2CR fragment. Relative occupancies were refined to
0.77 : 0.23, and theminor componentwas refinedwith restrained
anisotropic displacement parameters (ISOR command). Both
the structures of [Yb(pp)3] and [Y(pp)3] were modelled with

one of the propanoate carbon atoms as disordered over two
positions ,0.60 Å apart and refined with occupancies fixed at
0.5 : 0.5, and with restrained geometry and anisotropic displace-

ment parameters (SADI, ISOR commands). For the structure of
[La(mbp)3(H2O)2], the final refinement cycles yielded a sym-
metrical pattern of significant residual difference-density peaks

and holes (approximately ,5.5 e Å�3) within ,1 Å of the La

position, contributing to the high R values. The final structural
model shows no evidence of disorder and the peaks are in
chemically non-sensible positions. Consequently, the residual

electron density peaks are presumed to be artefacts resulting from
systemic errors in the data. Crystallographic data (excluding
structure factors) for the structures reported in this paper have
been deposited at the Cambridge Crystallographic Data Centre

(CCDC) as supplementary numbers CCDC 2009221–2009227.
Crystallographic data can be obtained free of charge from https://
www.ccdc.cam.ac.uk/structures/, or from the Cambridge Crys-

tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (þ44) 1223 336 033; email: deposit@ccdc.cam.ac.uk.

Supplementary Material

Infrared spectra, the La(bp)3 TGA profile, and La(bp)3 thermal
conversion, XRPD, and crystallographic and structure refine-
ment data for [La(mbp)3(H2O)2]�3H2O are available on the

Journal’s website.

Conflicts of Interest

The authors declare no conflicts of interest.

Acknowledgements

Part of this work was conducted using the MX1 beamline at the Australian

Synchrotron, part of the Australian Nuclear Science and Technology

Organisation.[35] The authors acknowledge use of facilities within the

Monash X-ray Platform. G. B. D and P. C. J acknowledge Australian

Research Council grant DP200100568. The work of C. G. was carried out

during participation in the Monash–Leipzig exchange program and the

support of this program by Deutscher Akademischer Austauschdienst

(DAAD) and Monash School of Chemistry is greatly appreciated. We thank

Dr Zhifang Guo for TGA data collection.

References

[1] A. Ouchi, Y. Suzuki, Y. Ohki, Y. Koizumi, Coord. Chem. Rev. 1988,

92, 29. doi:10.1016/0010-8545(88)85004-5
[2] G. Meyer, J. Alloys Compd. 2000, 300–301, 113. doi:10.1016/S0925-

8388(99)00740-9
[3] See Ch. 6, pp. 191–237 in: S. R. Batten, S. M. Neville, D. R. Turner,

Coordination Polymers: Design, Analysis and Application 2008

(Royal Society of Chemistry: Cambridge).

[4] R. Wang, Z. Zheng, in Rare Earth Coordination Chemistry: Funda-

mentals and Applications (Ed. C. Huang) 2010, Ch. 3, pp. 91–136

(John Wiley and Sons: Singapore).

[5] T. Behrsing, G. B. Deacon, P. C. Junk, in Rare Earth-Based Corrosion

Inhibitors (Eds M. Forsyth, B. R. W. Hinton) 2014, Ch. 1, pp. 1–37

(Elsevier/Woodhead Publishing: Amsterdam).

[6] J.-s. Lu, R. Wang, in Encyclopedia of Inorganic and Bioinorganic

Chemistry (Ed. T. P. Hanusa) 2012, pp. 1–11 (John Wiley and Sons:

Hoboken, NJ).

[7] J.-C.G. Bünzli, C. Piguet,Chem. Soc. Rev. 2005, 34, 1048. doi:10.1039/
B406082M

[8] S. V. Eliseeva, J.-C. G. Bünzli, Chem. Soc. Rev. 2010, 39, 189. doi:10.
1039/B905604C

[9] J.-C. G. Bünzli, Trends Chem. 2019, 1, 751. doi:10.1016/J.TRECHM.
2019.05.012

[10] A. Fischbach, R. Anwander, in Neodymium-Based Ziegler Catalysts –

Fundamental Chemistry (Ed. O. Nuyken) 2006, Vol. 204, Ch. 2,

pp. 155–281 (Springer-Verlag: Berlin).

[11] G. B. Deacon, M. Forsyth, P. C. Junk, W. W. Lee, Chem. Aust 2008,

75, 18.
[12] M. Forsyth, M. Seter, B. Hinton, G. Deacon, P. Junk, Aust. J. Chem.

2011, 64, 812. doi:10.1071/CH11092

1258 N. C. Thomas et al.

https://www.ccdc.cam.ac.uk/structures/
https://www.ccdc.cam.ac.uk/structures/
http://dx.doi.org/10.1016/0010-8545(88)85004-5
http://dx.doi.org/10.1016/S0925-8388(99)00740-9
http://dx.doi.org/10.1016/S0925-8388(99)00740-9
http://dx.doi.org/10.1039/B406082M
http://dx.doi.org/10.1039/B406082M
http://dx.doi.org/10.1039/B905604C
http://dx.doi.org/10.1039/B905604C
http://dx.doi.org/10.1016/J.TRECHM.2019.05.012
http://dx.doi.org/10.1016/J.TRECHM.2019.05.012
http://dx.doi.org/10.1071/CH11092


[13] A. E. Somers, G. B. Deacon, B. R. W. Hinton, D. R. Macfarlane,

P. C. Junk, M. Y. J. Tan, M. Forsyth, J. Indian Inst. Sci. 2016, 96,

285.
[14] A. E. Somers, Y. Peng, A. L. Chong, M. Forsyth, D. R. MacFarlane,

G. B. Deacon, A. E. Hughes, B. R. W. Hinton, J. I. Mardel, P. C. Junk,

Corros. Eng. Sci. Technol. 2020, 55, 311. doi:10.1080/1478422X.
2020.1754600

[15] M. Costa, C. B. Klein, Crit. Rev. Toxicol. 2006, 36, 155. doi:10.1080/
10408440500534032

[16] A. V. Zabula, S. Dey, J. R. Robinson, T. Cheisson, R. F. Higgins,

G. Bhargava, R. C. Nahas, D. Cinoman, M. Kerins, E. C. Houze,

E. J. Schelter,Corros. Sci. 2020, 165, 108377. doi:10.1016/J.CORSCI.

2019.108377

[17] A. E. Somers, B. R. W. Hinton, C. N. de Bruin-Dickason, G. B.

Deacon, P. C. Junk, M. Forsyth, Corros. Sci. 2018, 139, 430. doi:10.
1016/J.CORSCI.2018.05.017

[18] Y. Peng, A. E. Hughes, G. B. Deacon, P. C. Junk, B. R. W. Hinton,

M. Forsyth, J. I. Mardel, A. E. Somers, Corros. Sci. 2018, 145, 199.
doi:10.1016/J.CORSCI.2018.09.022

[19] M. Seter, G. M. A. Girard, W. W. Lee, G. Deacon, P. Junk, B. Hinton,

M. Forsyth, AIMS Mater. Sci. 2015, 2, 1. doi:10.3934/MATERSCI.
2015.1.1

[20] Y. Peng, A. E. Hughes, J. I. Mardel, G. B. Deacon, P. C. Junk,

M. Forsyth, B. R. W. Hinton, A. E. Somers, ACS Appl. Mater. Inter-

faces 2019, 11, 36154. doi:10.1021/ACSAMI.9B13722
[21] G. B. Deacon, P. C. Junk, W. W. Lee, M. Forsyth, J. Wang, New J.

Chem. 2015, 39, 7688. doi:10.1039/C5NJ00787A
[22] C. N. de Bruin-Dickason, G. B. Deacon, C. M. Forsyth, S. Hanf, O. B.

Heilmann, B. R.W. Hinton, P. C. Junk, A. E. Somers, Y. Q. Tan, D. R.

Turner, Aust. J. Chem. 2017, 70, 478. doi:10.1071/CH16547
[23] M.Frey, S.G.Harris, J.M.Holmes,D.A.Nation, S. Parsons, P.A.Tasker,

R.E.P.Winpenny,Chem.–Eur. J.2000,6, 1407. doi:10.1002/(SICI)1521-
3765(20000417)6:8,1407::AID-CHEM1407.3.0.CO;2-K

[24] L. F.Marques, A.A. B. Cantaruti, C. C. Correa,M.G. Lahoud, R. R. da

Silva, S. J. L. Ribeiro, F. C.Machado, J. Photochem. Photobiol. Chem.

2013, 252, 69. doi:10.1016/J.JPHOTOCHEM.2012.11.012
[25] Z. Xiang, T. Wang, J. Wang, Y. Wu, Y.-C. Sun, B. Xie, Synth. React.

Inorg. Met.-Org. Nano-Met. Chem. 2016, 46, 1632. doi:10.1080/
15533174.2015.1137041

[26] L. F.Marques, A. Cuin, G. S. G. de Carvalho,M. V. dos Santos, S. J. L.

Ribeiro, F. C.Machado, Inorg. Chim. Acta 2016, 441, 67. doi:10.1016/
J.ICA.2015.11.009

[27] L. Lu, J. Wang, A. Q. Ma, W. P. Wu, B. Xie, Y. Wu, A. Kumar,

Russ. J. Coord. Chem. 2015, 41, 673. doi:10.1134/S1070328415
10005X

[28] F. Chen, J. Wang, M.-W. Dong, S.-L. Zhang, C.-P. Wu, J.-Q. Liu,

J. Mol. Struct. 2019, 1177, 117. doi:10.1016/J.MOLSTRUC.2018.09.
032

[29] L. F.Marques, C. C. Correa, H. C.Garcia, T.Martins Francisco, S. J. L.

Ribeiro, J. D. L. Dutra, R. O. Freire, F. C. Machado, J. Lumin. 2014,

148, 307. doi:10.1016/J.JLUMIN.2013.12.021
[30] Q. Jing, L. Lu, F.-L. Wang, W.-G. Luo A, J. Wang, Inorg. Nano-Met.

Chem 2017, 47, 1369. doi:10.1080/24701556.2017.1291679
[31] X. F. Yu, L. Lu, Y. R. Zhong, W. G. Luo A, J. Wang, Russ. J. Coord.

Chem. 2017, 43, 244. doi:10.1134/S1070328417040091
[32] CrysAlisPro, v1.171.39.46 2018 (RigakuOxfordDiffraction: Yarnton,

UK).

[33] W. Kabsch, Acta Crystallogr. Sect. D 2010, 66, 125. doi:10.1107/
S0907444909047337

[34] G. Sheldrick, Acta Crystallogr. Sect. C 2015, 71, 3. doi:10.1107/
S2053229614024218

[35] N. P. Cowieson, D. Aragao, M. Clift, D. J. Ericsson, C. Gee,

S. J. Harrop, N.Mudie, S. Panjikar, J. R. Price, A. Riboldi-Tunnicliffe,

R. Williamson, T. Caradoc-Davies, J. Synchrotron Radiat. 2015, 22,

187. doi:10.1107/S1600577514021717

Rare Earth Carboxylate Complexes 1259

http://dx.doi.org/10.1080/1478422X.2020.1754600
http://dx.doi.org/10.1080/1478422X.2020.1754600
http://dx.doi.org/10.1080/10408440500534032
http://dx.doi.org/10.1080/10408440500534032
http://dx.doi.org/10.1016/J.CORSCI.2019.108377
http://dx.doi.org/10.1016/J.CORSCI.2019.108377
http://dx.doi.org/10.1016/J.CORSCI.2018.05.017
http://dx.doi.org/10.1016/J.CORSCI.2018.05.017
http://dx.doi.org/10.1016/J.CORSCI.2018.09.022
http://dx.doi.org/10.3934/MATERSCI.2015.1.1
http://dx.doi.org/10.3934/MATERSCI.2015.1.1
http://dx.doi.org/10.1021/ACSAMI.9B13722
http://dx.doi.org/10.1039/C5NJ00787A
http://dx.doi.org/10.1071/CH16547
http://dx.doi.org/10.1002/(SICI)1521-3765(20000417)6:8%3C1407::AID-CHEM1407%3E3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1521-3765(20000417)6:8%3C1407::AID-CHEM1407%3E3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1521-3765(20000417)6:8%3C1407::AID-CHEM1407%3E3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1521-3765(20000417)6:8%3C1407::AID-CHEM1407%3E3.0.CO;2-K
http://dx.doi.org/10.1016/J.JPHOTOCHEM.2012.11.012
http://dx.doi.org/10.1080/15533174.2015.1137041
http://dx.doi.org/10.1080/15533174.2015.1137041
http://dx.doi.org/10.1016/J.ICA.2015.11.009
http://dx.doi.org/10.1016/J.ICA.2015.11.009
http://dx.doi.org/10.1134/S107032841510005X
http://dx.doi.org/10.1134/S107032841510005X
http://dx.doi.org/10.1016/J.MOLSTRUC.2018.09.032
http://dx.doi.org/10.1016/J.MOLSTRUC.2018.09.032
http://dx.doi.org/10.1016/J.JLUMIN.2013.12.021
http://dx.doi.org/10.1080/24701556.2017.1291679
http://dx.doi.org/10.1134/S1070328417040091
http://dx.doi.org/10.1107/S0907444909047337
http://dx.doi.org/10.1107/S0907444909047337
http://dx.doi.org/10.1107/S2053229614024218
http://dx.doi.org/10.1107/S2053229614024218
http://dx.doi.org/10.1107/S1600577514021717

