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A B S T R A C T

The salt metathesis reaction between sodium 2-hydroxyphenylacetate (Na(2hpa)) and a rare earth (RE) metal 
nitrate or chloride in an aqueous ethanol medium has yielded a series of rare earth one-dimensional (1-D) co
ordination polymers [La(2hpa)3(H2O)2]n (1), {[RE2(2hpa)6(H2O)4]⋅3.5H2O}n (RE = Ce (2), Nd (3)), and 
{[RE2(2hpa)6(H2O)2]⋅3H2O}n (RE = Gd (4), Dy (5), Y (6), Er (7), Yb (8)) which have three different crystal 
structures. All structures were determined by single-crystal X-ray diffraction (XRD), except Y (6) and Yb (8) 
compounds, which were isomorphous with Gd (4), Dy (5), and Er (7) complexes by their unit cell parameters and 
X-ray powder diffraction (XRPD) patterns. Only the La complex (1) has a mononuclear repeating unit while the 
others are based on binuclear units. The chelating bridging carboxylate coordination mode is common for all 
complexes. In addition, complexes 1–3 exhibit the chelating mode with the 10-coordination number whereas 
complexes 4–8 have syn-syn-bridging bidentate binding with the coordination number of 9. In the weight loss 
anti-corrosion experiments, the {[Gd2(2hpa)6(H2O)2]⋅3H2O}n (4) compound demonstrated the highest inhibition 
efficiency of 57 %. A significant difference between RE 2-hydroxyphenylacetate complexes and [Ce(sal
H)3(H2O)]n was usually not observed indicating little impact of the -CH2- unit between carboxylate and benzene 
ring. The reduced corrosion inhibition efficiencies of RE 2-hydroxyphenylacetate complexes compared with RE 
4-hydroxyphenylacetates confirm the positive effect of the p-OH group on the benzene ring on anti-corrosion 
properties.

1. Introduction

Rare earth metal complexes are mainly formed by trivalent ions as it 
is the most stable oxidation state, and their hard acid nature particularly 
favours oxygen donors [1,2]. Carboxylates typically exhibit a wide 
range of binding modes resulting in many and various structural ar
rangements with rare earth metals [3,4]. These complexes have the 
potential to be used in different applications such as catalysis [5], 
luminescence [6], bioimaging [7], NMR shift reagents [8], proton- 
conducting materials [9] and also as corrosion inhibitors [10,11]. 
Among rare earth carboxylates, 2-hydroxybenzoates (salicylates) have a 
special place from a structural viewpoint [12]. Not only do the hydrates 
form four structural classes (two polymeric types, dimers, and mono
mers), but most metals crystallize in at least two forms from water, 
whilst holmium gives crystals of a monomer, a dimer and a polymer. For 

the larger metals, coordination of the OH group is observed in the 
polymeric structure, but not in the other three structural types [12]. By 
contrast, rare earth phenylacetate hydrates have only two structural 
types, with the larger metals (La–Ho) forming a nine coordinate poly
mer and Y–Lu a polymer with three eight coordinate metal atoms and 
one nine [13]. In this paper, we examine whether the introduction of a 2- 
hydroxy substituent into the phenylacetate ligand introduces more 
structural variety.

Rare earth carboxylate complexes are considered as promising can
didates as corrosion inhibitors, since the innovation of cerium salicylate 
in 2002 [10,14–16]. The cerium complex is a double-stranded polymeric 
structure, [Ce(salH)3(H2O)]n with three different modes of coordination 
of the salicylate ligands [12]. Due to the dual anodic and cathodic in
hibition action of this complex against corrosion, research on the anti
corrosion properties of rare earth carboxylate compounds has been 
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growing for the past two decades [10,16]. The excellent performance of 
those novel RE complexes in protecting some steel and aluminium alloys 
against corrosion has proven as an effective alternative for the toxic 
chromate compounds, which are the best known commercially used 
inhibitors [16,17] but are being phased out.

After cerium salicylate, rare-earth carboxylates with different 
structural motifs have been synthesized to study their anticorrosion 
properties and lanthanum 4-hydroxycinnamate [18], yttrium 3-(4′- 
methylbenzoyl)propionate [19,20], yttrium 3-furoate [21], yttrium and 
lanthanum 4-hydroxybenzoate [22], and 3-thiophenecarboxylate [23] 
were identified as excellent inhibition compounds. However, some RE 
carboxylate complexes such as complexes of 3-(4′-hydroxyphenyl)-pro
pionate [24], phenylacetate [13], and 2-methyl-3-furoate [17] did not 
achieve high inhibition levels. A recent study on the anticorrosion 
properties of rare earth 4-hydroxyphenylacetate complexes, indicated 
the advantage of adding the p-OH group to the structure [25]. Thus, the 
effect of the presence of an o-OH group on the benzene ring in terms of 
corrosion inhibition properties is interesting to determine the impact of 
the location of the -OH functionality on the structure.

Moreover, 2-hydroxyphenylacetate (Fig. 1(a)) has a -CH2- group 
between the benzene ring and the -COO− group of the salicylate ion 
(Fig. 1(b)). Comparison of the structural changes and corrosion inhibi
tion capabilities of the RE 2-hydroxyphenylacetate complexes with 
those of cerium salicylate, which has significantly influenced research 
on RE carboxylates corrosion inhibition, is important for studying 
structure-activity relationship in this inhibitor class.

2. Results and discussion

2.1. Synthesis and characterization

The salt metathesis reaction between sodium 2-hydroxyphenylace
tate (2hpa) and the selected rare-earth nitrate or chloride in an 
aqueous medium with a little ethanol yielded the rare earth 2-hydroxy
phenylacetate aqua complexes as shown in Scheme 1.

During the salt metathesis reaction, a precipitate (bulk sample) was 
obtained only for the compounds of La, and Ce. For other compounds, 
slightly cloudy solutions were obtained and there was not enough 
powder to collect. Crystalline samples were collected from the mother 
liquor by slow evaporation. Crystal structures were determined for La 
(1), Ce (2), Nd (3), Gd (4), Dy (5), and Er (7) complexes from single 
crystal data. Owing to the poor quality of the crystals of the Y (6) and Yb 
(8) complexes, the structures could not be determined. However, their 
unit cell parameters (see experimental section) and powder patterns 
showed they were isomorphous with the compounds 4, 5, and 7. The 
powder patterns of the other compounds were comparable with their 

simulated powder patterns derived from the Mercury software based on 
the single crystal X-ray data (Fig. S4), thereby confirming bulk identity.

In TGA graphs of all 1–8 compounds, the first weight loss step cor
responds with the loss of both coordinated and lattice water (Fig. S5). 
The temperature range of this step starts from room temperature 
(around 25 ◦C) to 105–115 ◦C and for compound 4, it was up to 150 ◦C. 
The second weight loss around 110–300 ◦C was obtained as ~25–27 % 
for all compounds except the complexes 1 and 6, which exhibited a 
weight loss of ~31–34 % from 110 to 265 ◦C. The second weight loss 
stage for all compounds 1–8 was consistent with the removal of an (o- 
HO-C6H4-CH2)2CO (R2CO) ketone and formation of a carboxylatocar
bonate complex (Eq. 1). The data are given in Table S8, where some 
variation between calculated and found values may be attributed to 
some uncertainty in selection of the end temperature of the second 
weight loss (Fig. S5). 

4RE(O2CR)3→RE4(O2CR)6(CO3)3 +3R2CO (1) 

The IR spectra of all 1–8 compounds showed similar patterns while 
isostructural compounds exhibit almost identical spectra having similar 
peaks at the same wavelengths or with slight deviation (Table 1; Fig. S7). 
Several main peaks corresponding to the functional groups of the com
plexes, can be identified. The O–H stretching vibrations of coordinated 
and lattice water molecules, as well as the hydroxyl group of the ligand 
contribute to the broad bands at 3050–3550 cm− 1 in the spectra [26]. A 
prominent strong peak (at 1687 cm− 1 in the free acid spectrum; Fig. S6) 
corresponding to the absorption band of the carbonyl group was absent 
in all compounds, indicating the coordination of -COO− through 
deprotonation of -COOH [27]. Asymmetric and symmetric stretching 
vibration bands related to the carboxylate group of all compounds are 
observed at 1589–1517 cm− 1 and 1406–1425 cm− 1 respectively. 
Moreover, having a lower value for the difference between asymmetric 
and symmetric vibrations (Δν), than its ionic value, suggests that the 
presence of the bridging and/or chelating carboxylate groups and the 
absence of the unidentate coordination mode for the complexes [28,29] 
(Table 1).

2.2. Crystal and molecular structures

Three different structural classes were obtained, namely [La 
(2hpa)3(H2O)2]n (1), {[RE2(2hpa)6(H2O)4]⋅3.5H2O}n (RE = Ce (2), Nd 
(3)), and {[RE2(2hpa)6(H2O)2]⋅3H2O}n (RE = Gd (4), Dy (5), Y (6), Er 
(7), Yb (8)), in contrast to two for unsubstituted phenylacetate [13]. The 
crystallographic and refinement data are given in the supporting infor
mation in Table S1. Only three types of carboxylate coordination modes 
are observed in all of 1–8 as shown in Fig. 2. No coordination of the 
hydroxyl group was observed unlike ligation of salicylate [12]. Although 

Fig. 1. Structures of (a) 2-hydroxyphenylacetate and (b) salicylate ion.
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this might be attributed to the need of a 7-membered chelate ring for 
2hpa, the RE ions are large enough to accommodate this.

[La(2hpa)3(H2O)2]n: The lanthanum complex forms a mononuclear 
derived 1-D polymeric chain, and it crystallizes in the monoclinic crystal 
system and P21/n space group. The asymmetric unit of the complex 
consists of three ligands and two coordinated water molecules, and the 
asymmetric unit and a part of its polymeric chain are depicted in Fig. 3.

The LaIII metal ion is 10 coordinate with five ligands and two water 
molecules resulting in a bicapped square antiprismatic geometry. 
Among the five ligands, the chelating κ(O,O′) (ii) ligand is connected 
through two oxygens (O1, O2) and the other four ligands show the syn- 
syn chelating bridging Z,Z-μ-1κ(O):2κ(O,O′) (iii) mode through 
(O4*,5*), (O7#,8#), O4, and O7. The two water molecules (O10,11) are 
cisoid coordinated with an O10-La1-O11 angle of 68.06(11)◦. Two metal 
ions are bridged through two chelating bridging ligands to make a 
polymeric chain with the separations of 4.3159(6) Å (La1#-La1) and 
4.3661(6) Å (La1*-La1) between adjacent metal ions and a La1#-La1- 
La1* angle of 172.978(14)◦. The bridging oxygens O7 and O7# form a 
113.32(11)◦ angle (La1-O7-La# and La1-O7#-La#), while the bridging 
angle at O4 and O4* (La1-O4-La* and La1-O4*-La*) is 114.86(12) 
◦(Table S2).

The La–O bond lengths of the complex are listed in the caption of 
Fig. 3 and in Table S2. The average La–O bond length of carboxylates 
along the chain is 2.594 Å and it is shorter than that of coordinated H2O 
(2.612 Å). Moreover, five different intramolecular H bonds can be 
observed within the chain. Two of them are formed by a coordinated 
water oxygen atom O11, with a carboxylate (O2*) and a hydroxyl (O3#) 
from ligands bound to adjacent metal centers. The other three H-bonds 
arise from three different hydroxyl oxygens acting as donor atoms to 
coordinated carboxylate oxygens. Only O3-H3…O1 exhibits an intra
molecular hydrogen bond within the asymmetric unit, while O6 and O9 

Scheme 1. Synthesis of RE 2-hydroxyphenylacetate complexes by salt metathesis reactions.

Table 1 
Selected infrared bands (cm− 1) of the RE 2-hydroxyphenylacetate complexes.

Compound ν(OH) 
water

νas(CO2
− ) νs(CO2

− ) Δν =
(νas −

νs)avg

δ(CO2
− )

Na(2hpa) 3070 1592, 
1562, 
1508

1413, 
1374

161 –

[La(2hpa)3(H2O)2]n (1) 3226 1584, 
1546, 
1517

1406 143 647

{[Ce2(2hpa)6(H2O)4]⋅ 
3.5H2O}n (2)

3277 1586, 
1551, 
1519

1417 135 651

{[Nd2(2hpa)6(H2O)4]⋅ 
3.5H2O}n (3)

3269 1586, 
1551, 
1519

1425 127 659

{[Gd2(2hpa)6(H2O)2]⋅ 
3H2O}n (4)

3153 1589, 
1561, 
1527

1419 140 626

{[Dy2(2hpa)6(H2O)2]⋅ 
3H2O}n (5)

3159 1589, 
1566, 
1527

1421 140 626

{[Y2(2hpa)6(H2O)2]⋅ 
3H2O}n (6)

3171 1589, 
1570, 
1528

1425 137 626

{[Er2(2hpa)6(H2O)2]⋅ 
3H2O}n (7)

3157 1589, 
1567, 
1527

1421 140 626

{[Yb2(2hpa)6(H2O)2]⋅ 
3H2O}n (8)

3153 1570, 
1528

1425 124 626

Fig. 2. Coordination modes of 2-hydroxyphenylacetate with rare earth metals in complexes 1–8: (i) syn,syn- bidentate bridging - Z,Z-μ-1κ(O):2κ(O′); (ii) chelating - 
κ(O,O′); (iii) chelating bridging - Z,Z-μ-1κ(O):2κ(O,O′).
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hydroxyl oxygens form H-bonds with carboxylate O8# and O5* 
respectively, of adjacent ligands. All H bond lengths and angles of [La 
(2hpa)3(H2O)2]n are listed in Table S3. In contrast with the other two 
structural types, interchain interactions are not present in this structure 
(Fig. S1).

{[RE2(2hpa)6(H2O)4]⋅3.5H2O}n (RE ¼ Ce (2), Nd (3)): Complexes 
2 and 3 are isomorphous with two unique metal ions along the one- 
dimensional polymeric structure. Both complexes crystallize in a 
triclinic crystal system with a P-1 space group. The asymmetric unit 
comprises two metal centers with different coordination spheres, six 
carboxylate ligands, four ligated water molecules, and 3.5 waters of 
crystallization associated with H bonds in the crystal lattice. The 
asymmetric unit and a segment of the structure of 3 showing the two 
different coordination environments are shown in Fig. 4.

Only the chelating κ(O,O′) (iii) and syn-syn chelating bridging Z,Z- 
μ-1κ(O):2κ(O,O′) (iii) carboxylate modes are observed in these com
plexes. Both Nd1 and Nd2 metal centers are surrounded by one κ(O,O′) 
(ii) and four Z,Z-μ-1κ(O):2κ(O,O′) (iii) carboxylates and two cisoid water 
ligands resulting in a ten-coordinated bicapped square antiprismatic 
geometry. The Nd1 ion is bound by the κ(O,O′) (ii) carboxylate ligand 
through (O1,2) and by the Z,Z-μ-1κ(O):2κ(O,O′) (iii) ligands by (O4,5), 
(O18*,19*), O7 and O12, along with two water molecules (O10-Nd1- 
O11 68.70(2)). The Nd2 metal center coordinates to two oxygen atoms 
(O15,16) from a κ(O,O′) carboxylate, six oxygens (O7#,8#), (O12,13), 
O5, and O18 from four μ-1κ(O):2κ(O,O′) carboxylate ligands, and two 
water oxygens (O21, O22; O21-Nd2-O22 69.97(2)).

The adjacent metal ions are linked by the bridging oxygens of Z,Z- 
μ-1κ(O):2κ(O,O′) (iii) carboxylates forming a 1-D chain with angles of 
115.294(17)◦ (Nd1-O5-Nd2), 116.726(17)◦ (Nd1-O12-Nd2), 115.098 

(15)◦ (Nd1-O7-Nd2*), and 115.319(16)◦ (Nd1-O18*-Nd2*). Along the 
chain, the angles about the metal ions are 169.893(3)◦ (Nd2-Nd1-Nd2* 
and Nd1-Nd2-Nd1#), while the distances between the neighboring 
metal ions alternate between 4.3247(9) Å (Nd1-Nd2), and 4.3089(9) Å 
(Nd1-Nd2* and Nd2-Nd1#). The mean Nd–O bond length with 
carboxylate ligands for both Nd1 and Nd2 is 2.542 Å and is higher than 
bond lengths with their coordinated H2O oxygens (cf. 1).

Throughout the polymer chain, several hydrogen bond interactions 
can be observed as listed in Table S5. All lattice water molecules are 
involved in H-bonds in the crystal structure; O23 acts as a donor atom to 
hydroxyl O14; O24 and O25 are donors to hydroxyl O20 and coordi
nated O15 respectively, while also acting as acceptors to water O21 and 
O11 respectively; O26 acts as the donor atom to both O13 and O11#. 
Although both coordinated water molecules (O21, O22) of Nd2 make H- 
bonds, only one water molecule (O11) of Nd1 participates in hydrogen 
bonding. Unlike complexes 1, and 4–8 intra-ligand H-bonds are absent 
in this structure. In addition to those H-bonds formed by lattice waters 
within the same chain, these waters also form weak H bonding with 
adjacent chains, contributing to interchain interactions (Fig. S2). The 
crystallized waters of O26 and O24 form hydrogen bonds with OH- 
group (O17 and O20 respectively) of neighboring chain ligands. More
over, O23 lattice waters participate in hydrogen bonding with the other 
O23 lattice water molecules from other symmetries to link neibouring 
polymer chains through interactions with hydroxyl O14 of the ligands. 
(Note: symmetry codes have not been applied to atom labels for 
packing).

{[RE2(2hpa)6(H2O)2]⋅3H2O}n (RE ¼ Gd (4), Dy (5), Y (6), Er (7), 
Yb (8)): Complexes 4–8 are isomorphous and crystallize as one- 
dimensional polymers in the triclinic P-1 space group with a 

Fig. 3. (a) The asymmetric unit of complex 1; (b) Part of the polymeric chain with 50 % thermal ellipsoids. Dotted lines indicate the intra-molecular hydrogen bonds. 
The hydrogen atoms, except those contributing to hydrogen bonds, are omitted for clarity. Selected bond lengths (Å); 1: La1-O1 2.6728(3), La1-O2 2.56980(17), La1- 
O4 2.48951(14), La1-O72.49414(16), La1-O10 2.67094(18), La1-O11 2.55265(19), La1-O4* 2.68991(18), La1-O5* 2.5998(2), La1-O7# 2.67075(17), La1-O8# 
2.5654(2). Symmetry codes: *1-X, 1-Y, 1-Z; #2-X, 1-Y, 1-Z.
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bimetallic repeating unit. Fig. 5 depicts the asymmetric unit and a part 
of the polymeric chain of complex {[Gd2(2hpa)6(H2O)2]⋅3H2O}n (4) as 
representative. In the asymmetric unit, six 2-hydroxyphenylacetate li
gands and two coordinated water molecules bind to two metal ions, and 
there are three waters (O21, O22, O23) of crystallization.

In the molecular structure, carboxylate ligands coordinate through 
only syn-syn-chelating bridging Z,Z-μ-1κ(O):2κ(O,O′) (iii) and syn-syn- 
bidentate bridging (i) modes. Both Gd1, and Gd2 metal centers are nine- 
coordinate in a tricapped trigonal prismatic geometry. The Gd1 metal 
ion builds its coordination environment with chelating oxygen atoms 
(O4,5) and (O16*,17*), as well as single oxygen atoms (O1 and O10) 

from Z,Z-μ-1κ(O):2κ(O,O′) (iii) ligands and (O7, and O1*) from Z,Z-μ-1κ 
(O):2κ(O′) (ii) carboxylates, along with one coordinated water molecule 
(O19). Four Z,Z-μ-1κ(O):2κ(O,O′) (iii) carboxylates bind to Gd2 atom 
through (O10,11), (O1#,2#), O5, and O16, whilst there are two addi
tional oxygen atoms (O8, and O13) from Z,Z-μ-1κ(O):2κ(O′) carboxylate 
ligands. A single oxygen atom (O20) from a water molecule ligates Gd2 
in the opposite direction to the water ligand of Gd1.

Neighboring metal centers are connected by two bridging oxygens 
(O5, O10 or O1, O16*) of Z,Z-μ-1κ(O):2κ(O,O′) (iii) carboxylates and one 
Z,Z-μ-1κ(O):2κ(O′) (i) carboxylate through (O7, O8 or O13, O14). The 
distances between adjacent metal ions are 4.0688(3) Å, and 4.1051(3) 

Fig. 4. (a) The asymmetric unit of {[Nd2(2hpa)6(H2O)4]⋅3.5H2O}n (3) (representative of complexes 2 and 3); (b) Part of the polymeric chain with 50 % thermal 
ellipsoids. Dotted lines indicate the intra-molecular hydrogen bonds. The hydrogen atoms, except those contributing to hydrogen bonds, and lattice water molecules 
are omitted for clarity. Selected bond lengths (Å) for 3: (Data for 2 in supplementary information): Nd1-O1 2.5686(7), Nd1-O2 2.5203(7), Nd1-O4 2.5141(7), Nd1-O5 
2.6705(8), Nd1-O7 2.4490(7), Nd1-O10 2.5261(8), Nd1-O11 2.5108(8), Nd1-O12 2.4516(7), Nd1-O18* 2.6473(8), Nd1-O19* 2.5180(6), Nd2-O5 2.4469(7), Nd2- 
O12 2.6268(8), Nd2-O13 2.5170(7), Nd2-O15 2.5704(7), Nd2-O16 2.5508(7), Nd2-O18 2.4512(7), Nd2-O21 2.5017(8), Nd2-O22 2.5125(8), Nd2-O7# 2.6556(8), 
Nd2-O8# 2.5153(6). Symmetry codes: *1 + X, +Y, +Z; #-1 + X, +Y, +Z.
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Å, with a Gd2-Gd1-Gd2* and Gd1-Gd2-Gd1# angle of 161.2872(16)◦
(Table S6). The average bond lengths of Gd1-Ocarboxylate and Gd2-Ocar

boxylate are 2.458 Å and 2.439 Å respectively, with similar Gd-OH2 bond 
lengths.

Two waters of crystallization form hydrogen bonds in the structure. 
O21 is a donor atom to the O14* bridging oxygen, whereas O22 serves as 

an acceptor to H from hydroxyl O15. The ligated water oxygen (O20) of 
the Gd2 metal center forms hydrogen bonds acting as a donor atom with 
two hydroxyl oxygens (O9 and O15). Moreover, one type of intra
molecular H-bond interaction is formed between hydroxyl oxygen O18 
and the chelating bridging carboxylate oxygen O17 (intra-ligand H- 
bonding). All intramolecular hydrogen bonds are illustrated in Fig. 5 and 

Fig. 5. (a) The asymmetric unit of {[Gd2(2hpa)6(H2O)2]⋅3H2O}n (representative of complexes 4–8); (b) Part of the polymeric chain with 50 % thermal ellipsoids. 
Dotted lines indicate the intra-molecular hydrogen bonds. The hydrogen atoms, except those contributing to hydrogen bonds, and lattice water molecules are omitted 
for clarity. Selected bond lengths (Å) for 4 (Data for 5–8 in supplementary information): Gd1-O1 2.37757(13), Gd1-O4 2.46107(14), Gd1-O5 2.60973(13), Gd1-O7 
2.32601(11), Gd1-O10 2.37690(13), Gd1-O19 2.44009(16), Gd1-O14* 2.37844(12), Gd1-O16* 2.63618(11), Gd1-O17* 2.49586(15), Gd2-O5 2.38615(14), Gd2-O8 
2.35548(11), Gd2-O10 2.51710(12), Gd2-O11 2.45406(13), Gd2-O13 2.34380(13), Gd2-O16 2.43092(13) Gd2-O20 2.47734(16), Gd2-O1# 2.52125(12), Gd2-O2# 
2.50023(13). Symmetry codes: *1 + X, +Y, +Z; #-1 + X, +Y, +Z.
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their bond lengths and angles are listed in Table S7. In the packing of 1-D 
polymeric chains as presented in Fig. S3, O21 lattice waters connect 
adjacent chains by forming H-bonds with coordinated carboxylate O14 
and hydroxyl O9 of two different chains. Similarly, O23 forms hydrogen 
bonds between coordinated water O19 and hydroxyl O6 of different 
neighboring chains. In addition, interligand hydrogen bonding between 
adjacent coordination polymers (between hydroxyl O12 and O18, and 
between hydroxyl O3 and coordinated carboxylate O2) further 
contribute to interchain interactions. (Note: symmetry codes have not 
been applied to atom labels for packing).

The metal ions with higher ionic radii (La, Ce, and Nd) acquire the 
coordination number of 10 along with the higher RE-O bond length, 
whereas metallic ions with smaller ionic radii (Gd, Dy, and Er) are 9-co
ordinate and have shorter bond lengths (Table 2). Across the series from 
La to Er, the average RE-O(carboxylate) bond lengths decrease, as shown 
in Table 2, consistent with the lanthanoid contraction [30].

2.3. Corrosion inhibition evaluation

Weight Loss Measurements.
The calculated corrosion rates and the inhibition efficiencies of in

hibitor compounds based on the immersion tests carried out in 0.01 M 
NaCl over 7 days are tabulated in Table 3. At the end of the period, all 
inhibitor-treated coupons exhibited comparatively less corrosion than 
the control. They all exhibited a brownish yellow colour all over the 
metal coupons, unlike the control specimens (Fig. S8), and that is 
explicable by the attachment of the complexes to the oxidized metal 
surface. This may occur through Fe-OH condensing with the 2-hydroxy 
group of the ligand, bridging of the carboxylate between the rare earth 
and iron, and ligation of the surface OH groups to the rare earth, thereby 
forming a surface protective film which consists of a mixture of ligands, 
RE and Fe oxides/hydroxides [11,25]. The corrosion inhibition prop
erties of these compounds were compared with [Ce(salH)3(H2O)]n, one 
of the earliest RE carboxylate inhibitors reported [15] under similar 
conditions. It is well established that lanthanoid salts and sodium 
carboxylate perform less well than lanthanoid carboxylates 
[10,15,18,24,31]. Furthermore, a mixture of rare earth salt and sodium 
2-hydroxyphenylacetate can lead to a precipitation and in any case such 
mixtures have been evaluated for other analogous systems and do not 
outperform preformed complexes. They complicate the results due to 
the presence of a sodium salt as a biproduct.

According to the weight loss experimental results (Table 3), the La 
(1), Nd (3), and Yb (8) complexes perform as well as [Ce(salH)3(H2O)]n 
with the highest inhibition efficiency at 57 % shown by 4, and the 

minimum inhibition (24 %) by the Ce complex (2). In the cases of La, Gd 
and Dy complexes, the inhibition was better than those of the corre
sponding unsubstituted phenylacetate analogues [13], but no 
enhancement was observed for Nd. Thus, introduction of the 2-hydroxy 
substituent was mainly advantageous. However, the inhibition proper
ties of the RE 2- hydroxyphenylacetate complexes are inferior compared 
to the RE complexes of 4- hydroxyphenylacetate [25] where the intro
duction of the 4-hydroxy substituent into phenylacetate had a major 
effect. Moreover, cerium salicylate is no longer the benchmark for op
timum corrosion inhibition performance by rare earth carboxylates, 
having been superseded by lanthanum 4-hydroxycinnamate [10], 
yttrium 3-(4′-methylbenzoyl)propanoate [19,20], and yttrium 4-hydrox
ybenzoate [22]. Owing to the indifferent corrosion inhibition perfor
mance of RE 2- hydroxyphenylacetate compounds, potentiodynamic 
polarization (PP) testing for electrochemical evaluation was not con
ducted. Nevertheless, these results highlight the impact of the position of 
the hydroxyl group in hydroxyphenylacetate complexes on their corro
sion inhibition performances. Together with earlier studies of the 4- 
hydroxyphenylacetates, these results indicate the positive effect of 
adding a hydroxyl group to phenylacetate on inhibitor performance and 
the importance of its location. Whereas the insertion of a methylene 
linker reduced inhibitor performance from that of 4-hydroxybenzoate 
[25], its impact on salicylate appears to be minimal except for Ce.

3. Conclusions

Three different 1-D coordination polymeric structures were obtained 
by the synthesis of a series of rare earth aqua 2-hydroxyphenylacetate 
complexes by the salt metathesis reaction. Except for the La complex, 
the others 2–8 are based on binuclear repeating units and the crystal 
structures have waters of crystallization. For all three structural types, 
the chelating bridging carboxylate coordination mode is dominant and 
La, Ce, Nd complexes also exhibit chelating bidentate binding while 4–8 
also have the syn-syn-bridging bidentate mode. As a result of the lan
thanoid contraction within the series, the complexes of higher ionic radii 
metals are 10 coordinate and of lower ionic radii metals have 9 coor
dination. The average RE-O(carboxylate) bond lengths decrease within 
the series 1–8. The introduction of a 2-hydroxy group into phenylacetate 
increases the structural classes from two to three, but not owing to HO- 
RE coordination. However, the 2-OH group is involved in extensive H- 
bonding. Neither these compounds nor [Ce(salH)3(H2O)] outperformed 
the anti-corrosion properties of rare earth 4-hydroxyphenylacetates for 
mild steel in a mild corrosive environment. Their corrosion inhibition 

Table 2 
Coordination numbers, carboxylate ligation and average RE-Ocarboxylate bond 
lengths for compounds 1–7.

Complex RE 
atom

CN Ligation Avg. bond length 
RE-Ocarboxylate 

(Å)

[La(2hpa)3(H2O)2]n (1) La1 10 [1 × (ii)], [2 ×
(iii)1], [2 ×
(iii)2], [2 × H2O]

2.594

{[RE2(2hpa)6(H2O)4]⋅ 
3.5H2O}n 

(RE = Ce (2), Nd (3))

RE1 10 [1 × (ii)], [2 ×
(iii)1], [2 ×
(iii)2], [2 × H2O]

Ce1–2.571 
Nd1–2.542

​ RE2 10 [2 × (ii)], [2 ×
(iii)1], [2 ×
(iii)2], [2 × H2O]

Ce2–2.570 
Nd2–2.542

{[RE2(2hpa)6(H2O)2]⋅ 
3H2O}n 

(RE = Gd (4), Dy (5), 
Er (7))

RE1 9 [2 × (i)], [2 ×
(iii)1], [2 ×
(iii)2], [1 × H2O]

Gd1–2.458 
Dy1–2.437 
Er1–2.419

​ RE2 9 [2 × (i)], [2 ×
(iii)1], [2 ×
(iii)2], [1 × H2O]

Gd2–2.439 
Dy2–2.417 
Er2–2.397

Note: (iii)1 – unidentate (iii)2 – chelating.

Table 3 
Corrosion rates (mm/year) and percentage inhibition efficiency (IE%) of com
pounds 1–8 for mild in 0.01 M NaCl.

Solution Concentration Average 
weight loss 
percentage (%)

Corrosion 
Rate (mm/ 
year)

IE 
%

ppm mM

Control 580 10 0.18 0.098 –
[La(2hpa)3(H2O)2]n 1 500 0.796 0.09 0.050 50
{[Ce(2hpa)6(H2O)4]⋅ 

3.5H2O}n 2
500 0.380 0.13 0.074 24

{[Nd2(2hpa)6(H2O)4]⋅ 
3.5H2O}n 3

500 0.378 0.09 0.051 48

{[Gd2(2hpa)6(H2O)2]⋅ 
3H2O}n 4

500 0.381 0.08 0.043 57

{[Dy2(2hpa)6(H2O)2]⋅ 
3H2O}n 5

500 0.378 0.11 0.059 40

{[Y2(2hpa)6(H2O)2]⋅ 
3H2O}n 6

500 0.426 0.13 0.073 26

{[Er2(2hpa)6(H2O)2]⋅ 
3H2O}n 7

500 0.376 0.11 0.062 37

{[Yb2(2hpa)6(H2O)2]⋅ 
3H2O}n 8

500 0.372 0.09 0.049 50

[Ce(salH)3(H2O)]n 500 0.878 0.09 0.052 48
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efficiencies were less than that of the lowest value for RE 4-hydroxyphe
nylacetates [25]. In the present case, the -CH2- linker has little impact on 
corrosion inhibition properties, except the adverse effect with Ce.

4. Experimental

4.1. General considerations

Standard commercially available reagents and solvents were used for 
the syntheses without further purification. 2-hydroxyphenylacetic acid 
purchased from Fluorochem or Sigma-Aldich and rare earth metal salts 
were from Sigma-Aldrich. Powder X-ray diffraction patterns were ob
tained at room temperature with a Bruker D2 PHASER diffractometer in 
the range of 3–50◦ of 2θ with a 0.2◦ or 0.1◦ divergence slit and at 0.02◦

increments. The Mercury program provided by the Cambridge Crystal
lographic Data Centre was used to generate the simulated powder pat
terns of the complexes based on their single-crystal XRD data. IR spectra 
were obtained within the region 4000–500 cm− 1 by a Nicolet™ iS™ 5 
FTIR Spectrometer. Samples were sent to the Microanalytical Laboratory 
at the Science Centre, London Metropolitan University, England to carry 
out the elemental analyses (C, H). Metal analyses were done through 
complexometric titration between 0.0100 M EDTA and an aqueous 
metal ion solution in the presence of Xylenol Orange indicator and 
hexamethylenetetramine buffer. The aqueous metal ion solution was 
prepared by dissolving the compound in distilled water and the addition 
of few milliliters of dilute HCl. Thermal stability of the compounds was 
determined by Thermogravimetric analysis (TGA), with a TA instrument 
SDT 650 in the temperature range from room temperature to 750 ◦C 
with a ramp of 10 ◦C min− 1. The tests were conducted under a N2 at
mosphere at a flow rate of 50 mLmin− 1 and using standard 90 μL 
alumina sample pans. Melting points were determined in a glass capil
lary tube and are reported without calibration. Crystal data and 
refinement details are given in Table S1. CCDC 2444923–2444926 for 
compounds 1–4, 2444927 for compound 5, and 2444928 for compound 
7, contain the supplementary crystallographic data for this paper. These 
data can be obtained free of charge from The Cambridge Crystallo
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

4.2. Synthesis of RE 2-hydroxyphenylacetate (RE-2hpa) complexes

A few drops of 95 % ethanol and about 3 mL of distilled water were 
added to 2-hydroxyphenyl acetic acid (1.5 mmol) powder. An equimolar 
amount of sodium hydroxide (1.5 mmol) in 6 mL of distilled water was 
added to the partially dissolved ligand and the reaction mixture was 
shaken until the ligand dissolved completely whilst maintaining the pH 
within 7–8. Then the stoichiometric amount of rare earth metal chloride 
or nitrate salt in water was slowly treated with the sodium 2-hydroxy
phenyl acetate solution and stirred for 1 h at pH 5–6. The resultant 
powder or slightly cloudy solution was gravity filtered and the mother 
liquor grew crystals by slow evaporation. The precipitate and crystals 
were washed with mixture of ethanol and distilled water before air 
drying. The yield was calculated on the basis of the number of moles of 
rare earth salt used, for the mixture of crystals and powder where both 
were isolated or just crystals in other cases.

1:[La(2hpa)3(H2O)2]n White crystals and white powder; Yield: 
0.256 g, 86 %. Analyses were carried out for mixture of crystals and 
powder. m.p. 206 ◦C (dec). Elemental analysis for C24H25LaO11 (MW: 
628.35 gmol− 1): Calculated (%) C 45.88, H 4.01, La 22.11; Found (%) C 
45.64, H 3.67, La 22.26. IR (cm− 1): 3226 br w, 1584 w, 1546 m, 1517 s, 
1489 m, 1459 w, 1430 s, 1406 m, 1341 w, 1254 w, 1239 w, 1218 m, 
1163 m, 1098 w, 1038 w, 958 w, 941 w, 878 w, 792 w, 745 s, 712 m, 
647 m, 573 m, 544 m, 511 m. TGA weight loss (25–125 ◦C); 6.0 % (Calc. 
for loss of 2 × H2O = 5.7 %).

2:{[Ce2(2hpa)6(H2O)4]⋅3.5H2O}n White crystals and salmon pink 
powder; Yield: 0.329 g, 100 %. Analyses were carried out only for 
crystals. m.p. 196–198 ◦C (dec). Elemental analysis for C48H57Ce2O25.5 

(MW: 1322.17 gmol− 1): Calculated (%) C 43.60, H 4.35, Ce 21.19; 
Found (%) C 43.42, H 3.81, Ce 21.44. IR (cm− 1): 3277 br w, 1586 m, 
1551 m, 1519 s, 1488 m, 1458 m, 1417 s, 1328 m, 1284 w, 1246 m, 
1209 m, 1155 m, 1096 m, 1038 w, 957 w, 942 w, 875 w, 848 w, 798 w, 
744 s, 710 s, 695 m, 651 s, 619 m, 573 s, 548 s. TGA weight loss 
(25–105 ◦C); 9.8 % (Calc. for loss of 7.5 × H2O = 10.3 %).

3:{[Nd2(2hpa)6(H2O)4]⋅3.5H2O}n Puple crystals; Yield: 0.321 g, 97 
%. m.p. 210–212 ◦C (dec). Elemental analysis for C48H57Nd2O25.5 (MW: 
1330.41 gmol− 1): Calculated (%) C 43.33, H 4.32, Nd 21.68; Found (%) 
C 43.53, H 3.84, Nd 21.66. IR (cm− 1): 3269 br w, 1586 w, 1551 m, 1519 
m, 1488 m, 1425 s, 1329 w, 1284 w, 1256 m, 1210 m, 1156 m, 1096 w, 
1038 w, 958 w, 942 w, 875 w, 848 w, 800 w, 744 s, 711 m, 695 m, 659 
m, 619 m, 574 m, 549 m. TGA weight loss (25–110 ◦C); 10.1 % (Calc. for 
loss of 7.5 × H2O = 10.2 %).

4: {[Gd2(2hpa)6(H2O)2]⋅3H2O}n Brownish-white crystals; Yield: 
0.271 g, 83 %. m.p. 215 ◦C (dec). Elemental analysis for C48H52Gd2O23 
(MW: 1311.39 gmol− 1): Calculated (%) C 43.96, H 4.00, Gd 23.98; 
Found (%) C 43.69, H 3.36, Gd 24.31. IR (cm− 1): 3589 w, 3153 br w, 
1589 w, 1561 m, 1527 s, 1491 m, 1458 m, 1419 s, 1314 m, 1292 m, 
1272 w, 1240 m, 1168 m, 1099 m, 1040 w, 955 w, 932 w, 876 w, 850 w, 
798 m, 745 s, 709 m, 698 m, 626 m, 580 m, 545 m, 535 m. TGA weight 
loss (25–150 ◦C); 7.4 % (Calc. for loss of 5 × H2O = 6.9 %).

5:{[Dy2(2hpa)6(H2O)2]⋅3H2O}n White crystals; Yield: 0.257 g, 78 %. 
m.p. 191–192 ◦C (dec). Elemental analysis for C48H52Dy2O23 (MW: 
1321.89 gmol− 1): Calculated (%) C 43.61, H 3.96, Dy 24.59; Found (%) 
C 43.17, H 3.36, Dy 24.46. IR (cm− 1): 3589 w, 3159 br w, 1589 w, 1566 
m, 1527 s, 1491 m, 1458 m, 1421 s, 1315 m, 1292 m, 1272 w, 1241 m, 
1215 m,1168 m, 1100 m, 1040 w, 955 w, 933 w, 876 w, 850 w, 799 w, 
746 s, 710 m, 699 m, 626 m, 581 m, 544 m, 535 m. TGA weight loss 
(25–110 ◦C); 6.0 % (Calc. for loss of 5 × H2O = 6.8 %).

6:{[Y2(2hpa)6(H2O)2]⋅3H2O}n Brownish-white crystals; Yield: 
0.209, 71 %. m.p. 112–114 ◦C (dec). Elemental analysis for C48H52O23Y2 
(MW: 1174.72 gmol− 1): Calculated (%) C 49.08, H 4.46, Y 15.14; Found 
(%) C 48.97, H 3.99, Y 14.72. IR (cm− 1): 3599 w, 3171 br w, 1589 w, 
1570 m, 1528 m, 1489 m, 1458 m, 1425 m, 1315 w, 1292 w, 1271 w, 
1241 m, 1215 m, 1169 w, 1100 w, 1072 w, 1040 w, 956 w, 932 w, 877 
w, 850 w, 799 w, 747 s, 699 m, 626 m, 582 m, 545 m, 528 m. TGA 
weight loss (25–110 ◦C); 8.0 % (Calc. for loss of 5 × H2O = 7.7 %). 6 
crystallized in the triclinic space group P-1, a = 8.0100(5), b = 15.830 
(1), c = 20.0400(13), α = 70.478(2)◦, β = 82.121(2)◦, γ = 80.325(3)◦, 
similar to 4, 5 and 7.

7:{[Er2(2hpa)6(H2O)2]⋅3H2O}n Pink crystals; Yield: 0.218 g, 66 %. 
m.p. 243–245 ◦C (dec). Elemental analysis for C48H52Er2O23 (MW: 
1331.41 gmol− 1): Calculated (%) C 43.30, H 3.94, Er 25.12; Found (%) C 
43.24, H 3.63, Er 25.02. IR (cm− 1): 3595 w, 3157 br w, 1589 w, 1567 m, 
1527 m, 1492 m, 1458 m, 1421 s, 1315 m, 1292 m, 1271 w, 1241 m, 
1215 m, 1168 m, 1100 m, 1040 w, 957 w, 933 w, 876 w, 850 w, 799 w, 
746 s, 710 m, 699 m, 626 m, 582 m, 544 m, 535 m. TGA weight loss 
(25–115 ◦C); 7.5 % (Calc. for loss of 5 × H2O = 6.8 %).

8:{[Yb2(2hpa)6(H2O)2]⋅3H2O}n White microcrystalline solid; Yield: 
0.182 g, 54 %. m.p. 100 ◦C (dec). Elemental analysis for C48H52O23Yb2 
(MW: 1342.99 gmol− 1): Calculated (%) C 42.93, H 3.90, Yb 25.77; 
Found (%) C 42.59, H 3.61, Yb 25.45. IR (cm− 1): 3601 w, 3153 br w, 
1570 m, 1528 s, 1492 m, 1458 m, 1425 s, 1316 m, 1293 m, 1271 w, 
1241 m, 1215 m, 1169 m, 1100 m, 1040 w, 957 w, 934 w, 876 w, 850 w, 
800 m, 746 s, 711 m, 700 m, 626 m, 583 m, 544 m, 535 m. TGA weight 
loss (25–100 ◦C); 6.6 % (Calc. for loss of 5 × H2O = 6.7 %). 8 crystallized 
in the triclinic space group P-1, a = 7.9900(16), b = 15.830(3), c =
20.050(4), α = 70.46(3)◦, β = 82.03(3)◦, γ = 80.26(3)◦, similar to 4, 5 
and 7.

4.3. Weight loss testing

The weight loss method was carried out to estimate the corrosion 
inhibition properties of the synthesized compounds following the stan
dard method ASTM G1–03 [32] and G31–72 [33]. Mild-steel alloy AS 

N.Y. Salpadoru Thuppahige et al.                                                                                                                                                                                                           Inorganica Chimica Acta 587 (2025) 122796 

8 

http://www.ccdc.cam.ac.uk/data_request/cif
astm:G1


1020 coupons with dimensions of approximately 20 × 20 × 3 mm were 
used as test specimens. The test was duplicated for each inhibition 
compound and the control. The corrosion rates (R) of the inhibitor so
lutions and the control were calculated using the Eq. 2 and the average 
of measurements is reported. 

Corrosion Rate (R) = (K×W)/A×T×D (2) 

where K is a constant (K = 8.76 × 104); W is the weight loss (g); A is 
the coupon area (cm2); T is the time of exposure (168 h); D is the density 
of the coupon material (7.87 g/cm3).

Then the percentage corrosion inhibition efficiency (IE%) of each 
compound solution at a given concentration, was determined relative to 
the control test using Eq. 3. 

%Inhibition Efficiency (IE%) =
[
R(control) − R(Inhibitor)

/
R(control)

]
×100

(3) 
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