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A B S T R A C T   

The separation of mono- and di-branched hexane isomers remains an important and challenging industrial 
process for the production of high-octane gasoline. Suitable adsorbents with high adsorption selectivity and 
capacity are urgently required. Herein, we demonstrate a strategy to realize highly efficient kinetically controlled 
hexane isomers adsorption separation that utilizes the tunability of the pore limiting diameter in M2TTFTB 
(M=Zn, Mn, Cd) by metal substitution. The appropriate refinement of the partially contracted pore not only 
improved the kinetic selectivities, but also enhanced the host–guest interaction and increased the adsorption 
capacity of 3MP and nHEX. The resulting Mn2TTFTB brought about both the record capacity of 3MP and the 
record kinetic selectivities of 3MP/22DMB and nHEX/22DMB, exhibiting the largest productivity of high-purity 
22DMB in the breakthrough experiments, which sets a new benchmark for the hexane isomers separation via a 
rarely reported kinetically controlled mechanism.   

1. Introduction 

Within the petrochemical industry, gasoline is of particular signifi-
cance because of its widespread applications in our daily life. The 
premium-grade gasoline not only exhibits high combustion efficiency 
but also has a low proclivity to detonate [1,2]. A common approach for 
improving gasoline quality is to increase the research octane number 
(RON) [3,4]. As a typical constituent of gasoline, hexane (C6) isomers 
are obtained from catalytic isomerization reactions of naphtha streams 
as a mixture and their corresponding RON values show great differences 
concerning their degree of branching. The linear n-hexane (nHEX), 
mono-branched 3-methylpentane (3MP) and di-branched 2,2-dimethyl-
butane (22DMB) have RON values of 30, 74.5 and 91.8, respectively 
[5–8]. Thus, removing alkane isomers with low RON is a crucial process 
to produce premium-grade gasoline. 

In comparison with traditional extractive distillation and fraction 
crystallization, adsorption separation creates opportunities to avoid the 

energy-extensive separation processes based on phase changes and thus 
improve the separation efficiency [9–12]. However, the inert nature and 
similar physical properties of hexane isomers intrinsically challenge the 
design of suitable adsorbents. The current benchmark commercial 
adsorbent for this separation process is zeolite 5A, which can adsorb 
linear alkanes while excluding branched isomers due to suitable pore 
size [13–15]. However, its incapability to discriminate mono- and di- 
branched isomers prevents the application for further improvement of 
RON. Recent efforts have therefore been made to find new adsorbents 
with improved performance for this process. 

As emerging adsorption materials, metal–organic frameworks 
(MOFs) feature prospective ability in engineering pore size and pore 
chemistry because of their modular structures [16–20]. In terms of 
hexane isomers, some MOFs have already realized the separation of 3MP 
and 22DMB with the mechanism of thermodynamic difference [21–26] 
or size exclusion [26–30]. Nonetheless, adsorbents in thermodynamic 
separation exhibit a propensity to adsorb all isomers, and thus probably 
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result in limited separation selectivity while that in size-exclusion sep-
aration tend to exhibit low capacity due to the small-range pore size 
limited by the molecular size of di-branched hexane. The trade-off effect 
between selectivity and capacity leads to a low productivity of pure 
22DMB in breakthrough experiments and becomes a significant barrier 
in hexane isomers separation. Kinetic separation is based on the differ-
ence in the diffusion rates of different adsorbates in the pores of ad-
sorbents. It is capable of realizing a kinetic exclusion if the diffusion rate 
difference is large enough. Moreover, the corresponding pore diameter 
is generally larger than the molecular sizes of adsorbates, which creates 
opportunities to achieve higher adsorption capacity. However, pores 
suitable for kinetic separation are intractable to design because not only 
pore size and pore environment but also pore shape need to be taken into 
consideration for their synergistic effect on separation performance. 
Besides, the similar molecular size and properties of hexane isomers 
overweight the difficulty of adsorbent design. As a result, only a few 
MOFs have been reported to be used in the kinetic separation of hexane 
isomers, with unsatisfactory kinetic separation selectivity and small 
adsorption capacity [31–33]. There is still a broad space to further 
develop advanced adsorbents to enhance the kinetic separation and 
achieve 22DMB exclusion and substantial 3MP (nHEX) uptake. 

Considering that channels with pore sizes too large relative to the 
guest molecules are unable to discriminate the diffusion rates of similar 
guest molecules, the construction of pores close to the size of the guest 
molecules is essential for efficient kinetic separation. However, due to 
the similar cross sections of 3MP and 22DMB molecules, a narrow 
normal channel that impedes the diffusion of 22DMB may also signifi-
cantly impede the diffusion of 3MP and nHEX, thus harming the 
adsorption efficiency. The inhomogeneous zigzag channels, character-
ized by contoured pore surfaces and diverse pore shapes, usually exhibit 
significantly different pore limiting diameter (PLD) and largest cavity 
diameter (LCD), which conceivably provides opportunities to realize the 
kinetic exclusion of 22DMB by the rational refinement of PLD while 
maintaining the high adsorption efficiency of other isomers due to the 
rapid diffusion of molecules through more spacious sections (Fig. 1). 
Therefore, more research efforts are needed to construct zigzag channels 
with delicate pore structure and environment to facilitate the kinetic 
separation of hexane isomers with high selectivity and capacity. 

Herein, we constructed a series of M2TTFTB (M=Zn, Mn, Cd) ma-
terials with confined zigzag channels based on the tetrathiafulvalene- 
tetrabenzoate (H4TTFTB) ligand, and demonstrated a strategy to 
realize highly efficient kinetically controlled hexane isomers separation 
that utilizes the tunability of pore limiting diameter (PLD) in M2TTFTB, 
which brought about both record capacity of 3MP and record kinetic 
selectivities of 3MP/22DMB and nHEX/22DMB. Through altering the 
metal node from Zn to Mn and to Cd for coordinating with TTFTB, the 
rotation degree of metal carboxylate chains in the formed MOFs can be 
finely changed to construct a partially contracted pore aperture, which 
significantly diminished the diffusion rate of 22DMB while exhibited 
relatively slight effect on that of 3MP and nHEX, thus achieving an 
obvious improvement on the kinetic selectivities of 3MP/22DMB and 
nHEX/22DMB. Moreover, the appropriate refinement of the pore size 
from Zn2TTFTB to Mn2TTFTB also strengthened the host–guest in-
teractions and increased the adsorption capacity of 3MP and nHEX, 
contributing to breaking the trade-off between adsorption capacity and 
selectivity. As a result, Mn2TTFTB exhibited the longest gap of the 

retention time between di-branched and mono-branched isomers and 
the largest productivity of high-purity 22DMB in the breakthrough ex-
periments among reported materials, setting a new benchmark for the 
hexane isomers separation. 

2. Results and discussion 

M2TTFTB (M=Zn, Mn, Cd) powders were synthesized by stirring a 
mixed water/ethanol/N,N-dimethylformamide solution of 
tetrathiafulvalene-tetrabenzoate (H4TTFTB) and different metal nitrates 
at 348 K for 3 days [34,35]. Powder X-ray diffraction patterns (PXRD) 
revealed that M2TTFTB samples were of high crystallinity and iso-
structural with each other (Figs. S1–S4). The infinite helical chains of 
corner-sharing MO6 pseudo-octahedra were interconnected by TTFTB 
ligands, forming three-dimensional structures that crystalized in the 
hexagonal space group P65. After desolvation under high vacuum (<1 
Pa) at 393 K, solvents and coordinated water molecules were removed as 
indicated by the thermogravimetric analysis (TGA). As shown in Fig. 2, 
M2TTFTB (M=Zn, Mn, Cd) exhibited tortuous zigzag channels along the 
c axis, and adjacent channels were linked by connecting channels to 
form a three-dimensional mesh-like porous network. Through altering 
the metal node from Zn to Mn and Cd with a larger atom radius, the 
metal carboxylate chains in the formed MOFs can be finely changed to 
be more distorted. The angles between adjacent metal atoms are 165.9◦, 
151.2◦, and 143.9◦ (Fig. S5), respectively, resulting in the gradually 
aggravated rotation of the benzene rings of TTFTB ligands. This con-
tributes to the precise refinement of the aperture size in some sections of 
the channels. As shown in Fig. 3, the closest distances between hydrogen 
atoms of the benzene rings on opposite sides of the channel along the c 
axis in Zn2TTFTB are 6.78 and 7.11 Å, which determines the limiting 
aperture size in the channel. These H⋅⋅⋅H distances are reduced to 6.50 
and 7.01 Å in Mn2TTFTB, and 6.45 and 6.78 Å in Cd2TTFTB, implying 
that the limiting aperture size along the c axis follows the order of 
Zn2TTFTB > Mn2TTFTB > Cd2TTFTB. However, the distances between 
carbon atoms on opposite sides of the connecting channel exhibited a 
different order, which on average is 8.39 Å in Zn2TTFTB, 8.16 Å in 
Mn2TTFTB, and 8.28 Å in Cd2TTFTB, implying that the limiting aperture 
size of connecting channels followed the order of Zn2TTFTB >

Cd2TTFTB > Mn2TTFTB. Besides, the LCD (largest cavity diameter) and 
PLD (pore limiting diameter) of the entire framework were calculated by 
Zeo++ package with a probe radius of 1.82 Å. The LCD of Cd2TTFTB 
(5.61 Å) is larger than that of Zn2TTFTB (5.45 Å) and Mn2TTFTB (5.39 
Å) while its PLD is the smallest (4.47 Å vs. 4.63 Å in Zn2TTFTB and 4.50 
Å in Mn2TTFTB). According to the above analysis, the PLD is believed to 
correspond to the limiting aperture size along the c axis that also fol-
lowed the order of Zn2TTFTB > Mn2TTFTB > Cd2TTFTB. 

The BET surface areas of M2TTFTB (M=Zn, Mn, Cd) determined from 
the 77 K N2 adsorption isotherms were 699, 688, and 592 m2/g 
(Figs. S6–S11). TGA revealed that they were stable until 440 ◦C, 470 ◦C 
and 380 ◦C (Figs. S12–S14). In situ variable-temperature PXRD indi-
cated that they maintained their original crystal structures at high 
temperature up to at least 423 K. (Figs. S15–17) Guest-atmosphere TGA 
showed that the nHEX uptake capacity of Mn2TTFTB remained un-
changed after 30 consecutive adsorption–desorption cycles at 333 K 
(Fig. 4d), indicating its adsorption recyclability. Moreover, there was no 
detectable change in either crystallinity or porosity of these samples 
after exposure to air for one week, as evidenced by the retained peaks 
and relative intensities in their corresponding PXRD patterns as well as 
the retained porosity (Figs. S18–S20). 

To investigate the adsorption behavior of hexane isomers on 
M2TTFTB (M=Zn, Mn, Cd), single-component adsorption isotherms of 
nHEX, 3MP and 22DMB were measured at 303 K, 333 K, 363 K and 393 
K, respectively. Zn2TTFTB exhibited very steep adsorption isotherms, 
with adsorption capacities of 1.86 mmol/g (9.1 molecule/cell) for 
nHEX, 2.01 mmol/g (9.9 molecule/cell) for 3MP and 1.88 mmol/g (9.3 
molecule/cell) for 22DMB at 303 K and 100 torr, respectively (Figs. S21- 

Fig. 1. Schematic diagram of the diffusion of hexane isomers in (a) homoge-
neously large channels and (b) inhomogeneous zigzag channels with suit-
able PLD. 
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S23). Their adsorption amounts all decreased with the increase in 
temperature. Mn2TTFTB also showed steep isotherms of nHEX and 3MP, 
but with significantly higher adsorption capacities than that in 
Zn2TTFTB (Fig. 4a and 4b), reaching 2.11 mmol/g (10.0 molecule/cell) 
and 2.41 mmol/g (11.5 molecule/cell). It is worth noting that its nHEX 
adsorption capacity is 74 % larger than that of zeolite 5A (1.21 mmol/g), 
and its 3MP adsorption capacity exceeds all the reported materials 
(Table S1). Meanwhile, the isotherms of 22DMB were relatively flatter. 
Its adsorption capacity was 0.65 mmol/g (3.4 molecule/cell) at 303 K 
(Fig. 4c), significantly lower than that of nHEX and 3MP. Interestingly, 
with the increase in temperature, the adsorption capacity of 22DMB first 
increased and then decreased in the order of 333 K > 363 K > 393 K >
303 K, which was probably related to the diffusion restriction of ad-
sorbates at low temperatures and the setup of the test instrument. The 
adsorption isotherms of Cd2TTFTB were similar to those of Mn2TTFTB, 
but the adsorption capacities of nHEX and 3MP were significantly 
reduced, 1.45 mmol/g (7.9 molecule/cell) and 1.72 mmol/g (9.3 
molecule/cell), respectively (Fig. 4e and Fig. S24). With the increase of 
temperature, the capacity of 22DMB followed the order of 363 K > 333 
K > 393 K > 303 K, and was 0.84 mmol/g (4.71 molecule/cell) at 303 K 
(Fig. 4f), implying the more restricted diffusion process of 22DMB in 

Cd2TTFTB. The distinction of M2TTFTB (M=Zn, Mn, Cd) materials with 
different metal sites in single-component static adsorption demonstrated 
the prominent effect of the metal substitution, inspiring us to conduct 
further experiments to verify their separation performance and clarify 
the separation mechanism. 

To have a deeper insight into the adsorption behaviors of hexane 
isomers, we also performed kinetics studies to verify the mass-transfer 
rate of hexane isomers in M2TTFTB using volumetric methods. The 
diffusion time constant (Dc/r2, s− 1) was obtained by fitting the kinetics 
curves according to the following equation:[36] 

mt
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where mt/m∞ is the fractional adsorption uptake at time t; Dc is the 
intracrystalline diffusivity; rc is the radius of the equivalent spherical 
particle. 

As shown in Fig. 5a, three hexane isomers exhibited a discrepancy in 
diffusion rates, which followed the trend nHEX > 3MP > 22DMB in all 
M2TTFTB materials. Among them, guest molecules diffused quickly in 
Zn2TTFTB with the largest PLD. nHEX exhibited a short equilibrium 

Fig. 2. Structural illustration of M2TTFTB (M=Zn, Mn, Cd): (a) The coordination between the infinite helical chains of corner-sharing MO6 pseudo-octahedra and 
TTFTB ligands (one TTFTB molecule was highlighted in violet for clarity); (b) The structure of M2TTFTB (M=Zn, Mn, Cd); Structural cross sections with Connolly 
surface with probe radius of 1 Å: (c) on ab plane; (d) on bc plane and corresponded to section 1; (e) on bc plane and corresponded to section 2. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Schematic diagram of the closest distances between hydrogen atoms of the benzene rings on opposite sides of the channel along the c axis: (a) Zn2TTFTB; (b) 
Mn2TTFTB; (c) Cd2TTFTB; Distances between carbon atoms on opposite sides of the connecting channel: (d) Zn2TTFTB; (e) Mn2TTFTB; (f) Cd2TTFTB. 
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time of about 1 min at 303 K while 3MP and 22DMB diffused slightly 
slower with an equilibrium time of 6 min and 15 min, respectively. Their 
diffusion time constants (Dc/r2) were calculated to be 59.90 × 10− 4, 
6.87 × 10− 4 and 1.08 × 10− 4 s− 1, respectively (Fig. S25). With the in-
crease of temperature, their diffusion was all accelerated, and the 
diffusion time constants of 3MP and 22DMB were very close (8.71 ×

10− 4 and 7.00 × 10− 4 s− 1) at 393 K, resulting in a low 3MP/22DMB 
kinetic selectivity (Fig. 5d). In Mn2TTFTB and Cd2TTFTB, the diffusion 
rates of guest molecules were all reduced (Fig. 5b and 5c). The diffusion 
time constants of nHEX and 3MP in Mn2TTFTB were 22.96 × 10− 4 and 
8.49 × 10− 4 s− 1, and in Cd2TTFTB were 7.34 × 10− 4 and 5.00 × 10− 4 at 
393 K, respectively (Figs. S26 and S27). Meanwhile, 22DMB diffused 

Fig. 4. Adsorption isotherms of (a) nHEX, (b) 3MP, and (c) 22DMB for Mn2TTFTB at different temperatures; (d) nHEX adsorption–desorption recyclability test on 
Mn2TTFTB for 30 consecutive adsorption cycles at 333 K; Adsorption isotherms of (e) 3MP, and (f) 22DMB for Cd2TTFTB at different temperatures. 

Fig. 5. Fractional uptake profiles of nHEX, 3MP and 22DMB for (a) Zn2TTFTB, (b) Mn2TTFTB, and (c) Cd2TTFTB; Kinetic selectivities of 3MP/22DMB and nHEX/ 
22DMB in (d) Zn2TTFTB, (e) Mn2TTFTB, and (f) Cd2TTFTB. 
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much slower so that more than 200 and 400 min were needed to reach 
equilibrium in Mn2TTFTB and Cd2TTFTB even at 393 K, with a diffusion 
rate constant of 0.33 × 10− 4 and 0.25 × 10− 4 s− 1, respectively. The 
activation energies were found to be 2.5, 5.7 and 23.1 kJ/mol for nHEX, 
3MP and 22DMB in Mn2TTFTB, and 2.6, 18.3 and 27.9 kJ/mol in 
Cd2TTFTB, respectively (Fig. S28). The most pronounced diffusion 
limitation of isomers in Cd2TTFTB with the smallest PLD but the largest 
LCD among the three MOFs implied the dominant role of PLD in the 
kinetic separation performance. The kinetic selectivities of nHEX/ 
22DMB and 3MP/22DMB in Cd2TTFTB were 28.93 and 20.11, and in 
Mn2TTFTB were 25.81 and 69.81 at 393 K (Fig. 5e and 5f), which were 
not only higher than those in Zn2TTFTB but also surpassed other re-
ported materials capable of separating hexane isomers based on a kinetic 
mechanism. As the temperature decreased, the kinetic selectivity of 
3MP/22DMB in Cd2TTFTB decreased to 11.05 at 333 K. However, the 
kinetic selectivities of both nHEX/22DMB and 3MP/22DMB in 
Mn2TTFTB were further increased and reached 88.00 and 232.47 at 333 
K, which was probably due to the appropriate PLD of Mn2TTFTB that 
significantly decreased the diffusion rate of 22DMB while exhibiting 
relatively little effect on that of 3MP and nHEX, setting new records for 
kinetic selectivities. 

To estimate the practical separation performance of M2TTFTB ma-
terials, equimolar three-component vapor-phase breakthrough tests 
with partial pressure of 47 torr for each isomer were carried out at 303 
K, 333 K, 363 K and 393 K. In the ternary breakthrough test on 
Zn2TTFTB at 303 K, 22DMB was retained for 107 min/g before eluted 
from the column, followed by 3MP (152 min/g) and then nHEX (291 
min/g), indicating a successful separation among the di-branched, 
mono-branched, and linear isomers (Fig. S29). However, the separa-
tion ability of Zn2TTFTB decreased obviously at 393 K with three iso-
mers eluting almost simultaneously (Fig. S30). In Mn2TTFTB, 22DMB 
were barely adsorbed and broke through the column immediately at 
303 K, 333 K and 363 K (Fig. 6a, 6b, and S31). Although the single- 
component isotherms indicated a large adsorption capacity of 22DMB 
in Mn2TTFTB (eg. 333 K: 1.06 mmol/g), its low diffusion rate prevented 
it from diffusing rapidly into the pores, thus realizing the dynamic 

exclusion of 22DMB in the breakthrough experiment under these cir-
cumstances. When the temperature rose to 393 K, the diffusion of 
22DMB became faster, and some of them were adsorbed by Mn2TTFTB 
with a breakthrough time of 15 min/g, but the dynamic adsorption ca-
pacity was still significantly smaller than the corresponding static 
adsorption capacity (0.0046 mmol/g vs. 0.83 mmol/g). 3MP was sub-
stantially adsorbed by Mn2TTFTB and eluted secondly (Fig. 6c). With 
increasing temperature, its retention time initially increased and then 
decreased, which was 77 min/g at 303 K, 190 min/g at 333 K, 135 min/g 
at 363 K, and 92 min/g at 393 K, respectively. It is well known that the 
adsorption separation process is under the control of both thermody-
namics and kinetics factors. The temperature rise increased the 
adsorption rate (kinetics) but decreased the adsorption capacity at 
equilibrium (thermodynamics). The low diffusion rate of 3MP, as indi-
cated by the above kinetics studies, made the dynamic adsorption pro-
cess evidently restricted at lower temperatures, thus resulting in the 
abnormal trend of the retention time over temperature and its earlier 
elution than nHEX. Meanwhile, the same trend was also observed for 
nHEX. Its retention time at 303 K, 333 K, 363 K and 393 K was 144 min/ 
g, 320 min/g, 239 min/g and 222 min/g, respectively, indicating again 
the dominant role of kinetic factors in the separation. It’s worth noting 
that Mn2TTFTB exhibited a long retention time gap between di- 
branched and mono-branched isomers at 333 K (180 min/g) with a 
productivity of high-purity 22DMB (≥99.8 % purity) reaching 0.45 
mmol/g, exceeding all previously reported adsorbents under the same 
conditions (Table S1 and S2). 

In Cd2TTFTB, 22DMB can also be dynamically excluded at 303, 333, 
and 363 K while 3MP and nHEX were both adsorbed (Fig. 6d, 6e, and 
S32). However, the retention time of 3MP at 303 K was only 36 min/g, 
much shorter than that in Mn2TTFTB. Moreover, the breakthrough 
curves of 3MP in Cd2TTFTB rose more slowly than that in Mn2TTFTB, 
suggesting a slower diffusion in Cd2TTFTB. With the increase in tem-
perature, the retention time of 3MP first increased to 53 min/g at 333 K 
and 164 min/g at 363 K, and then decreased to 92 min/g at 393 K 
(Fig. 6f). The best separation performance was obtained at 363 K, with a 
record retention time gap between 3MP and 22DMB of 146 min/g and a 

Fig. 6. Equimolar three-component vapor-phase breakthrough curves of Mn2TTFTB at (a) 333 K, (a) 363 K, (a) 393 K, and of Cd2TTFTB at (d) 333 K, (e) 363 K, (f) 
393 K. 
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record 22DMB productivity (≥99.8 % purity) of 0.36 mmol/g among all 
the reported materials under the same conditions (Table S1 and S2). In 
addition, the desorption tests of the Mn2TTFTB and Cd2TTFTB were 
carried out after the breakthrough tests at 393 K (Figs. S33 and S34). 
With a flow rate of 5 mL/min N2 introduced, both 3MP and nHEX can be 
fully desorbed at 423 K within 300 min/g. Furthermore, multiple 
breakthrough tests revealed that Mn2TTFTB and Cd2TTFTB maintained 
their separation performance after seven cycles, indicating their dy-
namic recyclability and stability (Figs. S35 and S36). 

Dispersion-corrected density functional theory (DFT-D) calculations 
were further performed to explore the preferred adsorption sites of 
hexane isomers in the channels of M2TTFTB (M=Zn, Mn, Cd) materials. 
As shown in Fig. 7, all of the isomers tended to locate in the larger 
aperture and close to the metal carboxylate chains. In all M2TTFTB 
materials, the binding energy of different hexane isomers followed the 
trend nHex > 3MP > 22DMB, but the discrepancy was small (lower than 
8 kJ/mol). The slender nHex molecules were arranged along the metal 
carboxylate chains and interacted with the surrounding oxygen atoms 
through multiple C–H⋅⋅⋅O dipolar interactions. The mono-branched 
3MP and di-branched 22DMB molecules exhibited shorter but less 
C–H⋅⋅⋅O bonds due to their bulgier size, resulting in slightly lower static 
adsorption energy (Table S3) than nHEX. Besides, it is worth noting that 
from Zn2TTFTB to Mn2TTFTB, the appropriate refinement of the pore 
size contributed to denser C–H⋅⋅⋅O interactions between the metal 

carboxylate chains and the hexane isomers, and thus strengthened their 
binding energy. However, from Mn2TTFTB to Cd2TTFTB, the pore space 
was too restricted to further enhance the host–guest interaction, 
resulting instead in a marginal decrease in the binding energy. Overall, 
these slight discrepancies in the static adsorption energy of different 
hexane isomers contributed to some extent to the excellent separation 
performance of Mn2TTFTB and Cd2TTFTB, but were not the reason that 
endowed them with outstanding separation selectivities in break-
through experiments, further indicating the important role that different 
diffusion behaviors of hexane isomers played in the separation. 

3. Conclusion 

This study demonstrates that tuning the PLD by metal substitution 
offers a viable strategy to realize highly efficient kinetically controlled 
hexane isomers adsorption separation. The resulting MOF, Mn2TTFTB 
exhibited record adsorption capacity of 3MP, record kinetic selectivities 
of 3MP/22DMB and nHEX/22DMB, and record 22DMB productivity in 
the equimolar ternary breakthrough experiments. The appropriate 
refinement of the partially contracted pores not only contributed to 
denser C–H⋅⋅⋅O interactions, ensuring that C6 molecules were effec-
tively grasped within the framework, but also provided opportunities to 
realize the kinetic exclusion of 22DMB, achieving an obvious improve-
ment in kinetic selectivities without the expense of adsorption capacity. 

Fig. 7. Preferred adsorption sites by DFT-D simulations. nHEX adsorption sites in (a) Zn2TTFTB, (b) Mn2TTFTB, and (c) Cd2TTFTB; 3MP adsorption sites in (d) 
Zn2TTFTB, (e) Mn2TTFTB, and (f) Cd2TTFTB; 22DMB adsorption sites in (g) Zn2TTFTB, (h) Mn2TTFTB, and (i) Cd2TTFTB. 
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This work not only offers the strategy for refining PLD of porous ad-
sorbents by metal substitution, but also indicates that PLD is critical for 
efficient kinetic separation, encouraging researchers to apply it to other 
kinetic separations of mixtures with similar structures and properties. 
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