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The effect of lanthanide contraction on the self-assembly of two-dimensional (2D) topological isomers in
lanthanide coordination polymers (LnCPs) is presented in this work. Hydrothermal reactions involving LnCls
and chloranilic acid (H,ca) afforded good yields of ten LnCPs with the general formula [Ln(ca); 5(H,O)s]-
xH,O (1Ln; Ln = Pr, Nd; 2Ln; Ln = Sm, Eu, Gd, Tb, Dy, Er, Tm, Yb; x = 3.5-5). The isostructural
compounds crystallize in the centrosymmetric triclinic P1 space group and display 2D layered networks
featuring topologically distinct isomers, specifically honeycomb for 1Ln and brick-wall for 2Ln. The
lattice water molecules are located in interlayered spaces with the number of water molecules per
formula unit increasing as the ionic radii of Ln®* decrease. The incorporation of the semi-rigid rod 4,4'-
bipyridine (4,4’-bipy) into brick-wall 2D networks aims to establish a porous 3D pillared framework,
leading to the creation of an intercalation network comprising the guest 4,4'-bipy and lattice water
molecules, [Ln(ca);5(H,0),]-2H,0-4,4"-bipy (3Ln; Ln = Tm, Yb). The physicochemical properties of the
isomers 1Ln and 2Ln were clearly illustrated, highlighting their unique structural features, thermal
stability, and adsorption characteristics. At both low pressure (1 bar) and elevated pressure (up to 20 bar),
the thermally activated brick-wall network 2Yb demonstrated better absorption of CO, relative to the
honeycomb network 1Pr. This study illustrates that minor variations in the size of lanthanide metal ions
significantly influence the architecture and application of innovative materials through structural

rsc.li/rsc-advances topological isomers.

Introduction

In recent decades, the advancement of lanthanide coordination
polymers (LnCPs) has emerged as a rapidly expanding area
within crystal engineering, structural chemistry, and chemical
crystallography.® These polymeric organic-inorganic hybrids
demonstrate a diverse array of intriguing capabilities such as
luminescence sensing, optical characteristics, magnetism, and
adsorption, owing to their extraordinary structural diversity.*
Nonetheless, the rational design and construction of LnCPs
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with predicted geometries is more challenging than that of d-
block metal-based CPs. This is due to the fact that harder
Ln** ions possess larger coordination spheres and exhibit more
flexible coordination geometries.* Moreover, several parameters
such as the metal-to-ligand ratios, solvent, temperature, time,
and concentration might affect the self-assembly crystallization
of the final structures.* Consequently, systematic investigation
on these parameters is significant for understanding the
structure-property relationship in these materials. In crystal
engineering, the rational selection of suitable organic linkers
with beneficial characteristics has been demonstrated as
a successful strategy for constructing LnCPs with expected
structural topologies and desirable attributes.® It is widely
recognized that Ln** ions show a high affinity and a strong
tendency to coordinate with hard donor atoms. Therefore,
multidentate organic ligands featuring oxygen donors,
including aliphatic and aromatic polycarboxylic acids, are
extensively utilized as foundational components in the
synthesis of new LnCPs.® Diprotic organic acids including
squaric acid (H,sa), 2,5-dihydroxy-1,4-benzoquinone (H,dhbq),
and chloranilic acid (H,ca) have been widely used as ligands in

RSC Adv, 2026, 16, 27809-27817 | 27809


http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra02049f&domain=pdf&date_stamp=2026-05-22
http://orcid.org/0000-0002-5982-1650
http://orcid.org/0000-0001-5831-5062
http://orcid.org/0009-0002-1463-1965
http://orcid.org/0000-0003-3095-2734
http://orcid.org/0000-0002-2533-8820
http://orcid.org/0000-0002-9069-4370
http://orcid.org/0000-0002-8315-9679
http://orcid.org/0000-0003-1486-9164
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02049f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016030

Open Access Article. Published on 22 May 2026. Downloaded on 5/25/2026 9:55:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

the development of functional coordination chemistry
involving Ln®" metals.” The deprotonation of two hydroxy
groups led to a dianion molecule featuring a highly delocalized
m-conjugated electron system, which originated from the parent
quinone.® The stability and reactivity of molecules could
possibly be enhanced by these features. LnCPs usually exhibit
3D structures and contain coordinated solvents at the metal
centers due to the high coordination numbers of Lns. The
removal of solvents creates active open metal sites, thereby
enhancing adsorption properties. In the meantime, 2D CPs
offer a range of distinctive advantages mainly due to their
layered structure, greater flexibility, and excellent process-
ability. With these features such materials can be easily utilized
in a wide range of applications including gas storage and
separation, catalysis, and electronic devices.’

This work presents the synthesis, topological isomers, and
CO, adsorption properties of 2D LnCPs. Hydrothermal reactions
utilizing LnCl; and Hjca produced good yields of chloranilate-
based LnCPs with excellent repeatability. The compounds are
classified into two groups and can be chemically formulated as
[Ln(ca); 5(H20)3]- xH,O (1Ln; Ln = Pr, Nd; 2Ln; Ln = Sm, Eu, Gd,
Tb, Dy, Er, Tm, Yb; x = 3.5-5), based on results from single crystal
X-ray diffraction, elemental analysis, infrared (IR) spectroscopy,
and thermogravimetric (TG) analysis. The relationship between
structures-physicochemical-adsorption properties of these two
structural isomers was examined and discussed. Additionally, the
semi-rigid rod 4,4’-bipyridine (4,4’-bipy) was incorporated into
the brick-wall 2D networks under hydrothermal conditions, with
the aim of potentially constructing a porous 3D pillared frame-
work. This results in the creation a 4,4'-bipy-intercalated network,
as illustrated by the Tm- and Yb-containing compounds formu-
lated as [Ln(ca); 5(H,0),]-2H,0-4,4’-bipy (3Ln; Ln = Tm, Yb). A
detailed analysis of their supramolecular structures is provided
comprehensively.

Experimental
Materials and methods

All commercially available chemicals and solvents were of
reagent grade and were used as received without any further
purification. Analyses of carbon, hydrogen, and nitrogen were
performed using an LECO CHNS 932 elemental analyzer. IR
spectra were acquired with a Bruker INVENIO R spectrometer in
ATR mode, in the range of 400-4000 cm . TG analysis was
conducted using a TGA55 TA instrument over a temperature
range of 30-800 °C, with a heating rate of 10 °C min™" in a N,
atmosphere. Powder X-ray diffraction (PXRD) studies were
performed utilizing a Rigaku SmartLab2 X-ray diffractometer
equipped with graphite monochromatized Cu-Ke radiation (1 =
1.54056 A) at 30 kV and 10 mA. The simulated XRD patterns
were generated from single-crystal X-ray diffraction data and
processed using the Mercury software (version 2024.3.1) from
the Cambridge Crystallographic Data Centre.' The adsorption-
desorption isotherms of CO, were determined using a Quan-
tachrome Autosorb iQ volumetric analyzer. High-pressure
volumetric sorption isotherms for CO, were obtained in a pres-
sure range of 0.1-20 bar and at temperature of 318 K using
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a Quantachrome iSorb HP1 analyzer. All experiments employed
CO, with a purity of 99.995%.

Synthesis and crystallization

Compounds of the series 1Ln, [Ln(ca), 5(H,0);]-5H,0 (Ln = Pr,
Nd) and 2Ln [Ln(ca); 5(H,0)3]-3.5H,0 (Ln = Sm, Eu, Gd, Tb, Dy,
Er, Tm, Yb) were synthesized under hydrothermal conditions.
Typically, a mixture of LnCl;-6H,0 (0.1 mmol) and Hyca (0.1
mmol) in distilled H,O (4 mL) were placed in a 20 mL vial and
stirred at ambient temperature for 10 min. The mixture was
sealed tightly, placed in an oven, and then heated to 85 °C for
a duration of 12 h. The reaction mixture was allowed to cool,
subsequently filtered, washed with water, and dried at ambient
temperature before further characterisation.

1Pr. Brown hexagonal crystals with yields of 68% based on
the Pr’* source. Anal. calc. for CoH,sCl;0,5Pr: C 17.62, H:
2.96, N 0.00%; found: C 17.34, H 3.12, N 0.00%. IR (ATR, v/
em™ ', s for strong, m medium, w weak): 3401 (m), 1777 (w), 1762
(w), 1613 (m), 1596 (s), 1509 (s), 1384 (s), 1358 (m), 1315 (s), 1299
(w), 1058 (w), 1033 (W), 1000 (W), 845 (m), 800 (m).

1Nd. Brown hexagonal crystals with yields of 72% based on
the Nd*' source. Anal. calc. for CoH;3Cl;NdO;5: C 17.53, H
2.94, N 0.00%; found: C 17.69, H 2.88, N 0.00%. IR (ATR, »/
cm ): 3401 (m), 1760 (w), 1613 (m), 1595 (s), 1510 (s), 1381 (s),
1359 (m), 1313 (s), 1294 (w), 1058 (w), 1033 (w), 1001 (W), 846
(m), 798 (m).

2Sm. Brown hexagonal crystals with yields of 79% based on
the Sm** source. Anal. calc. for CoH,3Cl;0,,5Sm: C 18.56, H
2.34, N 0.00%; found: C 18.85, H 2.40, N 0.00%. IR (ATR, »/
em ™ '): 3402 (m), 1762 (w), 1613 (m), 1481 (s), 1381 (s), 1258 (W),
1059 (W), 1033 (w), 1004 (m), 846 (s).

2Eu. Brown hexagonal crystals with yields of 75% based on
the Eu®" source. Anal. calc. for CoH;3C3EuO;,5: C 18.65, H
2.26, N 0.00%; found: C 18.73, H 2.09, N 0.00%. IR (ATR, »/
cm '): 3401 (m), 1762 (w), 1613 (m), 1471 (s), 1379 (s), 1255 (W),
1063 (W), 1033 (w), 1004 (m), 846 (s).

2Gd. Brown hexagonal-like shaped crystals with yields of
84% based on the Gd** source. Anal. calc. for CoH,3;Cl,GdO;, 5:
C 18.49, H 2.24, N: 0.00%; found: C 18.55, H 2.37, N: 0.00%. IR
(ATR, v/em™"): 3041 (m), 1762 (w), 1613 (m), 1469 (s), 1379 (s),
1256 (W), 1060 (w), 1033 (w), 1005 (m), 846 (s).

2Tb. Brown hexagonal-like shaped crystals with yields of
77% based on the Tb®' source. Anal. calc. for CoH,;Cl;0;, 5Tb:
C C: 18.43, H 2.23, N: 0.00%; found: C 18.51, H 2.37, N: 0.00%.
IR (ATR, v/em™'): 3401 (m), 1761 (W), 1613 (m), 1503 (W), 1456
(s), 1379 (s), 1257 (w), 1059 (w), 1033 (w), 1005 (m), 847 (s).

2Dy. Brown hexagonal-like shaped crystals with yields of
84% based on the Dy*" source. Anal. calc. for CoH;5Cl;DyO;, 5: C
18.21, H, 2.28, N: 0.00%; found: C 18.48, H, 2.15, N: 0.00%. IR
(ATR, v/cm™"): 3400 (m), 1762 (w), 1613 (m), 1502 (W), 1456 (s),
1379 (s), 1300 (w), 1256 (W), 1059 (W), 1033 (W), 1006 (m), 847 (s).

2Er. Brown hexagonal-like shaped crystals with yields of 88%
based on the Er’" source. Anal. calc. for CoH;3CLErO;,5: C
18.17, H 2.20, N 0.00%; found: C 18.26, H 2.34, N 0.00%. IR
(ATR, /em™"): 3401 (m), 1762 (w), 1613 (m), 1502 (W), 1456 (s),
1379 (s), 1257 (W), 1060 (w), 1033 (w), 1006 (m), 847 (s).

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02049f

Open Access Article. Published on 22 May 2026. Downloaded on 5/25/2026 9:55:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

2Tm. Brown hexagonal-like shaped crystals with yields of
82% based on the Tm?*' source. Anal. calc. for CgH;3Cl30;, sTm:
C 18.12, H 2.20, N 0.00%; found: C 18.01, H 2.31, N 0.00%. IR
(ATR, v/em™"): 3406 (m), 1762 (w), 1613 (m), 1462 (W), 1380 (s),
1257 (w), 1059 (w), 1033 (w), 1006 (m), 847 (s).

2Yb. Brown hexagonal-like shaped crystals with yields of
90% based on the Yb*" source. Anal. calc. for CoH,,Cl;045Yb: C
18.00, H 2.18, N 0.00%; found: C 18.09, H 2.22, N 0.00%. IR
(ATR, v/em™"): 3401 (m), 1762 (w), 1613 (m), 1456 (s), 1379 (s),
1249 (w), 1059 (w), 1033 (w), 1007 (m), 847 (s).

Compounds of the series 3Ln, [Ln(ca), 5(H,0),]-2H,0-4,4'-
bipy (Ln = Tm, Yb), were prepared by adding one equivalent of
4,4'-bipy into a crystalline sample of 2Ln, following the identical
synthetic procedures as 1Ln and 2Ln.

3Tm. Dark purple block shaped crystals with yields of 62%
based on the Tm?** source. Anal. calc. for C;oH;¢ClsN,0;,Tm: C
32.25, H 2.28, N: 3.96%; found C 32.31, H 2.17, N: 3.86%. IR
(ATR, v/em™): 3614 (m) 3531 (m), 1699 (m), 1623 (m), 1600 (m),
1561 (m), 1484 (s), 1432 (s), 1370 (s), 1295 (m), 1095 (m), 1061
(w), 1001 (m), 848 (s), 808 (s), 738 (m), 680 (m).

Table 1 Crystallographic data for all compounds in the series 1Ln—3Ln
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3Yb. Dark purple block shaped crystals with yields of 51%
based on the Yb*" source. Anal. calc. for C;gH;4CI3N,0;,Yb: C
32.06, H: 2.27, N: 3.94%; found C 32.11, H 2.29, N 3.95%. IR
(ATR, v/em ): 3531 (m), 1670 (m), 1623 (m), 1600 (m), 1560 (m),
1483 (s), 1432 (s), 1369 (s), 1295 (m), 1095 (m), 1059 (w), 1002
(m), 848 (s), 738 (m), 680 (m).

X-ray crystallography

Single crystals of all compounds were carefully mounted on
MiTeGen micromounts using paratone oil. X-ray diffraction
data were obtained utilizing a Bruker D8 QUEST CMOS
PHOTON II at a temperature of 296(2) K. The data were collected
using Mo-K,, radiation (A = 0.71073 A) through omega and phi
scans. The APEX6 software performed strategic calculations to
calculate the overall number of runs and images, and SAINT
refined unit cell indexing.'* SAINT was used for data reduction,
and SADABS for absorption correction. The integrity of the
symmetry was verified using PLATON." The structures were
determined using the algorithm implemented in SHELXT™ via
intrinsic phasing, followed by refinement through least squares

Compound (CCDC) 1Pr (2532672) 1Nd (2532673)

2Sm (2532674)

2Eu (2532675) 2Gd (2532676) 2Tb (2532677)

Formula CoH;5C1;0,5Pr CoH;5CI3NdO; 5 CoH;3Cl304,5Sm CoH;3CLEUO;;, 5 CoH;3C13GdO; 5 5 CoH;3CLThO;, 5
Formula weight 613.49 616.82 582.40 579.50 584.79 586.46
Temperature (K) 296(2) 296(2) 296(2) 296(2) 296(2) 296(2)
Crystal system Triclinic Triclinic Triclinic Triclinic Triclinic Triclinic
Space group P1 P1 P1 P1 P1 P1

a (A) 9.9173(8) 9.8881(4) 9.3868(3) 9.3530(3) 9.3410(3) 9.2918(3)

b (A 10.0358(9) 10.0028(4) 10.2842(3) 10.2576(3) 10.2493(3) 10.2132(3)
c(4) 11.1647(10) 11.1361(4) 10.8837(4) 10.8835(4) 10.9033(4) 10.8882(4)

a () 88.905(3) 89.059(2) 64.594(1) 64.711(1) 64.837(1) 64.990(1)

8 () 84.580(3) 84.379(2) 69.763(1) 69.823(1) 69.948(1) 70.009(1)

v (©) 67.775(3) 67.8480(10) 82.487(1) 82.333(1) 82.218(1) 82.027(1)
V(A) 1023.88(16) 1015.00(7) 890.28(5) 886.03(5) 887.47(5) 879.95(5)

zZ 2 2 2 2 2 2

Peated (g cm ™) 1.990 2.018 2.173 2.172 2.202 2.213

A (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
R[F? > 20(F))], wR(F?)  0.0294,0.0720  0.0330, 0.0748 0.0217, 0.0397 0.0306, 0.0531 0.0336, 0.0669 0.0335, 0.0510
GOF on F2, § 1.06 1.08 1.09 1.08 1.07 1.05

Apmaxs Apmin 0.50, —0.77 1.02, —0.78 1.24, —0.58 1.06, —0.94 1.69, —1.28 1.51, —1.45
Compound 2Dy (2532678) 2Fr (2532679) 2Tm (2532680) 2Yb (2532681) 3Tm (2532682) 3Yb (2532683)
Formula CoHy3C1Dy0 1,5 CoHy3CLErO;, 5 CoHysCLTMOy, 5 CoHysClYbOy, s  CioHiCLN,O10Tm  CyoHy6ClN,040Yb
Formula weight 590.04 594.80 596.47 600.58 707.62 711.73
Temperature (K) 296(2) 296(2) 296(2) 296(2) 296(2) 296(2)

Crystal system Triclinic Triclinic Triclinic Triclinic Monoclinic Monoclinic
Space group P1 P1 P1 P1 P2,/c P2,/c

a (A) 9.2734(3) 9.2039(5) 9.1844(3) 9.3530(3) 13.003(3) 12.9769(11)

b () 10.2087(3) 10.1659(5) 10.1584(3) 10.2576(3) 13.505(2) 13.5156(12)
c(4) 10.9033(4) 10.9042(5) 10.8980(4) 10.8835(4) 14.591(3) 14.5543(13)
a(9) 65.088(1) 65.318(2) 65.412(1) 64.711(1) 90 90

8 () 70.104(1) 70.294(2) 70.356(1) 69.823(1) 107.155(7) 107.308(3)

v () 81.891(1) 81.578(2) 81.469(1) 82.333(1) 90 90

V(A) 880.29(5) 872.74(8) 870.72(5) 886.03(5) 2448.3(8) 2437.1(4)

Z 2 2 2 2 4 4

Peated (g cm ™) 2.226 2.263 2.275 2.251 1.920 1.940

A (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073

R[F* > 20(F)], wR(F*)  0.0316, 0.0519 0.0230, 0.0444 0.0279, 0.0476 0.0235, 0.0431 0.0218, 0.0473 0.0235, 0.0431
GOF on F%, § 1.09 1.08 1.12 1.11 1.08 1.11

Apmaxs Apmin 1.31, —0.94 1.48, —1.19 2.33, —1.41 1.81, —1.05 0.70, —0.66 0.92, —0.86

© 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2026, 16, 27809-27817 | 27811


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02049f

Open Access Article. Published on 22 May 2026. Downloaded on 5/25/2026 9:55:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

on F* using SHELXL" within the Olex2-1.5 graphical user
interface.™ All non-hydrogen atoms were found in the different
Fourier maps and were refined anisotropically in the final
refining cycles. The disordered water oxygen atoms were puri-
fied to an occupancy of one, and their hydrogen atoms were
positioned based on calculations and refined utilizing a riding
model. Table 1 shows the crystallographic information for the
compounds in the series 1Ln-3Ln, which have been deposited
at the Cambridge Crystallographic Data Centre under CCDC
numbers (2532672-2532683).

Results and discussion
Structural description

The single crystal X-ray diffraction study demonstrates that all
compounds in series 1Ln and 2Ln are isostructural, crystallizing
in the triclinic space group P1, consistent with the previously
reported crystal structures by Robson et al.”* The asymmetric
unit comprises one crystallographically distinct Ln** ion, three
half-occupied ca®~ anions situated at crystallographic inversion
centres, three coordinated water molecules, and five lattice
water molecules. As seen in Fig. 1a, the Ln*" ion in both series
1Ln and 2Ln shows similar nine-coordinate arrangement,
however, an analysis conducted with SHAPE software'® reveals
that the coordination geometry around the core metal center is
distinct (Table S1). Accordingly, a capped cube (JCCU-9, C,,) for
1Ln and a Johnson triangular cupola J3 (JTC-9, Cs,) for 2Ln,
Fig. 1b, represent the best described coordination polyhedral of
the metal center. The analysis of Ln-O bond lengths in different
compounds reveals a decrease in distances corresponding to
the decreasing ionic radius of the Ln** ions (Table S2), from Pr**
to Yb®", consistent with the lanthanide contraction effect."”

2L (JTC-9, C3v)

1Ln (JCCU-9, Cw)
() (©)

Fig. 1 (a) The coordination environment of the Ln®*' ion in the
representative compounds of the series. The coordination polyhedron
of a central Ln** ion for (b) 1Ln and (c) 2Ln.
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The ca®" dianion in a series of compounds behaves as a bi-
dentate bis-chelating ligand, connecting two Ln®** centres via
a up«>0,0":°0",0" coordination mode. Consequently, two
intriguing geometric motifs of the (6*) topological networks are
established, consisting of alternating three-connected Ln**
nodes and the ca®~ ligands acting as linear linkers that form six-
membered rings. As shown in Fig. 2(a), the geometric motif of
1Ln is identified as honeycomb (hcb), distinguished by nearly
planar hexagonal symmetry with a deviation of approximately
6° from the mean plane, attributed to the incorporation of semi-
rigid ca®" ligands. In hexagons, the angles around the three-
connected metal nodes are roughly 105°, 115°, and 135°,
which deviates from the ideal angle (120°). The dimensions
within the hexagon determined through interatomic distance
(Ln---Ln) are approximately 9.0 x 16.5 A% Along the crystallo-
graphic b axis, the hcb networks of 1Ln are arranged in
a —ABAB-— sequence, as depicted in Fig. 2b. This arrangement is
likely influenced by the synergistic effects of strong O-H:--O
hydrogen bonding among interlayer water molecules or
between water molecules and the oxygen atoms of ca®~ ligands
(O---O = 2.99-3.01 A), along with Cl---Cl and Cl---O halogen
bonding®® among the ca®>~ ligands (Cl---Cl/O = 3.21-3.45 A).

There are lattice water molecules at an interlayer spacing of
about 6.1 A (Ln---Ln separation). These water molecules estab-
lish hydrogen bonds with each other and with coordinated
waters as well as ca®~ ligands (O---O = 2.83-3.04 A). In addition,
Mercury software' was utilized to identify void spaces with
a probe radius of 1.2 A, revealing that 1Ln possesses a potential
void space of 41-45% per unit cell after the complete removal of
water molecules, as seen in Fig. 2(c). The significant volume of
voids suggests that the material may be suitable for gas
adsorption applications.

The change in angles surrounding the metal center from
hexagonal heb results in a change of the geometric pattern into
a brick-wall rectangular grid motif present in the network of 2Ln,
Fig. 3(a). The angles in hexameric [Lng(ca)s(H,0),g] units are
about 76°, 96°, and 170°, deviating from the ideal angles of 90°
and 180° that define a perfect rectangular grid. The dimensions
of the grid are approximately 8.1 x 17.6 A% The distances
between the Ln atoms along the ca®~ bridging ligand vary from
8.6 to 8.9 A, while the shortest diagonal distance between Ln
atoms in the rectangular grid is about 7.5 A. As shown in Fig. 3(b),
the crystal packing of 2Ln exhibits parallel layers of brick-wall
patterns arranged in a —ABAB— pattern similar to that seen in
1Ln, with a comparable interlayer spacing of around 6.3. A. The
brick-wall interlayers are sustained by O-H:--O and O-H---Cl
hydrogen bonding interactions with water molecules or water-
ca®” ligands (O-+-O = 2.92-3.08 A; O-+-Cl = 2.99-3.30 A) lead to
the formation of a 3D supramolecular architecture. No Cl--Cl
halogen bonding was observed in the crystal packing of 2Ln, with
contacts shorter than the sum of Bondi van der Waals radii (3.5
A).> This lack could account for the presence of topological
isomers between 1Ln and 2Ln. Additionally, the brick-wall
networks of 2Ln exhibit an estimated guest-accessible volume
of 24-28%, as analyzed using Mercury, Fig. 3(c). The void spaces
in this series of compounds are approximately 45% smaller than
those found in 1Ln.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02049f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 22 May 2026. Downloaded on 5/25/2026 9:55:29 AM.

(cc)

Paper

(c)

Fig. 2 (a) The 2D hcb networks, (b) a schematic representation of the
6° topological networks arranged in a —~ABAB— stacking sequence,
with metal nodes depicted as spheres and ligands as linear rods, and (c)
the crystal packing and solvent-accessible surface, analyzed with
a probe radius of 1.2 A using Mercury software for 1Ln.

Given that aqua ligands in the aforementioned compounds
are orientated vertically within the 2D layers, the addition of the
rod-like semi-rigid 4,4’-bipy might replace these aqua ligands
and potentially lead to the formation of 3D pillared frameworks
with porous features. Indeed, appropriate single crystals were
obtained from hydrothermal reactions, and single crystal X-ray
diffraction analysis clearly demonstrated that the 4,4’-bipy
molecules are situated between the 2D layers of 3Ln, forming
hydrogen bonds with the aqua ligands. This phenomenon is
probably a result of stabilizing interactions formed by strength

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The 2D brick-wall networks, (b) a schematic illustration of
the 6° topological networks organized in a —ABAB- stacking
sequence, with metal nodes represented as spheres and ligands as
linear rods, and (c) the crystal packing and solvent-accessible surface,
examined with a probe radius of 1.2 A utilizing Mercury software for
2Ln.

and directional O-H---N hydrogen bonding (O---N = 2.99-3.01
A), which preserves the integrity of the multilayer structure.
This interaction may hinder the generation of a fully porous 3D
pillared framework, as the existence of 4,4’-bipy molecules may
be insufficient to enable the desired structural transformation.
Notably, the shortened analogue of compounds like pyrimidine
has been employed, nevertheless, crystallization has not been
achieved, rendering structural analysis unfeasible.

The layered coordination networks of 3Ln crystallize in the
monoclinic system with the P2,/c space group. The asymmetric
unit of the compounds in series 3Ln is similar to that of 1Ln and
2Ln, consisting of one Ln®" ion and three half-occupied ca®~
anions located at the inversion centers, except for the presence of
the 4,4’-bipy molecule and the different number of water mole-
cules. As shown in Fig. 4(a), the eight-coordinated Ln*" ion is
surrounded by six oxygen atoms from three different ca®~

RSC Adv, 2026, 16, 27809-27817 | 27813
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ligands. According to SHAPE software analysis, the coordination
geometry of the core Ln** ion is a heptagonal pyramid (HPY-8,
C,,), depicted in Fig. 4b. The Ln-O bond lengths and the O-
Ln-O bond angles of 3Ln compounds (Table S3) exhibit typical
values.” In contrast to the Tm- and Yb-containing compounds
within the 2Ln brick-wall network, the compounds in the 3Ln
series exhibit a distorted hcb network. The diameter of the
hexagon in the heb network is about 13.7 A, which corresponds
closely with the length of the 4,4’-bipy molecules, allowing it to
interact with the terminal aqua ligands through classical
hydrogen bonding, Fig. 4(b). The hcb networks are arranged
along the b axis in a ~ABAB- manner, creating a 3D supramo-
lecular network through O-H---O hydrogen bonding between
lattice water molecules and aqua or ca’~ ligands (O---O = 2.88-
3.19 A), C-H- -1t (C---C4 = 3.02-3.24 A) interactions among 4,4"-
bipy molecules, and Cl---7 (Cl---C; = 3.15-3.27 A) interactions
that involve the ca®~ ligands. No aromatic 7---7t interactions are
found between centroids 3.3 to 3.8. A.**

(b)
O— 7 —
o™\ o N
y o\ Al
¢ N vo% N b
O o 2/ Y L owLY
N Zar BN 2 AR
o Mol » A o™ '
7 N Y P
"\ .“'—_5‘\ -
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. o, Ve S § o a
Ava »_\!ﬁ od

(c)

Fig. 4 (a) The coordination environment and (b) the coordination
polyhedron of a central Ln** ion for 3Ln. (c) The 2D structure of 3Ln,
with the light blue solid lines representing the ca®~ ligand that illus-
trates the hexagon in the hcb network.
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Physicochemical properties

The powder X-ray diffraction analysis clearly showed distinct
patterns among the compounds in the 1Ln and 2Ln series, as
illustrated in Fig. 5(a). The diffractograms for each series of
compounds match closely with the simulated patterns derived
from single crystal structural determination, indicating that the
compounds possess a well-defined crystalline phase without
any significant impurities or defects. The phase purity of the
compounds in the 3Ln is verified by a perfect match between
their simulated and experimental diffractogram patterns
(Fig. S1). Thus, the synthesis procedures used have shown
reliable, allowing for further uses of these compounds. The IR
spectra of series 1Ln and 2Ln display notable discrepancies in
comparison to that of 3Ln (Fig. S2). However, all compounds in
these series display absorption bands at 1625, 1380, 975, and
845 cm ™', signifying the existence of ca®>~ ligands. The presence
of broad bands in the 1500-1450 cm ' range suggests that
deprotonated H,ca increases the aromaticity of ca®>~ molecules,
as evidenced by the C-C stretching vibrations of aromatic
rings.”” The O-H stretching of H,O molecules is represented by
a broad vibration that occurs between 3400 and 3100 cm ™. The
characteristic bands of 4,4’-bipyridine molecules in 3Ln are
represented by aromatic C-H (3000-3100 cm ™) and C=C/C=N
(1590-1615 em™") stretching vibrations.

The TG analysis of compounds in the series 1Ln and 2Ln
reveals two distinct sets of thermograms, as illustrated in

A ] Synthesized 2Yb
e syesizeszm
A I i ) Synthesized 2Er
> ) l 1 ized 2Dy
é T " 2Tb
i | l A A Synthesized 2Gd
% art l i 7y Synthesized 2Eu
E == L l_ ,» Synthesized 2Sm
e simuiawazsm |
il - . " Synthesized 1Nd
» __Synthesized 1Pr
,‘ aa o A e e o ____Simulated 1Pr
5 10 15 20 25 30 35 40 45 50

2-Theta (degree)

(a)

100 200 300 400 500 600 700 800
Temperature (°C)

(b)

Fig. 5 Comparison of (a) simulated instances with as-synthesized
PXRD patterns and (b) TG curves for the compounds in series 1Ln and
2Ln.
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Fig. 5(b), when subjected to heating in a N, atmosphere at a rate
of 10 °C min~". For 1Ln, the first three stages between room
temperature and 225 °C can be attributed to the liberation of
five lattice water molecules (found 14.9-15.2%, calc 14.59-
14.67%). At about 290 °C, the fourth stage of weight loss took
place, probably signifying the loss of coordinated water and
ca®” components, accompanied by the collapse of the network.
In the case of 2Ln, the initial two stages of weight loss occurring
up to 200 °C can be ascribed to the release of five lattice water
molecules (found 19.2-20.2%, calc 17.72-18.40%). The third
weight loss observed between 300-400 °C is likely due to the loss
of coordinated water and ca®’ components, leading to the
collapse of the network. The two isomers exhibit distinct
decomposition behaviors, influenced by their temperature
ranges and mass loss profiles. This highlights how differences
in the topological structures of isomeric compounds could
impact their thermal stability characteristics.

Carbon dioxide adsorption

Previous studies indicate that 2D layered networks can adsorb
CO, and exhibit gate-opening behavior under specific pressure
and temperature thresholds, thus providing significant insights
for their application in carbon capture technology.>® The hcb
network 1Pr and brick-wall network 2Yb were examined as
series examples for their CO, adsorption capacities at 1 bar over
a temperature range of 273 to 303 K as well as at high pressures
up to 20 bar at 298 K. Prior to conducting gas adsorption-
desorption tests, the crystalline samples 1Pr and 2Yb were
activated and dried in a vacuum oven at 100 °C for 12 h, and
kept under vacuum overnight. The activated samples were
subjected to a 12 h degassing process at 80 °C utilizing the
outgas function of the adsorption analyzer. As shown in
Fig. 6a,b, neither 1Pr nor 2Yb exhibit the gate-opening pressure
step for CO, sorption at a pressure of up to 1 bar. At tempera-
tures of 273, 298, and 308 K, 1Pr showed negligible uptakes of
11.42, 5.21, and 3.07 cm?® gfl, respectively. In contrast, 2Yb
exhibited an increase in uptake compared to 1Pr, with volu-
metric values of 30.91, 19.90, and 15.78 cm® g~ ' at the same
temperatures. The desorption branches for 1Pr exhibited more
significant hysteresis than those for 2Yb. This may result from
the differing molecular interactions and structural character-
istics of the two isomers.

The CO, sorption isotherms for 1Pr and 2Yb at 298 K and
pressures up to 20 bar, exhibiting a quasi-linear isotherm with
the absence of gate opening, as shown in Fig. 6c. 1Pr displays
a maximum CO, uptake of 7.05 cm® g~ ', which is significantly
lower than the 34.79 cm® g~ observed for 2Yb. The higher
adsorption capacity of 2Yb relative to 1Pr can be attributed to
the dimensions and shape the pores, along with variations in
the surface areas of their activated samples. These variables
contribute to a more extensive and accessible pore network,
thereby increasing contact with adsorbates. Notably, the lack of
a gate-opening effect in both cases is likely attributable to the
structural rigidity of the materials, which limits substantial
expansion and conformational changes, hence diminishing
their efficacy in situations requiring gate-switching capabilities.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The adsorption (darker coloured spheres)—desorption (lighter
coloured spheres) isotherms for CO, at 273, 298, and 308 K in (a) 1Pr
and (b) 2Yb. (c) High-pressure CO, sorption isotherms of 1Pr and 2Yb
at 298 K.

Additionally, PXRD was performed at ambient temperature
to assess the stability of the network or the structural phase
transition after thermal activation and gas sorption analyses for
instances 1Pr and 2Yb. The diffractograms of the synthesized,
activated, and after CO, sorption experiments exhibit notable
differences (Fig. S3), highlighting the distinctive phases and
structural features inherent in each sample. A notable change in
the main peak positions to higher 26 values was seen in the
diffractograms for 1Pr, especially in the range of 8.11 to 22.31°.
In a similar manner, the diffractogram of the synthesized 2Yb
sample reveals a shift in the main peak positions at 26 of 10.12,
11.67, and 13.07°, accompanied by the absence of a peak at
15.78°. It was observed that the crystallinity of both 1Pr and 2Yb
is preserved after CO, sorption experiments performed at high
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pressures relative to their activated counterparts. Nonetheless,
the PXRD profiles for 2Yb show consistency, while discrep-
ancies are observed in 1Pr. Moreover, efforts to ascertain the
crystal structures of the activated or post-sorption study mate-
rials have been futile due to the inadequate diffraction quality
of the crystalline samples. This complicates the understanding
of the relationships between material structures and CO,
molecules. Nonetheless, the PXRD findings suggest that 2Yb
retains robust structural integrity under varying pressure
conditions, while 1Pr may undergo more denser structures that
could affect its gas sorption efficiency. This difference high-
lights the importance of materials with different topological
isomers in gas adsorption.

Conclusions

In summary, distinct types of lanthanide coordination polymers
incorporating the ca®>~ ligand were successfully synthesized and
characterized. The lanthanide contraction influences their two-
dimensional structures, leading to the emergence of two unique
topological isomers, namely honeycomb 1Ln and brick-wall 2Ln
arrangements. The incorporation of the semi-rigid rod 4,4’-bipy
into brick-wall 2D networks, intended to construct a porous 3D
pillared framework, leads to the formation of an intercalation
honeycomb network 3Ln comprising the guest 4,4’-bipy and
lattice water molecules. The physicochemical characteristics of
the isomers 1Ln and 2Ln were distinctly illustrated, empha-
sizing their unique thermal stability and structural arrange-
ments. The brick-wall network of instance 2Yb shows better CO,,
adsorption capacities under both ambient and high-pressure
conditions compared to 1Pr, possibly due to its larger pore
size and arrangement which leads to a more extensive and
accessible pore network. The findings of the present study
highlight the complex interplay between structural topological
isomers and their properties, demonstrating that even minor
differences among lanthanide metals can result in major
changes to the structure and functionality of novel materials.
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