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The chemistry and applications of porous materials, particularly for gas adsorption and separation

technologies, have advanced dramatically with the recent development of metal–organic frameworks

(MOFs). These materials can mitigate air pollution, global warming, and the demand for renewable

energy through their tunable pore sizes and pore chemistry, a feature that is not easily manipulated in

conventional porous materials like zeolites and activated carbons. In the present study, two series of

three-dimensional (3D) lanthanide-based MOFs (LnMOFs), viz. (Me2NH2)[Ln(C2O4)2(H2O)]$3H2O (1Ln; Ln

= Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er) and (Me2NH2)[Ln(C2O4)2]$H2O (2Ln; Ln = Tm, Yb, Lu), were

engineered with meticulous ultramicropore regulation to fit the kinetic diameters of polarized CO2

molecules. The coordination geometries {LnO9} in 1Ln and {LnO8} in 2Ln are interconnected by oxalate

(C2O4
2−) bidentate ligands, forming diamond (dia)-like anionic frameworks that contain charge-

balancing dimethyl ammonium (Me2NH2
+) cations within ultramicropore channels. The removal and re-

adsorption of water facilitate the transition between the crystal structures of 1Ln and 2Ln, leading to

changes in the coordination number and geometry of the metal centres. At cryogenic temperatures and

ambient pressure, the tailored ultramicropore facilitates a sieving effect in LnMOFs, yielding better CO2

adsorption compared to N2, CH4, and Ar as shown by the instances of 1Gd, 1Er, and 2Yb. Furthermore,

CO2 sorption investigations at higher pressure for 1Gd and 2Yb exhibit steep S-shaped adsorption–

desorption isotherms characterized by hysteresis. In situ diffuse reflectance infrared Fourier transform

spectroscopy (DRIFTS) studies indicate that this phenomenon is due to the formation of dimethyl

carbamic acid resulting from the chemisorption of guest Me2NH2
+ cations and CO2. The findings

demonstrate that ultramicroporous anionic frameworks containing guest Me2NH2
+ cations significantly

improve CO2 adsorption capacity at pressures exceeding ambient conditions. This research will drive the

future logical design of ultramicroporous materials for the efficient separation of CO2 through pressure

or temperature swing adsorption methods. Compounds 1Eu and 1Tb exhibit red- and green-light

emission in the solid state at room temperature.
Introduction

In comparison to pre-industrial levels, carbon dioxide (CO2) has
risen by 3.3 ppm annually, resulting in a total increase of
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roughly 145% since 1958, from 316 ppm to the current
427 ppm.1 Consequently, the development of new ad- or
absorbers that can remove CO2 from gas streams with low
energy penalty and without losing the capacity for gas uptake
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upon recycling is highly desired. A variety of porous materials,
including carbon materials,2 zeolites,3 and particularly metal–
organic frameworks (MOFs),4 have been extensively studied for
CO2 adsorption and separation, attracting considerable interest
as adsorbent solid materials in recent years. MOF materials are
a novel class of synthetic porous solids created through the
coordination of metal ions or clusters with organic linkers,
resulting in extended frameworks with unique pore architec-
tures.5,6 The design of appropriate porous MOFs is a crucial for
achieving high adsorption capacity and selectivity. Initially,
functional amine groups were incorporated into MOF linkers
using absorptive amine washing solutions for modication
purposes.7 In recent years, there has been extensive investiga-
tion into the functionalization of linkers with amine groups in
MOF chemistry to enhance CO2 storage capacity and
selectivity.8–10 Besides, controlling pore size can improve the
adsorption of specic gas molecules, especially at low partial
pressures of technical importance.11 The correlation between
the pore size of MOFs and the kinetic diameter of CO2 has
garnered signicant attention in gas separation research.12,13

The interaction energy and, therefore, the affinity of the
adsorbate at low partial pressure increase when the adsorbent
structure has pore-limiting diameters like the size of the
adsorbed molecule. The latter can then interact with both of its
ends or sides at various points on the CO2 adsorbent (Connolly)
surface.14 The kinetic diameters and polarizability of gases such
as Ar (3.4 Å, 16.4× 10−25 cm3), CH4 (3.8 Å, 25.9× 10−25 cm3), N2

(3.6 Å, 17.4 × 10−25 cm3), and H2O (2.8 Å, 14.8 × 10−25 cm3) are
essential for the separation of CO2 (3.3 Å, 29.1 × 10−25 cm3). In
this context, ultramicroporous MOFs (UM-MOFs), a subclass of
MOFs with pore sizes ranging from ∼3.5–7 Å, are relevant for
CO2 sorption and separation from N2 and air gas streams.15 The
formation of these porous materials is expected to be achieved
by a combination of short linkers with metal ions. For example,
a 3D layered-pillared framework [Zn2(Atz)2(C2O4)] is constructed
from the 2D layered structure of Zn–aminotriazole, which is
pillared by short-range oxalate linkers to achieve the desired
ultramicropore scale. This material demonstrates a notable CO2

uptake of 97.5 cm3 g−1 (4.35 mmol g−1) at 273 K, while showing
negligible uptake of N2, Ar, or H2 under similar conditions.16

The selectivity for CO2 is due to the pore size, which restricts gas
adsorption and creates a diffusion barrier, as well as the basic
triazolate and highly polarizing oxalate linker. Notably, the 3D
[Co(HAtz)(C2O4)] analogue featuring a dia framework showed
a CO2 uptake of 34.3 cm3 g−1 (0.78 mmol g−1) under similar
conditions.17

Besides UM-MOFs containing transition metals, those
employing lanthanide metals exhibit considerable structural
variation, attributable to the high coordination number and
exible coordination environment related to lanthanide ions.18

The distinctive coordination chemistry of lanthanide ions
indicates that crystallization solvents generally take part with
the metal centres during the process of complexation. The
removal of these solvents results in frameworks with accessible
open metal sites, which are essential for improving adsorption
performance. Furthermore, the lanthanide contraction has also
a notable impact on adsorption capacity and binding energy.
36092 | J. Mater. Chem. A, 2025, 13, 36091–36103
For example, Zhang et al. reported a series of isostructural 3D
lanthanide MOFs using isonicotinate linkers, [Ln2(INO)4](-
NO3)2, featuring vmv topology and pore sizes of ca. 4 Å.19 A
decrease in the ionic radius of metal ions correlates with an
increase in CO2 adsorption. The lanthanide contraction leads to
reduced pore size, hence enhancing gas adsorption efficiency.
Recently, a 3D dia-like Eu-MOF, (Me2NH2)[Eu(C2O4)2(H2O)]$
3H2O, has been synthesized, demonstrating remarkable water
stability and a notable CO2 absorption capacity of up to 56.8
cm3 g−1 at 195 K.20

This study utilized the concepts of crystal engineering and
reticular chemistry to synthesize 3D dia UM-LnMOFs, using
two-connected oxalate linkers and four-connected metal central
nodes, with the objective of optimizing the pore widths of UM-
LnMOFs for specic CO2 molecules. Herein, two series of 3D
LnMOFs, (Me2NH2)[Ln(C2O4)2(H2O)]$3H2O (1Ln; Ln = Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Er) and (Me2NH2)[Ln(C2O4)2]$H2O (2Ln;
Ln = Tm, Yb, Lu), were synthesized through a one-pot sol-
vothermal crystallization process, exhibiting scalability from
milligram to gram quantities. Structural investigation indicated
that both series of compounds have 3D dia structures with
channels with ultramicropore sizes. The removal and reintro-
duction of water molecules facilitate the transition between the
structures of 1Ln and 2Ln, leading to changes in the coordi-
nation number and geometry of the metal centres. The thermal
and chemical stability of compounds in series 1Ln and 2Ln was
examined. The adsorption and desorption isotherms of Ar, CH4,
CO2, and N2 for the representative compounds 1Gd, 1Er, and
2Yb were analyzed at ambient pressure and various tempera-
tures. The high-pressure CO2 sorption isotherms for 1Gd and
2Yb were examined as a representative instance at various
temperatures. The enthalpy of adsorption (DHads) was modelled
at various temperatures using the Clausius–Clapeyron equa-
tion. The solid-state photoluminescence properties of 1Eu and
1Tb were also investigated.

Experimental
Materials and physical characterization

All commercially available chemicals and solvents were of
reagent quality and utilized as obtained without additional
purication. Elemental analyses of carbon, hydrogen, and
nitrogen were performed using an LECO CHNS 932 elemental
analyzer. Infrared spectra were acquired with a PerkinElmer
Spectrum 100 spectrometer in ATR mode, in the range of 650–
4000 cm−1. In situ diffuse reectance infrared Fourier transform
spectroscopy (DRIFTS) measurements were performed using
a commercial reaction cell (Harricks, HV-DR2) under contin-
uous gas ow, analogous to kinetics studies. A Nicolet iS50 FT-
IR (Thermo) was used to obtain DRIFTS spectra. Band intensi-
ties were quantied in Kubelka–Munk units and are semi-
quantitatively related to the coverage of adsorbed surface
species. Powder X-ray diffraction (P-XRD) analyses were con-
ducted utilizing a Bruker D2 Phaser X-ray powder diffractometer
with Cu-Ka radiation (l = 1.5418 Å) at 30 kV and 10 mA. The
simulated XRD patterns were derived from single crystal X-ray
diffraction (SC-XRD) data and processed using the Mercury
This journal is © The Royal Society of Chemistry 2025
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version 2024.3.1 program provided by the Cambridge Crystal-
lographic Data Centre.21 Thermogravimetric analysis (TGA) was
conducted using a TGA55 TA instrument in a temperature range
from 30 to 800 °C, with a heating rate of 10 °C min−1 in a N2

atmosphere. The adsorption–desorption isotherms for N2, Ar,
CO2, and CH4 gases were acquired on a Quantachrome Auto-
sorb iQ. The experiments utilized highly pure N2 gas (99.995%)
at 77 K, Ar gas (99.995%) at 87 K, CO2 gas (99.995%) at 195, 273
and 298 K, and CH4 gas (99.995%) at 273 and 298 K. The
temperatures were controlled using the CTI-Cryogenics
Compressor 8200 model. The pore size distribution was deter-
mined using the non-local density functional theory (NLDFT)
adsorption model for N2 at 77 K on silica (cylindrical/spherical
pore) within the Versa WinTM version 10 soware. The total
pore volumes were assessed from the CO2 isotherm obtained at
195 K, utilizing a single point from the adsorption branch at
0.95 P/P0 for 1Gd, 0.93 P/P0 for 1Er, and 0.95 P/P0 for 2Yb. The
isosteric heat of adsorption values for CO2 at 273 and 293 K were
determined using the Clausius–Clapeyron equation, derived
from isotherms tted with the Freundlich model. Water sorp-
tion data were obtained using a Belsorp model Max II at
temperatures of 283 and 293 K. The temperatures were
controlled using the Julabo model 300F. Volumetric adsorption
isotherms for CO2 were acquired within the pressure range of
0.1–20 bar at temperatures from 273 to 318 K utilizing a Quan-
tachrome iSorb HP1 analyzer. The photoluminescence spectra
in the solid state were recorded at room temperature using
a Horiba Scientic model FluoroMax-4 spectrouorometer.
Syntheses

Milligram-scale synthesis. All compounds in the present
study were prepared under identical conditions using sol-
vothermal methods. In a typical procedure, Ln(NO3)3$xH2O
(0.25 mmol), H2C2O4 (0.5 mmol) and NaOH (0.1 mmol) were
added into a Teon-lined reactor, dissolved in DMF (1 mL) and
H2O (4 mL), and stirred at ambient temperature for 15 min. The
mixture was then sealed in a 15 mL stainless steel autoclave,
placed in an oven, heated to 120 °C for 24 h, and subsequently
cooled to ambient temperature. Aer ltration, the crystalline
product was washed with water and dried at ambient
temperature.

(Me2NH2)[Ce(C2O4)2(H2O)]$3H2O (1Ce). Yield 75% based on
the Ce3+ source. Anal. calc. for C6H16CeNO12: C 16.59, H 3.71, N
3.23%; found: C 16.45, H 3.79, N 3.36%. IR (ATR, n/cm−1, s for
strong, m medium, w weak): 3359 (m), 2808 (w), 2481 (w), 1595
(s), 1468 (m), 1363 (m), 1311 (s), 1382 (m), 1229 (m), 1089 (w),
1021 (w), 879 (w), 791 (s).

(Me2NH2)[Pr(C2O4)2(H2O)]$3H2O (1Pr). Yield 85% based on
the Pr3+ source. Anal. calc. for C6H16NO12Pr: C 16.56, H 3.71, N
3.22%; found: C 16.40, H 3.68, N 3.18%. IR (ATR, n/cm−1): 3468
(m), 3388 (m), 3074 (m), 2808 (w), 2483 (w), 1707 (m), 1596 (s),
1466 (m), 1362 (m), 1312 (s), 1230 (w), 1022 (w), 1057 (m), 884
(w), 791 (s).

(Me2NH2)[Nd(C2O4)2(H2O)]$3H2O (1Nd). Yield 77% based on
the Nd3+ source. Anal. calc. for C6H16NNdO12: C 16.44, H 3.68, N
3.20%; found: C 16.56, H 3.48, N 3.15%. IR (ATR, n/cm−1): 3478
This journal is © The Royal Society of Chemistry 2025
(w), 3388 (m), 3083 (m), 2810 (w), 1709 (m), 1597 (s), 1464 (m),
1364 (m), 1312 (s), 1231 (w), 1022 (w), 792 (s).

(Me2NH2)[Sm(C2O4)2(H2O)]$3H2O (1Sm). Yield 93% based on
the Sm3+ source. Anal. calc. for C6H16NO12Sm: C 16.21, H
3.63, N 3.63%; found: C 16.33, H 3.58, N 3.59%. IR (ATR, n/
cm−1): 3457 (m), 3385 (m), 3071 (m), 2808 (w), 1711 (w), 1601 (s),
1472 (m), 1363 (m), 1314 (s), 1022 (w), 884 (w), 792 (s).

(Me2NH2)[Eu(C2O4)2(H2O)]$3H2O (1Eu). Yield 87% based on
the Eu3+ source. Anal. calc. for C6H16EuNO12: C 16.15, H 3.62, N
3.62%; found: C 16.27, H 3.53, N 3.96%. IR (ATR, n/cm−1): 3467
(m), 3339 (m), 2811 (w), 1712 (w), 1603 (s), 1601 (s), 1465 (m),
1362 (m), 1315 (s), 1231 (w), 1022 (w), 793 (s).

(Me2NH2)[Gd(C2O4)2(H2O)]$3H2O (1Gd). Yield 93% based on
the Gd3+ source. Anal. calc. for C6H16GdNO12: C 15.95, H 3.57, N
3.10%; found: C 16.08, H 3.44, N 3.25%. IR (ATR, n/cm−1): 3441
(m), 3192 (w), 3087 (m), 2814 (w), 1607 (s), 1471 (m), 1362 (m),
1315 (s), 1231 (w), 1021 (w), 798 (s).

(Me2NH2)[Tb(C2O4)2(H2O)]$3H2O (1Tb). Yield 90% based on
the Tb3+ source. Anal. calc. for C6H16NO12Tb: C 15.91, H 3.56, N
3.10%; found: C 15.83, H 3.53, N 2.96%. IR (ATR, n/cm−1): 3433
(m), 3191 (m), 2815 (w), 1607 (s), 1471 (m), 1362 (m), 1556 (m),
1382 (m), 1317 (s), 1022 (w), 794 (s).

(Me2NH2)[Dy(C2O4)2(H2O)]$3H2O (1Dy). Yield 88% based on
the Dy3+ source. Anal. calc. for C6H16DyNO12: C 15.78, H 3.53, N
3.07%; found: C 15.88, H 3.65, N 3.17%. IR (ATR, n/cm−1): 3444
(m), 3400 (m), 3081 (w), 2812 (m), 1716 (w), 1601 (s), 1469 (m),
1361 (m), 1231 (w), 1022 (w), 887 (w), 793 (s).

(Me2NH2)[Er(C2O4)2(H2O)]$3H2O (1Er). Yield 96% based on
the Er3+ source. Anal. calc. for C6H16ErNO12: C 15.62, H 3.49, N
3.04%; found: C 15.57, H 3.53, N 2.96%. IR (ATR, n/cm−1): 3462
(m), 3095 (m), 2812 (m), 1778 (w), 1607 (s), 1498 (m), 1362 (m),
1315 (s), 1257 (m), 1021 (w), 798 (s).

(Me2NH2)[Tm(C2O4)2]$H2O (2Tm). Yield 82% based on the
Tm3+ source. Anal. calc. for C6H10NO9Tm: C 17.61, H 2.46, N
2.46%; found: C 17.68, H 2.42, N 2.45%. IR (ATR, n/cm−1): 3436
(m), 3093 (m), 2816 (m), 2483 (w), 1606 (s), 1472 (s), 1362 (s),
1318 (s), 1230 (m), 1020 (w), 796 (s).

(Me2NH2)[Yb(C2O4)2]$H2O (2Yb). Yield 91% based on the Yb3+

source. Anal. calc. for C6H10NO9Yb: C 17.44, H 2.44, N 3.39%;
found: C 17.46, H 2.45, N 3.35%. IR (ATR, n/cm−1): 3418 (m),
2807 (m), 2501 (w), 1613 (s), 1460 (m), 1366 (s), 1325 (s), 1227
(m), 1023 (w), 796 (s).

(Me2NH2)[Lu(C2O4)2]$H2O (2Lu). Yield 94% based on the Lu3+

source. Anal. calc. for C6H10LuNO9: C 17.36, H 2.43, N 3.37%;
found: C 17.52, H 2.40, N 3.35%. IR (ATR, n/cm−1): 3481 (m),
3187 (m), 2815 (m), 1607 (s), 1469 (s), 1364 (s), 1314 (m), 1245
(m), 1020 (w), 799 (s).

Gram-scale synthesis. Using the direct solvothermal method,
compound 1Er can be synthesized on a gram scale. A 100 mL
Teon-lined autoclave reactor was lled with 3.5 mmol (1.523 g)
of Er(NO3)3$5H2O, 6.0 mmol (0.754 g) of H2C2O4, and 1.0 mol
(0.052 g) of NaOH, prior to adding 5 mL of DMF and 30 mL of
H2O. The mixture was stirred at ambient temperature for 15 min,
sealed in a stainless-steel autoclave, and then heated in an oven at
120 °C for 48 h. Aer cooling to room temperature, the crystalline
product was washed with water and dried at room temperature.
Yields 75% (1.136 g) based on the Er3+ source.
J. Mater. Chem. A, 2025, 13, 36091–36103 | 36093
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X-ray crystallography

Suitable crystals of all compounds were mounted on MiTeGen
micromounts utilizing paratone oil. X-ray diffraction data were
acquired using a Bruker D8 QUEST CMOS PHOTON II at 296(2)
K. X-ray data were obtained using Mo-Ka radiation (l = 0.71073
Å) and with omega and phi scans. The total number of runs and
images was established via the strategic calculations performed
Table 1 Crystallographic data for compounds in series 1Ln and 2Ln

Compound 1Ce 1Pr 1N

CCDC 2427316 2427317 24
Formula C6H16CeNO12 C6H16NO12Pr C6

Formula weight 434.32 435.11 43
Temperature (K) Monoclinic Monoclinic M
Crystal system P21/n P21/n P2
Space group 296(2) 296(2) 29
a (Å) 9.7569(5) 9.7327(3) 9.
b (Å) 12.0332(5) 11.9631(4) 11
c (Å) 12.4268(6) 12.4007(4) 12
b (°) 99.620(2) 99.510(1) 99
V (Å) 1438.47(12) 1424.01(8) 14
Z 4 4 4
rcalcd (g cm−3) 2.005 2.030 2.
l (Å) 0.71073 0.71073 0.
m (mm−1) 3.22 3.48 3.
Reections collected 33 789 55 462 36
Independent reections 3574 2807 25
Data/restraints/parameters 3574/15/215 2807/14/216 25
Rint 0.049 0.0740 0.
Final R1, wR2 [I $ 2s(I)] 0.0255, 0.0471 0.0214, 0.0406 0.
R1

a, wR2
b 0.0408, 0.0519 0.0262, 0.0421 0.

GOF on F2, S 1.11 1.06 1.
Drmax, Drmin 0.88, −0.78 0.57, −1.11 0.

Compound 1Tb 1Dy 1E

CCDC 2427322 2427323 24
Formula C6H16NO12Tb C6H16DyNO12 C6

Formula weight 453.12 456.70 46
Temperature (K) Monoclinic Monoclinic M
Crystal system P21/n P21/n P2
Space group 296(2) 296(2) 29
a (Å) 9.6420(2) 9.6259(4) 9.
b (Å) 11.6477(2) 11.5938(5) 11
c (Å) 12.2540(2) 12.2293(5) 12
b (°) 99.214(1) 99.1562(16) 99
V (Å) 1358.45(4) 1347.41(10) 13
Z 4 4 4
rcalcd (g cm−3) 2.216 5.607 2.
l (Å) 0.71073 0.71073 0.
m (mm−1) 5.267 5.607 6.
Reections collected 62 512 17 517 47
Independent reections 3389 2668 33
Data/restraints/parameters 3389/15/215 2668/15/215 33
Rint 0.0486 0.0401 0.
Final R1, wR2 [I $ 2s(I)] 0.0150, 0.0348 0.0240, 0.0443 0.
R1

a, wR2
b 0.0179, 0.0363 0.0318, 0.0462 0.

GOF on F2, S 1.09 1.11 1.
Drmax, Drmin 0.68, −0.77 0.58, −0.71 0.

a R1 =
P

‖Foj − jFc‖/
PjFj. b wR2 = {

P
[w(Fo

2 − Fc
2)2]/

P
[w(Fo

2)2]}1/2 for all
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by the APEX6 soware, while unit cell indexing was rened
using SAINT.22 Data reduction was performed using SAINT,
while absorption correction was conducted with SADABS. The
integrity of the symmetry was checked by using PLATON.23 The
crystal structures were solved using the algorithm implemented
in SHELXT24 via intrinsic phasing and subsequently rened by
least squares on F2 using SHELXL25 within the Olex2-1.5 GUI.26
d 1Sm 1Eu 1Gd

27318 2427319 2427320 2427321
H16NdNO12 C6H16NO12Sm C6H16EuNO12 C6H16GdNO12

8.44 444.55 446.16 451.45
onoclinic Monoclinic Monoclinic Monoclinic
1/n P21/n P21/n P21/n
6(2) 296(2) 296(2) 296(2)
7106(3) 9.6793(7) 9.6526(16) 9.6411(3)
.9027(3) 11.8008(9) 11.7501(17) 11.6987(3)
.3712(4) 12.3265(9) 12.295(2) 12.2922(4)
.4195(11) 99.323(3) 99.290(5) 99.244(1)
10.61(7) 1389.38(18) 1376.2(4) 1368.41(7)

4 4 4
064 2.125 2.153 2.191
71073 0.71073 0.71073 0.71073
74 4.29 4.62 4.91
999 38 659 12 501 20 744
00 2972 2773 3146
00/15/203 2972/15/209 2773/15/215 3146/15/209
0984 0.0327 0.0317 0.0381
0269, 0.0456 0.0133, 0.0295 0.0194, 0.0394 0.0205, 0.0399
0376, 0.0485 0.0151, 0.0301 0.0252, 0.0410 0.0273, 0.0419
04 1.08 1.09 1.10
51, −0.91 0.67, −0.36 0.55, −0.63 0.54, −0.45

r 2Tm 2Yb 2Lu

27324 2427325 2427326 2427327
H16ErNO12 C6H10NO9Tm C6H10NO9Yb C6H10LuNO9

1.46 409.08 413.19 415.12
onoclinic Monoclinic Monoclinic Monoclinic
1/n I2/a I2/a I2/a
6(2) 296(2) 296(2) 296(2)
5986(3) 8.4676(11) 8.4215(4) 8.4022(4)
.5100(4) 17.4003(13) 17.3145(5) 17.2498(5)
.1830(4) 8.4092(7) 8.3766(3) 8.3671(3)
.0592(12) 107.312(2) 107.090(1) 106.933(1)
29.19(8) 1182.9(2) 1167.49(8) 1160.12(8)

4 4 4
306 2.297 2.351 2.377
71073 0.71073 0.71073 0.71073
376 7.54 8.05 8.55
512 16 812 13 407 23 121
05 1480 1459 1453
05/15/215 1480/0/60 1459/0/60 1453/0/60
0358 0.0403 0.0227 0.0318
0172, 0.0364 0.0126, 0.0333 0.0098, 0.0248 0.0107, 0.0279
0233, 0.0384 0.0151, 0.0341 0.0113, 0.0251 0.0132, 0.0285
14 1.07 1.11 1.12
57, −0.87 0.26, −0.45 0.40, −0.38 0.35, −0.34

data.
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In the nal renement cycles, all non-hydrogen atoms were
rened anisotropically. For all compounds in the 2Ln series,
suitable structural models could not be assigned for the highly
disordered dimethylammonium (Me2NH2

+) cations and water
molecules. Consequently, the Solvent Masking method in
Olex2-1.5 was utilized to eliminate the electron densities of
these disordered entities. An analysis of the solvent mask
revealed the presence of 148 electrons in a volume of 568 Å3

within a single void per unit cell. This corresponds to the
presence of one cationic Me2NH2

+ and one water molecule per
asymmetric unit, totalling 148 electrons per unit cell. In 1Ln, all
hydrogen atoms attached to carbon were placed according to
calculations and rened using a ridingmodel with C–H= 0.93 Å
and Uiso(H) = 1.2Ueq(C). However the hydrogen atoms of the
amine and water were located in difference-Fourier maps and
constrained to N–H= 0.89± 0.02 Å with Uiso(H)= 1.2Ueq(N) and
O–H = 0.85 ± 0.02 Å with Uiso(H) = 1.5Ueq(O), respectively.
Table 1 summarizes the experimental details for data collection
and renements. All crystallographic data for the compounds
have been deposited at the Cambridge Crystallographic Data
Centre (CCDC No. 2427316–2427327).
Materials activation procedure

The synthesized crystals (about 100 mg) of compounds 1Gd,
1Er, and 2Yb were subjected to solvent exchange using low
boiling point solvents by immersion in dry acetone (3 mL) and
methanol (3 mL) for a duration of 5 days. Throughout this
procedure, acetone/methanol was decanted and substituted
with fresh solvent twice daily. The crystals of 1Gd, 1Er, and 2Yb
were isolated through centrifugation, followed by activation and
drying in a vacuum oven at 120 °C for 12 h, and then main-
tained under vacuum overnight. Before conducting gas
adsorption–desorption measurements, the activated samples
underwent a 12 h degassing process at 100 °C using the outgas
function of the adsorption analyzer.
Results and discussion
Syntheses and characterization

The solvothermal reaction of Ln(NO3)3 and H2C2O4 with NaOH,
utilizing a DMF and H2O solvent mixture at 120 °C for 24 h,
yielded two families of 3D LnMOFs with consistent high yields
and high crystallinity (Fig. S1). In all cases, Me2NH2

+ cations
were generated in situ via the hydrolysis of DMF under sol-
vothermal conditions. It is noteworthy that 1Er, as an example,
can be synthesized on a gram scale using the direct sol-
vothermal method with a reactor of a larger capacity. The as-
synthesized 1Er samples exhibited notable crystallinity, shown
by the pronounced intensities of the diffraction peaks, and the
simulated PXRD patterns coincided closely with the theoretical
predictions (Fig. S2). The crystalline products from both series
of compounds exhibit air stability for a minimum of one month
under atmospheric conditions at room temperature as veried
by unit cell analysis using SCXRD and phase investigations via
PXRD. The IR spectra of compounds in series 1Ln and 2Ln
(Fig. S3) display prominent absorption bands at around 1605
This journal is © The Royal Society of Chemistry 2025
and 1360 cm−1, signifying the asymmetric and symmetric
stretching vibrations of the carboxylate groups, respectively. A
signicant peak occurring at 3465–3220 cm−1 is ascribed to the
N–H stretching vibration of Me2NH2

+ molecules.27 The broad
band located at 3570–3440 cm−1 signies the stretching of O–H
bonds in H2O molecules. Overall, the IR spectra are consistent
with the single crystal X-ray diffraction results.
Structural description

All compounds exhibit a 3D anionic {Ln(C2O4)2} framework
with a dia topology, according to single crystal X-ray diffraction
studies. Nonetheless, as a result of lanthanide contraction, two
distinct crystallographic space groups are found. Compounds
in the series 1Ln, (Me2NH2)[Ln(C2O4)2(H2O)]$3H2O (Ln = Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er), crystallize in a monoclinic P21/n
phase when the lighter Ln3+ ions (Ce–Er) with larger ionic radii
are involved, while the monoclinic I2/a space group of the
compounds in series 2Ln, (Me2NH2)[Ln(C2O4)2]$H2O (Ln = Tm,
Yb, Lu), was crystallized utilizing reduced ionic radii of the
heavier Ln3+ metals (Yb–Lu). As an example of the 1Ln series,
1Er is selected for a thorough structural description. Fig. 1a
shows that the asymmetric unit of 1Er comprises one Er3+ ion,
one fully deprotonated C2O4

2− ligand at a general position, half
of two fully deprotonated C2O4

2− ligands located at the inver-
sion centre, one coordinated H2O molecule, three lattice H2O
molecules, and one Me2NH2

+ cation. The Er3+ ion exhibits
a nine-coordinated distorted capped square antiprismatic
coordination geometry (CSAPR-9; C3v symmetry; distortion (s)=
0.207, as calculated using the SHAPE soware package),28

completed by eight oxygen atoms from symmetry-related
C2O4

2− ligands and one oxygen atom from the aqua ligand.
The Er–O bond lengths in 1Er range from 2.3619(16) to
2.4535(19) Å, whereas the O–Er–O bond angles are lengths
between 66.27(6) and 142.89(6)°. The Ln–O bond lengths in the
series 1Ln compounds (Table S1) decrease with the reduction of
ionic radii of the Ln3+ ions, following the order Ce3+ > Pr3+ >
Nd3+ > Sm3+ > Eu3+ > Gd3+ > Tb3+ > Dy3+ > Er3+, attributable to the
lanthanide contraction effect.29

In 1Er, the C2O4
2− ligands exhibit a m2-k

2O,O0:k2O00,O000

coordination mode. Two entities, positioned at the centre of
inversion and nearly orthogonal to each other (with a dihedral
angle of 89.9°) link the neighbouring Er3+ ions, creating a 1D
zigzag chain (with Er/Er separations of∼6.3 Å) that is oriented
parallel to the crystallographic a axis (Fig. S4). In the b-axis
direction, the chains are interconnected by C2O4

2− linkers
through interlayered Er3+ ions (the Er/Er separations of ∼6.2
Å), leading to the formation of a 3D anionic [Er(C2O4)]

−

framework as illustrated in Fig. 1b. From a topological
perspective, C2O4

2− anions serve as two-connectors, repre-
sented as a straight line. Each Er3+ cation coordinates with four
C2O4

2− anions, depicted as a four-connected node. Thus, the
framework can be classied as a 3D four-connected dia topo-
logical net with the point symbol {66}, Fig. 1c, as determined by
TOPOS.30 The anionic dia framework contains 3D channel
spaces, where the stabilization of negatively charged frame-
works is facilitated by the inclusion of charge-compensating
J. Mater. Chem. A, 2025, 13, 36091–36103 | 36095



Fig. 1 (a) Coordination environment of Er3+ ions with thermal ellip-
soids depicting the 50% probability level of the atoms, (b) the 3D
anionic [Er(C2O4)] frameworks prospectively viewed along the a axis
(the lattice water and cationic Me2NH2

+ molecules are omitted for
clarity), (c) the dia topological net, and (d) the crystal packing and
solvent accessible surface with a probe radius of 1.2 Å of 1Er.
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Me2NH2
+ cations. The water molecules are also located in the

inter-channel spaces, assisted by classical hydrogen bonding
interactions (Table S2). Hydrogen bonding interactions also
occur between coordinated water and oxalate or lattice water
molecules. Fig. 1d shows that aer the removal of these water
molecules, the PLATON soware23 calculates the total solvent
accessible volume for (Me2NH2)[Er(C2O4)] to be 26.6% (366.17
Å3).

The structure of 2Yb has been selected as the representative
example for a detailed discussion among the series of 2Ln
compounds. Fig. 2a illustrates that the asymmetric unit of 2Yb
comprises a Yb3+ ion with half occupancy situated on a two-fold
rotation axis, half of two fully deprotonated C2O4

2− ligands
positioned at the inversion centre, one Me2NH2

+ cation, and
one lattice water molecule. The Yb3+ ion exhibits eight coordi-
nation and adopts a distorted bicapped trigonal prism geometry
(JBTPR-8; C2v symmetry; s = 2.725), formed by eight oxygen
atoms from four distinct C2O4

2− ligands. The bond lengths of
Yb–O range from 2.2950(13) to 2.3457(12) Å, and the bond
angles O–Yb–O vary from 69.50(4) to 144.63(5)°. The Ln–O bond
lengths in 2Ln compounds are shorter than those in 1Ln
compounds (Table S3), reecting the lanthanide contraction
effect.

Similar to 1Er, the C2O4
2− ligands in 2Yb demonstrate a m2-

k2O,O0:k2O00,O000 coordination mode, effectively linking adjacent
Yb3+ ions to form a 3D dia framework (the Yb/Yb separations
of ∼6.0 Å). The comparative analyses of the dia topological net
in the two series of compounds revealed variations in the angles
surrounding the tetrahedral metal nodes (Fig. S5). This results
from variations in coordination numbers and geometries of the
metal centres, inuenced by lanthanide contraction. The
disordered Me2NH2

+ cations and lattice water molecules are
located within the channels of the frameworks and cannot be
modelled crystallographically. The analysis of the residual
electron density by SQUEEZE indicated the existence of one
water solvate molecule per formula unit, with an accessible void
volume of 63 Å3, or 5% of the unit cell volume, signicantly
smaller than that of 1Er. However, both 1Er and 2Yb contain
voids, suggesting their potential use in gas adsorption studies.
Structural stability and modications

Thermogravimetric analysis (TGA) was performed on the crys-
talline samples to evaluate the thermal stability of the
compounds in series 1Ln and 2Ln (Fig. S6). For 1Ln, TG curves
show an initial weight loss of around 15–17% within the
temperature range of 30–100 °C, attributed to the release of one
coordinated and three lattice water molecules (calc. 15.3–
16.7%). The frameworks begin to decompose at about 350 °C
with prolonged heating. In 2Ln, TG curves show a weight loss of
around 6% within the temperature range of 30–120 °C, attrib-
uted to the removal of one lattice water molecule (calc. 5.3–
5.5%). The frameworks are stable up to 400 °C and collapse
beyond this temperature. The results demonstrate that
compounds in both series exhibited inherent thermal stability.

The chemical stability regarding structural retention or
destruction in the presence of solvents was subsequently
This journal is © The Royal Society of Chemistry 2025



Fig. 2 (a) The coordination environment of Yb3+ ions, illustrated with
thermal ellipsoids representing the 50% probability level of the atoms,
(b) the 3D anionic [Yb(C2O4)] frameworks viewed along the crystallo-
graphic a axis, (c) the dia topological net, and (d) the crystal packing
and solvent-accessible surface with a probe radius of 1.2 Å (the
cationic Me2NH2 molecules depicted as wireframe models, while the
disordered lattice water molecules are excluded for clarity) of 2Yb.
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investigated. Compounds 1Er and 2Yb (10 mg) were selected as
representatives of each series, placed in a 5 mL vial, and
immersed to various solvents (water, dimethylformamide,
ethanol, acetonitrile, methanol, acetone, dichloromethane,
This journal is © The Royal Society of Chemistry 2025
isopropanol, benzene, and heptane) for seven days at ambient
temperature. The materials underwent ltration, drying, and
subsequent analysis through PXRD. The examination of the
PXRD patterns indicates that the materials preserve their crys-
tallinity, as illustrated in Fig. 3a and b. However, additional
peaks in the diffractograms indicate changes in the materials
aer immersion in acetonitrile, isopropanol, methanol,
ethanol, dimethylformamide, and water, particularly at 2q
values of 12.1 and 16.4°. The observed peak positions along with
other additional but less intense peaks correspond with the
simulated PXRD pattern of 2Yb as shown in Fig. 3c. Thus, in the
presence of polar hygroscopic solvents, the 1Er partially trans-
forms into the 2Yb structural phase, thereby promoting the
extraction of water from the framework, as depicted in the
schematics in Fig. 4a. The lattice water and coordinated aqua
ligand are removed during the crystal transformation, resulting
in a decrease in the coordination number of lanthanide(III) ions
from nine to eight. It should be noted that a similar phase
transition involving a complete transformation occurs when 1Er
is activated for gas sorption analyses (vide infra). Water
adsorption restores the original P21/n structure, which contains
four water molecules, indicating that the crystal-to-crystal
transformation is a reversible process.

Additionally, the adsorption–desorption of water for 1Er and
2Yb at temperatures of 283 and 293 K was examined to assess
their structural modications and phase transitions. Fig. 4b
shows that the water adsorption isotherm of dehydrated 1Er
exhibited a two-step uptake process. The initial increase to P/P0
z 0.5 with an uptake of 3 and 2 mmol g−1 at, respectively, 283
and 293 K, corresponds to adsorption of about one water
molecule per formula unit of (Me2NH2)[Er(C2O4)] (C6H8ErNO8,
Mw = 389.39 g mol−1, where 1 g is equivalent to 2.6 mmol). At P/
P0 = 1, the framework absorbed 12 and 9 mmol g−1 at 283 and
293 K, respectively. This is consistent with a molar H2O : 1Er
ratio of 4.3 to 3.5, meaning that around three water molecules
are adsorbed in the second stage. Therefore, it can be concluded
that four water molecules match precisely to the framework
formula unit (Me2NH2)[Er(C2O4)(H2O)]$3H2O, consistent with
the results from single crystal X-ray diffraction and elemental
analyses. It should be noted that the phenomenon of water
desorption exhibits a wide and open hysteresis. This indicates
that coordinated and lattice water molecules cannot be
completely removed, likely due to the robust hydrogen-bonding
network and the narrow pores in 1Er. The removal of water
upon activation or through hygroscopic solvents induced
a crystallographic phase change from the P21/n space group in
1Er to the I2/a space group in 2Yb, occurring in a crystal-to-
crystal manner as evidenced by PXRD patterns (Fig. S7).

The re-hydration process effectively restores the original P21/
n phase by water adsorption. The crystallographic phase tran-
sition from 1Ln to 2Ln is a reversible process and preserves
crystallinity. For 2Yb, the water adsorption of the desolvated
sample displays a relatively temperature-independent uptake of
2 mmol g−1 at both 283 and 293 K, as shown in Fig. 4c, which
corresponds to about 0.8 water molecules per formula unit of
(Me2NH2)[Yb(C2O4)] (C6H8YbNO8, Mw = 395.18 g mol−1, 1 g
equals to 2.5 mmol). This closely matches the rened structural
J. Mater. Chem. A, 2025, 13, 36091–36103 | 36097



Fig. 3 PXRD patterns of (a) 1Er and (b) 2Yb after soaking in water and different polarity organic solvents at room temperature for seven days. (c)
Comparison of PXRD patterns among the simulated, as-synthesized, and those immersed in various polar hygroscopic solvents of 1Er with the
simulated patterns of 2Yb. The light orange shaded area with additional diffractogram peaks indicates changes in the material after immersion in
acetonitrile, isopropanol, methanol, ethanol, dimethylformamide, and water.
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formula of (Me2NH2)[Yb(C2O4)]$H2O, as established by single
crystal X-ray diffraction analysis. In addition, the PXRD patterns
of 2Yb conrm the crystallinity and integrity of the frameworks
aer water sorption (Fig. S8).
Gas adsorption

Considering the negligible adsorption of N2 at 77 K and Ar at 87
K, the porosity of the activated 1Gd, 1Er, and 2Yb was evaluated
using CO2 at 195 K up to 1 bar, with their adsorption–desorp-
tion isotherms depicted in Fig. 5. Because of the small pores
and cryogenic temperatures of 77 or 87 K, little amounts of N2

and Ar can be adsorbed in 1Gd (12 cm3 g−1 for N2 and 11 cm3

g−1 for Ar), 1Er (16 cm3 g−1 for N2 and 9 cm3 g−1 for Ar), and 2Yb
(20 cm3 g−1 for N2 and 5 cm3 g−1 for Ar). Typically, porous
materials with micropores less than 10 Å demonstrate a signif-
icantly slow N2 sorption process at 77 K. Therefore, prolonged
N2 adsorption–desorption measurements will be required for
equilibration. Since CO2 has a kinetic diameter of 3.30 Å as
compared to 3.64 Å for N2, it facilitates faster equilibration and
allows access to smaller pores at temperatures of 195 K and
above. According to the IUPAC classication, the isotherms
exhibit a combination of types I and II CO2 isotherms with
a wide H4 hysteresis,31 while the signicant increase observed at
low P/P0 appears to suggest the presence of microporous
structures.32 The pores of 1Gd are comparable to the kinetic
diameter of CO2 molecules, which resulted in a very slow CO2

diffusion in the pores. At 195 K, the activated 1Gd, 1Er, and 2Yb
exhibited volumetric CO2 uptakes of 59, 61, and 40 cm3 g−1,
respectively. Of note, these values are close to the uptake at high
pressure between 273 and 318 K, which is equimolar to the
amount of [Me2NH2]

+ molecules, and for which the formation
of dimethyl carbamic acid was invoked (vide infra). Assuming
that the CO2 uptake at 195 K is attributed to adsorption, the BET
surface areas for 1Gd, 1Er, and 2Yb are calculated to be 541, 276,
and 164 m2 g−1, respectively, whereas, the Langmuir surface
areas were estimated to be 585, 286, and 194 m2 g−1 for 1Gd,
1Er, and 2Yb, respectively. The pore size distribution was ob-
tained from the adsorption data utilizing the non-local density
functional theory (NLDFT) adsorption model for CO2 at 195 K
36098 | J. Mater. Chem. A, 2025, 13, 36091–36103
on silica (cylindrical/spherical pores), resulting in uniform
diameters of ∼6.1, 5.3, and 4.8 Å for 1Gd, 1Er, and 2Yb,
respectively (Fig. S9). This is consistent with the implications of
lanthanide contraction.

The weak interaction between the adsorbent and adsorbate
in 1Gd, 1Er, and 2Yb is indicated by the nearly linear adsorption
isotherms observed in the low-pressure range at 273 and 298 K,
accompanied by a low surface coverage that is signicantly
below saturation levels, Fig. 6a–c. At 273 K, there is a slight
deviation towards a convex instead of the usual concave shape
between 0 and 1 bar. A nearly linear isotherm is expected from
Henry's law at very low relative pressures. The relative pressures
for CO2 at 1 bar and temperatures of 273 and 298 K are 0.03 and
0.016, respectively. Thus, this low-pressure region marks the
initial phase of a complete isotherm over the entire relative
pressure range up to P/P0 = 1, which corresponds to 63.5 bar at
298 K (see the high-pressure isotherms below).

The removal of the adsorbed CO2 plays a role in the energy
dynamics of the carbon capture process. A zero-loading
enthalpy of adsorption (DH0

ads) for CO2 lower than −35 kJ
mol−1 is indicative of facile CO2 regeneration. The DH0

ads was
calculated with the Clausius–Clapeyron equation based on CO2

adsorption data at 273 and 298 K, and further tted using the
Freundlich model.33 As shown in Fig. 6d, the unnormal convex
deection from linearity at low pressures at 273 K makes it
difficult to t and determine the DH0

ads. This gives rise to a large
tting error at low pressures and highlights the limitations of
simple adsorption models for ultramicroporous materials. At
zero coverage, the −DH0

ads was determined to be roughly 34, 35,
and 38 kJ mol−1 for 1Gd, 1Er, and 2Yb, respectively. This value
rapidly decreased to around 26 kJ mol−1 upon loading, as less
energetically favourable positions were occupied. The low
enthalpies of adsorption are due to the weak interaction
between the quadrupole of the CO2 molecule and the LnMOF
framework. The typical values for−DH0

ads in MOFs generally fall
between 40 and 50 kJ mol−1, as seen in the MOF-74 series,34

which features structures with open metal sites, while the
adsorption enthalpy for amine-functionalization at the metal
site of Cu–BTTri reaches an impressive 90 kJ mol−1.35
This journal is © The Royal Society of Chemistry 2025



Fig. 5 The adsorption (darker coloured spheres)–desorption (lighter-
coloured spheres) isotherms for CO2 (195 K), N2 (77 K), Ar (87 K), and
CH4 (273 K) in (a) 1Gd, (b) 1Er, and (c) 2Yb.

Fig. 4 (a) Schematic illustration depicting the change of the coordi-
nation number of the lanthanide metal centre and the crystallographic
phase transition during the thermal activation process and water
resorption of 1Er and 2Yb. Water sorption isotherms at 283 and 293 K
for (b) 1Er and (c) 2Yb.
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Considering the little variance in low-pressure CO2 adsorp-
tion, high-pressure adsorption experiments were performed on
the representative sample 1Gd at pressures reaching 20 bar
across different temperatures to assess the adsorption capacity
and behaviour more comprehensively. As shown in Fig. 7a, the
CO2 adsorption isotherms at 273, 298, and 318 K exhibit
temperature-dependent gate-opening features, with the
adsorption capacity decreasing gradually and gate-opening
pressure steadily increasing with temperature. At 273 K and
a pressure range of 0–0.8 bar, 1Gd exhibits a CO2 adsorption
capacity of 8 cm3 g−1. At pressures exceeding 0.8 bar, a signi-
cant increase in CO2 adsorption capacity is observed, achieving
This journal is © The Royal Society of Chemistry 2025
∼60 cm3 g−1 at 1.5 bar, and ultimately reaching 70 cm3 g−1 (3.1
mmol g−1) at 20 bar. At 298 K, a pronounced and abrupt
increase occurs at a pressure of 3.3 bar, with the maximum CO2

adsorption reaching 66 cm3 g−1 (2.9 mmol g−1) at 20 bar. At 318
K, a signicant increase is observed at 8 bar, accompanied by an
adsorption capacity of 61 cm3 g−1 (2.7 mmol g−1) at 20 bar. The
sigmoidal prole of high-pressure isotherms observed between
273 and 318 K indicates a type V isotherm, typically associated
with weak interactions between adsorbents and adsorbates.
This phenomenon illustrates that CO2 clustering occurs at high
pressures prior to pore lling. As pressure decreases, the
desorption curves demonstrate H1 hysteresis behavior, with an
observed increase in width at higher temperatures. The
prospective utilization of MOFs displaying S-shaped isotherms
in industrial gas storage and vapor separations is apparent in
UTSA300 (ref. 36) and DUT-8.37 The material identied in this
J. Mater. Chem. A, 2025, 13, 36091–36103 | 36099



Fig. 6 The CO2 adsorption (darker coloured spheres)–desorption (lighter-coloured spheres) isotherms at distinct temperatures of 195, 273, and
298 K for (a) 1Gd, (b) 1Er, and (c) 2Yb. (d) The isosteric heat of adsorption for 1Gd, 1Er, and 2Yb, calculated using CO2 isotherm data obtained at
273 and 298 K.
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study may serve as a viable candidate for practical applications,
particularly under high pressure conditions.

The quantity of one gram of anhydrous 1Gd (excluding water
content) as (Me2NH2)[Gd(C2O4)] (C6H8GdNO8, Mw = 379.4 g
mol−1) is 2.6 mmol. Therefore, the volumetric CO2 uptake varies
between 3.1 and 2.2 mmol g−1 at temperatures ranging from
273 to 318 K under a pressure of 20 bar, suggesting a stoichio-
metric ratio of approximately 1 : 1. The abrupt increase can thus
Fig. 7 High-pressure CO2 adsorption (darker coloured spheres)–desorp
298, and 318 K.

36100 | J. Mater. Chem. A, 2025, 13, 36091–36103
be interpreted as the formation of dimethyl carbamic acid
rather than a gate-opening process associated with CO2 clus-
tering and pore saturation. This can be seen in the DRIFTS
spectra (Fig. S10), where chemisorbed CO2 can show a variety of
new absorption peaks between 1010 and 1800 cm−1, particu-
larly at pressures above 5 bar. The typical C]O stretching mode
of carbonyl groups in carbamic acid is observed at 1713 cm−1,
while the dimethylamine N–C stretching occurs at 1078 cm−1.38
tion (lighter-coloured spheres) isotherms of (a) 1Gd and (b) 2Yb at 273,

This journal is © The Royal Society of Chemistry 2025
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For 2Yb, a similar sigmoidal shape with a sudden rapid
increase in adsorption was observed in the high-pressure CO2

sorption isotherm at different temperatures as shown in Fig. 7b.
Unlike 1Gd, 2Yb exhibits a more progressive increase, reaching
15–18 cm3 g−1 (0.80 mmol g−1) depending on temperature. The
abrupt increase occurs at high pressures of 5 bar at 273 K, 16 bar
at 298 K, and 40 bar at 318 K. Additionally, at 273 K in 2Yb, the
abrupt uptake occurs in two distinct steps between 5 and 8 bar.
The maximum adsorption capacity of 53 cm3 g−1 (2.36 mmol
g−1) is reached at a pressure of 20 bar. As temperatures increase,
the maximum adsorption capacity decreases to 35 cm3 g−1 (1.56
mmol g−1) at 318 K, even under a high pressure of 50 bar. The
CO2 uptake in 2Yb is less than the stoichiometric 1 : 1 uptake
observed in 1Gd. The substantially smaller pore size in 2Ybmay
be accountable for the sub-stoichiometric CO2 uptake, since the
formation of dimethyl carbamic acid from the interaction of
CO2 and Me2NH2 is an exothermic process. Thus, increasing
temperatures are expected to shi the equilibrium towards the
CO2 and Me2NH2 side. This loss in CO2 uptake with tempera-
ture can partially be offset with increasing pressure.

The adsorption of CH4 is very low, even at a temperature of
273 K, with values of 3.8, 2.3, and 5.4 cm3 g−1 for 1Gd, 1Er, and
2Yb, respectively (Fig. 5). This is likely attributable to its kinetic
diameter of 3.8 Å, and the limited pore widths. Despite the
relatively low CO2 adsorption in these compounds, it exceeds
that of CH4, N2, and Ar at 298 K. Furthermore, the stability of
the crystal phase during activation and gas sorption was
examined using PXRD. The diffractograms of activated 1Er
demonstrate that the peak positions align with both the simu-
lated and experimental PXRD patterns of the I2/a series, as
illustrated by 2Yb (Fig. S11a), while the 2Yb structure was
consistently maintained during the gas adsorption process
(Fig. S11b).
Photoluminescence properties

The solid-state photoluminescence properties of the free ligand
H2C2O4 along with the Eu- and Tb-containing complexes have
been examined at ambient temperature (Fig. S12). The free
ligand exhibits uorescence emission bands at 300 nm (lex =
275 nm), probably due to p / p* and n / p* orbital transi-
tions.39 Under the irradiation of UV-Vis light, 1Eu and 1Tb
exhibit signicant visible uorescence emissions in vibrant red
and green, respectively. The emission spectra for 1Eu reveal four
distinct emission wavelengths of Eu3+ ions at 592, 617, 689, and
694 nm when excited at 319 nm. The wavelengths correspond to
the 5D0 /

7Fj (j = 1, 2, 3, 4) transitions, accordingly.40 Of these
transitions, the most prominent emission peak at 617 nm is due
to the electric dipole transition, indicating hypersensitivity to
the local environment of the Eu3+ ions. This also indicates that
the Eu3+ cations occupy a low-symmetry coordination site
lacking an inversion centre,41 consistent with the results of the
crystal X-ray structural investigation. The signicant intensity of
this transition accounts for the bright red emission dened by
CIE42 coordinates (Fig. S13a) of (0.649, 0.333). In 1Tb, four
emission bands are observed upon excitation at 300 nm, cor-
responding to the 5D4 /

7Fj (j = 6, 5, 4, 3) transitions of Tb3+
This journal is © The Royal Society of Chemistry 2025
ions. The predominant emission band from the 5D4 / 7F5
transition appears at 544 nm, leading to a green luminescence
emission with CIE coordinates of (0.289, 0.598). It should be
noted that the absence of ligand-centred emission bands in the
380–450 nm range in the luminescence spectra of complexes
1Eu and 1Tb indicates that the ligands can efficiently sensitize
the central Eu3+ and Tb3+ ions. Notably, the decay lifetimes for
5D0 /

7F2 of 1Eu and for 5D4 /
7F5 of 1Tb are 3.43 and 5.64 ms,

respectively (Fig. S13b and c).

Conclusions

This study demonstrates how crystal engineering and porosity
can be integrated in a dia-type structure by applying reticular
chemistry design approaches to predict the fundamental
networks of LnMOFs with ultramicropore sizes suitable for the
kinetic diameters of CO2 molecules. Two series of compounds,
(Me2NH2)[Ln(C2O4)2(H2O)]$3H2O (1Ln; Ln= Ce, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Er) and (Me2NH2)[Ln(C2O4)2]$H2O (2Ln; Ln = Tm,
Yb, Lu) were synthesized with high yields, showing scalability
from milligram to gram quantities. The removal of water
molecules in 1Ln triggered a phase transition to the 2Ln
structure, resulting in changes in the coordination number and
local geometry of the metal atoms. The anhydrous 2Ln can
revert to 1Ln compounds upon water adsorption, facilitating
a repeatable dehydration–rehydration process. The frameworks
of both series of compounds exhibited notable thermal
stability, maintaining integrity up to about 400 °C, and di-
splayed stability in water as well as various common organic
solvents. The narrow pore size distribution in dia frameworks
ts more effectively with the kinetic diameter of polarized CO2,
thereby, allowing efficient transport channels compared to N2,
CH4 and Ar. The compatibility leads to notable CO2 adsorption
at cryogenic temperatures and ambient pressure as shown by
the representative examples of 1Gd, 1Er and 2Yb. Studies on
high-pressure CO2 sorption of 1Gd and 2Yb indicate that the
presence of Me2NH2

+ cations signicantly impacts volumetric
uptake. The sorption proles display temperature and pressure-
dependent steep S-shaped isotherms with hysteresis between
adsorption and desorption, attributed to the formation of
dimethyl carbamic acid from the chemisorption of CO2 and
Me2NH2

+ molecules. This phenomenon is further supported by
the in situ DRIFTS investigations. Thus, ultramicroporous
anionic frameworks with guest Me2NH2

+ cations signicantly
improve CO2 adsorption capacity at pressures higher than
ambient.

The isotherms with S-shaped inections are important for
gas sorption and separation applications, as they can improve
operational efficiency under optimal pressure and temperature
conditions. The ndings of this study may advance the creation
of novel CO2 sorbents, providing an energy-efficient approach
for industrial-scale separations in CO2/CH4/N2/Ar gas mixtures
through pressure or temperature swing adsorption methods
(PSA or TSA). In addition, the Eu- and Tb-based MOFs exhibited
strong red and green uorescence emission in the solid state at
room temperature under UV-Vis light exposure. The synergistic
properties of uorescence and porosity will inspire future
J. Mater. Chem. A, 2025, 13, 36091–36103 | 36101
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rational design of ultramicroporous materials for various chal-
lenging gas separation and sensing applications.
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and A. C. Forse, Nature, 2024, 630, 654–659.

3 D. G. Boer, J. Langerak and P. P. Pescarmona, ACS Appl.
Energy Mater., 2023, 6, 2634–2656.

4 C. A. Trickett, A. Helal, B. A. Al-Maythalony, Z. H. Yamani,
K. E. Cordova and O. M. Yaghi, Nat. Rev. Mater., 2017, 2,
17045.

5 S. Kitagawa, R. Kitaura and S. I. Noro, Angew. Chem., Int. Ed.,
2004, 43, 2334–23756.
36102 | J. Mater. Chem. A, 2025, 13, 36091–36103
6 A. Schoedel, M. Li, D. Li, M. O'Keeffe and O. M. Yaghi, Chem.
Rev., 2016, 116, 12466–12535.

7 R. Zhong, X. Yu, W. Meng, J. Liu, C. Zhi and R. Zou, ACS
Sustain. Chem. Eng., 2018, 6, 16493–16502.

8 Y. Lin, C. Kong and L. Chen, RSC Adv., 2016, 6, 32598–32614.
9 A. K. Yadav, A. Gładysiak, A.-Y. Song, L. Gan, C. R. Simons,
N. M. Alghoraibi, A. H. Alahmed, M. Younes, J. A. Reimer,
H. Huang, J. G. Planas and K. C. Stylianou, JACS Au, 2024,
4, 4833–4843.

10 H. Dong, L.-H. Li, Z. Feng, Q.-N. Wang, P. Luan and C. Li,
ACS Mater. Lett., 2023, 5, 2656–2664.

11 K.-J. Chen, Q.-Y. Yang, S. Sen, D. G. Madden, A. Kumar,
T. Pham, K. A. Forrest, N. Hosono, B. Space, S. Kitagawa
and M. J. Zaworotko, Angew. Chem., Int. Ed., 2018, 57,
3332–3336.

12 S. Shalini, S. Nandi, A. Justin, R. Maity and
R. Vaidhyanathan, Chem. Commun., 2018, 54, 13472–13490.

13 C. Xiao, J. Tian, Q. Chen and M. Hong, Chem. Sci., 2024, 15,
1570–1610.

14 Z. Zhang and D. Zhao, Chem Bio Eng., 2024, 1, 366–380.
15 E. K. Berdichevsky, V. A. Downing, R. W. Hooper, N. W. Butt,

D. T. McGrath, L. J. Donnelly, V. K. Michaelis and M. J. Katz,
Inorg. Chem., 2022, 61, 7970–7979.

16 R. Vaidhyanathan, S. S. Iremonger, K. W. Dawsona and
G. K. H. Shimizu, Chem. Commun., 2009, 5230–5232.

17 A. Banerjee, D. Chakraborty and R. Vaidhyanathan, Eur. J.
Inorg. Chem., 2017, 18, 2464–2468.

18 F. Saraci, V. Quezada-Novoa, P. R. Donnarumma and
A. J. Howarth, Chem. Soc. Rev., 2020, 49, 7949–7977.

19 L. Han, T. Pham, M. Zhuo, K. A. Forrest, S. Suepaul, B. Space,
M. J. Zaworotko, W. Shi, Y. Chen, P. Cheng and Z. Zhang,
ACS Appl. Mater. Interfaces, 2019, 11, 23192–23197.

20 X. Wang, T. Qin, S.-S. Bao, Y.-C. Zhang, X. Shen, L.-M. Zheng
and D. Zhu, J. Mater. Chem. A, 2016, 4, 16484–16489.

21 C. F. Macrae, I. Sovago, S. J. Cottrell, P. T. A. Galek,
P. McCabe, E. Pidcock, M. Platings, G. P. Shields,
J. S. Stevens, M. Towler and P. A. Wood, J. Appl.
Crystallogr., 2020, 53, 226–235.

22 Bruker, APEX6, SADAB and SAINT, Bruker AXS Inc., Madison,
Wisconsin, USA, 2023.

23 A. L. Spek, Acta Crystallogr., Sect. C: Struct. Chem., 2015, 71,
9–18.

24 G.-M. Sheldrick, Acta Crystallogr., Sect. A: Found. Adv., 2015,
71, 3–8.

25 G. M. Sheldrick, Acta Crystallogr., Sect. C: Struct. Chem., 2015,
71, 3–8.

26 O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard
and H. Puschmann, J. Appl. Crystallogr., 2009, 42, 339–341.

27 E. Majzik, F. P. Franguelli, G. Lendvay, L. Trif, C. Németh,
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