Supplementary Information (SI) for ChemComm.
This journal is © The Royal Society of Chemistry 2026

Supplementary Information

A Fluorinated Zirconium Metal-Organic Cage-Based Supramolecular
Framework for Efficient Separation of Methanol-to-Olefins (MTO)
Products

Tao Yang#?, Zhiyuan Fan®?, Jingyang Zhengi?, Meng Zhang?, Tao Chen?, Yuging Zhou?, Changjiang
Li*?, Yao Jiang*P, and Lin-Bing Sun*c

@ Key Laboratory of Functional Membranes and Energy Materials and Huangshan Technology Innovation Center for
Green Chemical Engineering and New Materials, College of Chemistry and Chemical Engineering, Huangshan
University, Huangshan 245041, China;

b School of Chemistry and Chemical Engineering, Hefei University of Technology, Hefei 230009, China;

¢ State Key Laboratory of Materials-Oriented Chemical Engineering, Jiangsu National Synergetic Innovation Center

for Advanced Material (SICAM), College of Chemical Engineering, Nanjing Tech University, Nanjing 211816, China.

*Corresponding author. E-mail: 163licj@163.com; yjiang@hfut.edu.cn; Ibsun@njtech.edu.cn.



Experimental Details

Chemicals

Bis(cyclopentadienyl)zirconium dichloride (CpoZrCly; Aldrich, 98%),
tetrafluoroterephthalic acid (Adamas, 98%), N, N-dimethylacetamide (DMA; Aldrich,
99.5 %), dichloromethane (DCM; Aldrich, 99.5%), and dimethyl sulfoxide-ds (DMSO-
ds; Adamas, 99.9%) were purchased from suppliers and used directly without any
further purification. Deionized water was generated by a Milli-Q integral pure and

ultrapure water purification system and used in all experiments.

Materials synthesis

Synthesis of NUT-107

15 mg zirconocene dichloride and 5 mg tetrafluoroterephthalic acid were dissolved in
I mL DMA in a glass vial by ultrasonic treatment and 150 pL deionized water was
added to the mixture, which was placed in an oven preheated to 60 °C for 4 h. After
cooling, NUT-107 was collected as a white crystal, and after washing with DMA and

DCM three times for further use.
Characterization

Single crystals of NUT-107 were selected on a Bruker D§ VENTURE MetalJet
PHOTON II diffractometer. The crystal was kept at 193.00 K during data collection.
The structure was solved by direct methods and refined by full-matrix least-squares on
F? with anisotropic displacement using the SHELXTL software package.! Non-
hydrogen atoms were refined with anisotropic displacement parameters during the final
refinement cycles. Hydrogen atoms were placed in calculated positions with isotropic
displacement parameters set to 1.2 x U, of the attached atom. The content of the voids
was partially recognizable as DMA and H,O molecules, but mostly highly disordered.
Attempts to include solvent molecules in the structural model yielded less than
satisfactory results. The data were thus instead corrected for the contribution of the
solvate molecules to the electron density using back Fourier transform methods as

implemented in the Squeeze algorithm of the Platon program package.? The details for



data collection and refinement are included in the CIF file in the Tables S1-S3. CCDC
2524019 contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallographic Data Centre
(https://www.ccdc.cam.ac.uk/). Powder X-ray diffraction (PXRD) patterns of the
materials were recorded with an X-ray diffractometer (Japan Rigaku D/MAX-yA) using
Cu Ka radiation at 40 kV and 100 mA. High-resolution mass spectrometry (HR-MS)
analysis was performed using a Thermo Scientific Q Exactive hybrid quadrupole-
Orbitrap mass spectrometer from the United States. Scanning electron microscopy
(SEM), corresponding elemental mapping analysis, and energy-dispersive X-ray
spectroscopy (EDS) analysis were performed using a Hitachi TM 3000 electron
microscope operated at 2 kV. 'H nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker AVANCE-400 MHz instrument. Fourier transform infrared (FT-
IR) spectra of the samples diluted with KBr were carried out on a ThermoFisher Nicolet
iS10 spectrometer. X-ray photoelectron spectroscopy (XPS) was tested through a
Thermo Scientific ESCALAB 250Xi spectrometer. The thermogravimetric analysis
(TGA) curve was obtained by use of a thermobalance (STA-499C, NETZSCH). The
sample was heated from room temperature to 800 °C with the heating rate 10 °C-min!

under a flow of N (10 mL-min!).
Adsorption tests

Cs;Hg and C,H,4 adsorption isotherms were collected on an ASAP 2020 analyzer. Before
each measurement, the sample was degassed under a vacuum line of ASAP 2020 at 353
K for 4 h to completely remove the guest molecules in the pores of NUT-107 to be
tested. Ultra-high purity grades C;Hg (99.99%) and C,H4 (99.99%) were used for gas
adsorption measurements. The N, adsorption-desorption isotherms were measured at
77 K using the automatic multi-station-specific surface, micropore, and mesoporous
pore analyzer belcorp-max of Microtracbel Company. The samples were degassed at
353 K for 4 h before analysis. The Brunauer-Emmett-Teller (BET) surface area was
calculated using adsorption data in a relative pressure ranging from 0.01 to 0.10. The

total pore volume was determined from the amount adsorbed at a relative pressure of



0.99. The pore diameter was calculated from the adsorption branch using the non-local
density functional theory method. To investigate the adsorption selectivity of C3;Hg and

C,H, on the sample of NUT-107, the selectivity is defined as:

_xi/y

S
x2/ y2

where x; and y; (x, and y,) are the molar fractions of component 1 (component 2) in the
adsorbed and bulk phases, respectively. The ideal adsorption solution theory (IAST) of
Myers has been reported to predict binary gas mixture adsorption in porous materials
accurately,® and the single-site Langmuir-Freundlich equation (LF) model was chosen
to fit the adsorption isotherms, and then TAST was utilized to estimate the CsHg and

C,H, selectivity of the adsorbent.
Calculation of heat of adsorption (Qy)

The O is based on the adsorption isotherm data of the adsorbent on the gas at different
temperatures. According to the Virial equation:
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Where P is the pressure (kPa); N is the adsorption amount (mmol-g!); T is the
adsorption temperature; R is ideal gas constant (8.314 J-mol-!-K-'); m and n are the

number of a and b parameters, respectively.

Separation potential

The separation effect of different adsorbents can be evaluated by comparing the

separation potential directly.* >

Yoo,
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where 95# and 9e#. are C3Hg and C,H, adsorption in the mixture, respectively. For

a 50/50 mixture, formula can be simplified as



Agq = -
1= eghg = eyn,
The physical significance of Ag is that it represents the maximum amount of pure C;Hg

that can be recovered during the adsorption phase of fixed-bed separation.
Dynamic breakthrough test

The samples after several washes were loaded into quartz tubes of size @ 4 mm x 150
mm and activated in a vacuum oven at 60 °C for 4 hours. He was used as a carrier gas
to purge the line, and the C;Hg/C,H,4 (50:50, v: v) gas mixtures were flow controlled by
a mass flow meter. The flow rate was adjusted to 2.5 mL-min! during testing. The gas
at the outlet of the adsorption column is continuously monitored using a thermal

conductivity detector (TCD) and a flame ionization detector (FID).
Methodology

Density functional theory (DFT) calculations were performed to investigate the
adsorption behavior of C,H4/C3;H¢ molecules on the NUT-107 using the Quantum
ESPRESSO package.® 7 based on the pseudopotential plane-wave (PPW) method. An
ultra-soft pseudopotential and a plane wave basis set were used in the GGA-type PBE-
D2 functional for the relaxation.® °. The pseudopotentials for C, H, O, F, Zr, and Cl
were taken from the Quantum ESPRESSO pseudopotential library
(https://www.quantum-espresso.org/pseudopotentials). All atomic structures were fully
relaxed, with all atomic positions allowed to relax during geometry optimizations.
Brillouin-zone sampling was performed using Monkhorst-Pack k-point grids with a
reciprocal-space spacing of approximately 0.04 A-1.10-11 A kinetic energy cutoff of 50
Ry. As the relaxation proceeded, the atomic positions and lattice vector were
simultaneously modified until the residual forces and energy were less than 10
Ry/Bohrs and 10~ Ry, respectively.

All grand canonical Monte Carlo (GCMC) computations were carried out by the open-
source software package RASPA.!> The Lennard-Jones potential was used with the
applied universal force field (UFF) for the NUT-107 adsorbent atoms and with the
Transferable Potentials for Phase Equilibria (TraPPE) force field for adsorbate

molecule atoms.!'3 ' The Lorentz-Berthelot rule was set to generate the interaction



parameters between NUT-107 and adsorbate molecules, and the cut-off distance was
set as 12 A.!5 Before conducting uptake simulation, NUT-107 was set as a rigid 1x1x1
cell and exported as a charged structure from charge equilibration (Q.q) first. The
charged structure was then used to generate the uptake isotherm, isosteric heat at zero
coverage (Qy), preferable binding site (minimization) and density plot of adsorption
with ethylene (C,H,4) and propylene (CsHg) molecules, respectively. As for the uptake
isotherm simulation, the simulated pressure was set to range from 0 bar to 1 bar with
an interval of 0.1 bar. For each pressure point, the simulation input was set as 273 K,
and a total of 1.0x10° cycles Monte Carlo moves were set equally with the probabilities
for adsorbate translation, rotation, reinsertion, and swap moves 0.5, 0.5, 0.5 and 1.0. As
for the Q calculation, the simulated pressure was set to 0 bar and only the Monte Carlo
moves were set only with the widom-particle insertion.!® Next for the minimization
process, the Baker minimization method was employed using the eigenvalues/vectors
to find a true minimum where all eigenvalues are positive.!” Finally, the density plot
and minimization results were plotted via iRASPA.!® The detailed parameters of the

force field for both NUT-107 and molecules are shown in Table S6.
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Fig. S2 The experimental and simulated isotope patterns of +1 charge state peaks are
attributed to the tetrahedral cage of NUT-107.
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Fig. S3 The experimental and simulated isotope patterns of +2 charge state peaks are
attributed to the tetrahedral cage of NUT-107.



Experimental|
—— Simulated

=
&
2 Ll T
‘»
c
Q
e
=

.nlll Illlln..

888 890 892 894
m/z

Fig. S4 The experimental and simulated isotope patterns of +4 charge state peaks are
attributed to the tetrahedral cage of NUT-107.
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Fig. S5 FT-IR spectra of 4F-H,BDC and NUT-107.



Fig. S6 The optical microscope of the NUT-107 (scale bar 50 pum).



Fig. S7 SEM images of NUT-107.
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Fig. S8 EDX spectrum of the sample NUT-107.
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Fig. S9 XPS survey spectrum of NUT-107.
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Fig. S10 XPS spectrum of C elements of NUT-107.
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Fig. S11 XPS spectrum of Zr elements of NUT-107.
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Fig. S12 XPS spectrum of O elements of NUT-107.
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Fig. S13 XPS spectrum of F elements of NUT-107.
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Fig. S14 XPS spectrum of Cl elements of NUT-107.
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Fig. S16 The uptake for C3H¢/C,Hy at 273/298 K for a non-fluorinated supramolecular
framework.
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Fig. S17 IAST selectivity for C3H¢/C,H,4 at 273 and 298 K for NUT-107.
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Fig. S18 Breakthrough cycle curves of C,H4/C3Hg (50:50, v: v) mixtures on NUT-107
at 1.0 bar and 273 K.
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Fig. S19 Breakthrough of C,H4/C5H¢(50:50, v:v) mixtures on NUT-107 at 40% relative
humidity conditions.



C=C-CgHs 4.044 4.117
C-H-F 3.353 3.412
3.440 3.549

O

(c)

4.045 3.970
3.799 3.781

C=C~C¢H, 3.950 3.973

C-H (CH,) ~C¢Hs 3.950 3.973
C-H(CH,)-F  3.817 3.809
2.875 2.860

(d)

C-H (CH) ~CeHs  3.221
C-H (CH,) ~C¢Hy 3.221
C-H (CH,) ~C4Hs  3.217
C-H (CH,) ~F 3.858

Fig. S20 Adsorption sites for C,H4 and C;Hg are identified in the inner cage (a-b) and
in the interstitial region between adjacent cages (c-d). The interactions of the cage and
the gas molecules are depicted by dashed bonds, and the unit of distance is A.



Table S1. Summary of crystal data and structure refinement parameters of NUT-107.

Compound NUT-107
CCDC number 2524019
Empirical formula C108H74ClgF24040Z11,2DMA-H,O
Formula weight 3967.27
Temperature/K 193.00
Crystal system cubic
Space group Fm-3m
a/A 37.167(3)
b/A 37.167(3)
c/A 37.167(3)
a/° 90
pB/e 90
v/° 90
Volume/A3 51342(11)
Z 8
pcalcg/cm? 1.027
w/mm-! 3.302
F(000) 15568.0

Crystal size/mm?
Radiation
20 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole/e A

0.12 x 0.1 x 0.08
GaKo (A = 1.34139)

13.592 - 104.042
43<h<43,-43<k<43,-43<1<43
126496
2184 [Rip= 0.1188, Ryjgrye=0.0427]
2184/195/180
1.082
R,;=0.1381, wR,= 0.2331
R;=0.1602, wR,= 0.2430
0.52/-0.46




Table S2. Selected bond lengths (A) for NUT-107.

Atom Atom Length/A  Atom Atom Length/A
7rl Zrl! 33373) €9 C10° 1.390(11)
71l 7112 33373)  CII SRk 1.389(14)
Zrl 06 2.109(7) Cl1 C10 1.381(13)
Zrl 06! 21097)  C2 7 13900
Zrl o1 2.10(6) C2 C3 1.3900
Zrl C9 2.53(2) C7 Co6 1.3900
Zrl Cl1 2.543(15) C7 Fé6 1.387(8)
Zrl Cl113 2.543(15) Cé6 Cs 1.3900
7rl C10 2.509(15)  C6 F3 1.386(8)
Zrl c1o0? 2.509(15) C5 C4 1.3900
7rl 07 2.060(6)  C5 Cs8 1.496(10)
Zrl 05 2.060(6) C4 C3 1.3900
0]} Cl 1.250(10) C4 F2 1.385(8)
c1 2 1.494(10)  C3 F1 1.384(8)
c1 02 1252(10) 04 C8 1.252(10)

C9 C10 1.390(11) 03 C8 1.249(10)




Table S3. Selected bond angles (°) for NUT-107.

Atom Atom Atom  Angle(®) Atom Atom Atom  Angle (°)
Zrl! Zrl Zrl? 60.0 o7 Zrl C10 152.2(3)
06? Zrl Zrl! 86.4(3) 05 Zrl Zr1? 35.9(2)
06 Zrl Zrl! 37.7(2) 05 Zrl Zrl! 35.9(2)
062 Zrl Zrl? 37.7(2) 05 Zrl 06 73.0(4)
06 Zrl Zrl? 86.4(3) 05 Zrl 06? 73.0(4)
06 Zrl 06? 93.5(5) 05 Zrl 01 85(2)
06 Zrl C9 122.8(3) 05 Zrl C9 153.1(6)
06? Zrl C9 122.8(3) 05 Zrl Cl1 151.7(5)
062 Zrl C113 102.5(4) 05 Zrl Cl13 151.7(5)
06 Zrl C113 79.5(4) 05 Zrl C10 152.2(3)
06? Zrl Cl1 79.5(4) 05 Zrl C103 152.2(3)
06 Zrl Cl1 102.5(4) Zrl! 06 Zrl 104.6(5)
06 Zrl C10 131.7(4) Cl 01 Zrl 136(5)
06 Zrl C10° 90.7(4) 01 Cl C2 130(3)
06 Zrl C10 90.7(4) Ol Cl 02 123.1(14)
062 Zrl C103 131.7(4) 02 Cl C2 107(3)
Ol Zrl Zrl? 79.0(16) C103 C9 Zrl 73.3(11)
Ol Zrl Zrl! 119(2) C10 C9 Zrl 73.3(11)
01 Zrl 06? 86(2) C10° C9 C10 107.9(8)
01 Zrl 06 157(3) C113 Cl1 Zrl 74.15(17)
Ol Zrl C9 75.6(19) C10 Cll1 Zrl 72.8(10)
Ol Zrl Cl1 100(3) C10 Cll1 C113 108.1(4)
Ol Zrl C113 123(2) C9 C10 Zrl 74.6(11)
Ol Zrl C10° 106.9(18) CI1 C10 Zrl 75.5(10)
01 Zrl C10 71(3) Cl1 C10 C9 107.9(6)
C9 Zrl Zrl! 149.43(8) Zrl! 07 Zr1? 108.1(5)
C9 Zrl Zrl? 149.43(8) Zrl! o7 Zrl 108.2(5)
C9 Zrl Cl11 52.5(4) Zrl? o7 Zrl 108.1(5)
C9 Zrl C113 52.5(4) Zrl! 05 Zrl 108.2(5)
Cl1 Zrl Zrl! 136.9(3) Zrl! 05 Zrl? 108.1(5)
C11° Zrl Zrl? 136.9(3) Zr1? 05 Zrl 108.1(5)
Cl1 Zrl Zrl? 117.2(3) C7 C2 Cl 120.9(8)
Cl13 Zrl Zrl! 117.2(3) Cc7 C2 C3 120.0
Cl1 Zrl C113 31.7(4) C3 C2 Cl 119.1(8)




C10°
C10?
C10
C10
C10°
C10
C10
C10?
C10
C103
C10
o7
o7
o7
o7
o7
o7
o7
o7

Zrl
Zrl
Zrl
Zrl
Zrl
Zrl
Zrl
Zrl
Zrl
Zrl
Zrl
Zrl
Zrl
Zrl
Zrl
Zrl
Zrl
Zrl
Zrl

Zrl?
Zrl!
Zrl?
Zrl!
C9
C9
Cl1
Cl113
Cl113
Cl1
C103
Zrl!
Zrl?
06?
06
C9
Cll1
C113
C103

168.6(3)
122.2(2)
122.2(2)
168.6(3)
32.1(3)
32.1(3)
31.7(3)
31.7(3)
52.7(3)
52.7(3)
53.2(5)
35.9(2)
35.9(2)
73.0(4)
73.0(4)
153.1(6)
151.7(5)
151.7(5)
152.2(3)

Co6
Fo6
F6
C7
F3
F3
Co6
C4
C4
Cs
F2
F2
C4
F1
F1
04
O3
03

C7
C7
C7
C6
Cé6
Co6
C5
Cs
(O]
C4
C4
C4
C3
C3
C3
C8
C8
C8

C2
C2
C6
Cs
C7
C5
C8
C6
C8
C3
Cs
C3
C2
C2
C4
C5
Cs
04

120.0
121.0(7)
119.0(7)

120.0
119.1(8)
120.9(8)
119.6(8)

120.0
120.4(8)

120.0
121.8(8)
118.2(8)

120.0
120.8(7)
119.2(7)

113(3)

123(3)

123.3(14)




Table S4. Compare the separation performance of NUT-107 for C;He/C,H,4 with that

of previously reported materials.

Separation
Sample Selectivity Ref.
potential (Aq)

MOF-808 3.5 none 19
Cdy(AzDC),(TPT), 1.2 none 20
NEM-7-Cu 8.6 2.8 21
UPC-33 5.3 2.4 22
/n-BPZ-SA 4.8 1.9 2
ZIF-8 5.0 none 24
TpDf-COF 6.1 none 2
PCP 1 3.6 1.5 26
srl-MOF 8.0 0.9 27
LIFM-38 6.4 1.4 2
Mg-MOF-74 4.7 3.5 29
NUT-161 5.5 1.5 30

NUT-107 7.5 2.6 This work




Table SS. The simulated isosteric heat of adsorption for NUT-107 adsorption.

Name Molecule name Isosteric heat of adsorption (KJ-mol-!)

C,Hy 25.2234637908

NUT-107 C,H, 36.1380675105




Table S6. The parameters of the force field for NUT-107 and Molecules.

Molecules Pseudo Atom e/kb (K) o (A) reference
C,H,4 CH2_C2H2 85.000 3.675 14
C;Hs CH3_C3H6 98.000 3.750 14

CH_C3H6 47.000 3.730 14

CH2_C3H6 85.000 3.675 14

NUT-107 C 52.838 3.431 13
H 22.142 2.571 13

O 30.193 3.118 13

Zr 34.720 2.780 13

Cl 114.210 3.520 13

F 25.160 3.000 13
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