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Alkane Isomers “* Research Octane #

n-hexane 25
/L 2-methylpentane 73
/\//
3-methylpentane 75
22-dimethylbutane 92
n-butane isobutane ,
23-dimethylbutane 104
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Distillation is difficult and expensive.
10-15% of world energy consumption.



MOFs offer diverse pore shapes and sizes. We can choose a MOF to separate linear and branched isomers
selectively based on shape.
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Many different combinations of nodes, linkers, and topologies can be used to form unique MOFs.
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The same nodes and linkers can be combined in different topological networks to form unique MOFs with the same
chemical formula.

Nodes Linkers Topologies

CuC,H,0,

CuC,H,0,




Polymorphs

Polymorphs are families of MOFs that contain the same nodes and linkers but arranged in different

topologies.
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| have selected four families of polymorphs that consist of 38 MOFs from the Tobacco database.

Polymorph families:
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Computational details

1. Monte Carlo simulations were performed in RASPA
2. We used the TraPPE model for alkanes and LJ parameters from UFF for MOFs.
3. MOF structures are kept rigid.

4. 20,000 cycles for Henry calculations and 100,000 total cycles (50k initialization-
50k production) for GCMC using configurational biasing

For further details see Chung et al., Chem. Mater. 29, 6315-6328, 2017



Henry constants
mol/kg/Pa

nbo_L12 shows great affinity for n-hexane over branched isomers

MOF ca isobutane C5 neopentane|2-methylbutane Cc6 2-methylpentane|3-methylpentane|22-dimethylbutane|23-dimethylbutane
dia_L_12 7.6E-05 6.3E-05 1.8E-04 5.9E-05 1.3E-04 4.0E-04 3.1E-04 2.8E-04 1.8E-04 2.3E-04
dia_L_20 5.4E-05 4.5E-05 1.1E-04 4.2E-05 8.6E-05 2.3E-04 1.8E-04 1.7E-04 1.1E-04 1.4E-04
dia_L_24 7.0E-05 5.8E-05 1.5E-04 5.3E-05 1.2E-04 3.3E-04 2.6E-04 2.3E-04 1.5E-04 2.0E-04

dia_L_3 4.9E-05 4.2E-05 1.0E-04 4.0E-05 8.1E-05 2.1E-04 1.7E-04 1.6E-04 1.1E-04 1.4E-04
les_L_12 8.6E-05 7.1E-05 2.1E-04 6.6E-05 1.6E-04 5.1E-04 3.9E-04 3.6E-04 2.2E-04 3.0E-04
lcs_L_20 5.5E-05 4.6E-05 1.2E-04 4.3E-05 9.0E-05 2.4E-04 1.9E-04 1.7E-04 1.2E-04 1.5E-04
lcs_L_24 7.0E-05 5.8E-05 1.6E-04 5.4E-05 1.2E-04 3.5E-04 2.7E-04 2.5E-04 1.5E-04 2.1E-04
les_L_3 5.4E-05 4.6E-05 1.2E-04 4.5E-05 9.3E-05 2.5E-04 2.1E-04 1.9E-04 1.3E-04 1.6E-04
Ivt_L 12 3.5E-03 3.4E-03 2.5E-02 9.1E-03 3.0E-02 1.6E-01 1.9E-01 2.4E-01 2.0E-01 3.1E-01
Ivt_L_20 2.4E-04 2.1E-04 8.7E-04 2.5E-04 6.8E-04 3.1E-03 2.5E-03 2.3E-03 1.5E-03 1.9E-03
Ivt_L 24 1.5E-04 1.4E-04 4.3E-04 1.6E-04 3.8E-04 1.2E-03 1.1E-03 1.0E-03 7.4E-04 9.3E-04
N Q N /] N /] N N Q N N

pto_L_3 2.5E-04 2.2E-04 4.4E-04 5.5E-04
rhr_L_12 1.3E-03 2.3E-03 4.8E-03 6.2E-03 1.2E-02 1.8E-02 3.2E-02 4.3E-02 9.2E-02 9.4E-02
rhr_L_24 1.3E-04 1.1E-04 3.8E-04 1.2E-04 3.1E-04 1.2E-03 9.4E-04 8.3E-04 5.5E-04 6.9E-04
rhr_L_3 5.6E-05 2.4E-05 1.5E-04 1.8E-05 5.4E-05 4.0E-04 1.6E-04 1.3E-04 5.3E-05 7.9E-05
sod_L_12 7.5E-05 6.2E-05 1.8E-04 5.9E-05 1.3E-04 4.0E-04 3.2E-04 2.9E-04 1.8E-04 2.4E-04
sod_L_20 5.7E-05 4.8E-05 1.2E-04 4.5E-05 9.2E-05 2.5E-04 2.0E-04 1.8E-04 1.2E-04 1.5E-04
sod_L_3 5.6E-05 4.8E-05 1.3E-04 4.8E-05 1.0E-04 2.9E-04 2.3E-04 2.2E-04 1.4E-04 1.9E-04
ssa_L_15 6.8E-04 4.7E-04 3.7E-03 5.6E-04 2.4E-03 1.9E-02 1.4E-02 1.3E-02 6.3E-03 9.4E-03
ssa_L_21 5.5E-04 4.5E-04 2.9E-03 4.8E-04 2.4E-03 1.2E-02 1.3E-02 1.3E-02 6.6E-03 1.2E-02
ssa_L_4 2.0E-03 1.5E-03 1.6E-02 1.6E-03 1.1E-02 1.1E-01 1.0E-01 9.0E-02 3.4E-02 6.6E-02
ssb_L_15 3.1E-04 1.8E-04 1.2E-03 1.3E-04 5.9E-04 4.4E-03 2.5E-03 1.9E-03 8.0E-04 1.1E-03
ssb_L_21 4.3E-04 3.7E-04 1.8E-03 4.7E-04 1.8E-03 7.9E-03 7.2E-03 7.8E-03 5.0E-03 8.3E-03
ssb_L_4 3.1E-04 2.7E-04 1.2E-03 3.4E-04 1.0E-03 4.5E-03 4.0E-03 3.8E-03 2.5E-03 3.4E-03
tho_L_12 1.9E-04 1.5E-04 6.5E-04 1.8E-04 5.1E-04 2.3E-03 1.9E-03 1.8E-03 1.0E-03 1.5E-03
tho_L_20 6.0E-05 5.2E-05 1.3E-04 5.0E-05 1.1E-04 2.9E-04 2.5E-04 2.3E-04 1.6E-04 2.0E-04
tho_L_24 9.9E-05 8.9E-05 2.4E-04 8.8E-05 2.1E-04 5.8E-04 5.0E-04 4.7E-04 3.4E-04 4.2E-04
tho L 3 1.2E-04 1.1E-04 4.2E-04 1.7E-04 3.9E-04 1.4E-03 1.5E-03 1.5E-03 1.1E-03 1.4E-03




GCMC results at 300 K, 0.0001 bar
Heat of adsorption in kJ/mol

DIFF [C5 - X] .
e 5 2-mb | neopent s neopent BLUE = favors branched isomer
g L 12 | <101 | -&7 6.3 L = RED = favors linear isomer
dia_L 20 -8.7 -7.1 -3.0 -1.6 -5.6
dia_ L 24 93 -8.3 -54 -1.0 -3.9
dia_L 3 5.9 6.5 5.8 0.6 0.1
les L 12 -11.1 -10.5 -6.9 -0.6 -4.2

vt L 12

-25.3

-19.7

GCMC simulations show that nbo_L12 highly favors

linear n-pentane over branched isomers.

Polymorph family:

Ivt/nbo/rhr

ssa L 15 -

ssa L 21 -27.7 -28.0 -22.4 0.3 -5.3

ssa L4 | 357 | -347 26.8 1.0 8.9 L12 Cu paddlewheel node
ssb_L 15 -24.8 -21.9 -12.2 -2.9 -12.6

ssb_L 21 -23.8 -24.1 -19.6 0.3 -4.2

f;g:t:‘; e > = rhr_L12 polymorph shows slight selectivity for the branched isomers
tbo L 12 | -162 | -157 . 05 ;

tbo L 20 9.6 -9.0 -6.3 -0.6 -3.3




We will focus on these three polymorphs.

m Pore size (A)

rhr_L12 28.2
nbo L12 4.6, 13.6
vt L12 7.4, 8.6




The small pores in nbo_L12 will accommodate n-

hexane but exclude bulkier branched isomers.

n-hexane
2-methylpentane
3-methylpentane
2,2-dimethylbutane
2,3-dimethylbutane

Alkane diameters: Peralta, Ind. Eng. Chem. Res., 2012,51, 4692-4702

9.7
9.2
9.3
8.0
7.8

n Kinetic Dia. (A)
4.5 4.0 4.3

6.2
6.2
6.7
6.7

5.2
5.2
5.9
53

5.0
5.0
6.2
5.6

nbo_L12

4.6 A




n-hexane

300 K Linear molecules prefer the small pores at low pressure.

No adsorbate
10 Pa

100 Pa 1000 Pa



At low pressure, the monobranched isomer prefers the large pores

100 Pa
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2-methylpentane
300 K



23-dmb cannot go into the small pore even at high pressure

1000 Pa

10000 Pa

2,3-dimethylbutane
300 K




2,3-dimethylbutane n-hexane

100 Pa
In rhr_L12, the molecules first go to
the windows surrounding the large
spherical pore

1000 Pa

At higher pressure, the pore is filled.

10,000 Pa




MOF nbo-L12 shows selectivity for n-pentane at low pressure. 2-methylbutane is adsorbed into the small pores.

At saturation, there is less neopentane because it is excluded from the small pores.
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In nbo MOF, we see a separation
of linear and 1-methyl isomers
from dimethyl isomers.

No separation in the large pore
rhr MOF. |

vt MOF shows reduction in\’
bulkier molecules due to
packing in the square pores




Multi-component Adsorption

GCMC simulations for a 5-component mixture containing all Cé6 isomers.

433 K, 1 bar 100k/100k cycles

5.0

4.5
Adsorbate Selectivity 4.0 |
nCé6 2.8 3.5
2-methpent 0.79 .. 3.0 l ® nCéb
3-methpent 0.76 % 2.5 ] 2-methpent
23-dimethbut 0.74 2 2.0 i s e ¥3-methpent
22-dimethbut 0.51 Y15 23-dimethbut
L+MP/DMB 1.86 1.0 n a . . ) ) ¢ 22-dimethbut

0.5 @ @ ¢ @ ® .
Equimolar mixture o

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Linear + monobranched selectivity: 1.86 fraction nCe

nC6 selectivity goes down when it forms a higher fraction of mixture



Thermodynamics

H_ads AH_ads [linear-X] RED: more favored than linear alkane
0K Ndymal 0K ldjmel BLUE: less favored than linear alkane
nbo_L12 rhr_L12 |lvt_L12 nbo_L12 rhr_L12(lvt_L12

cs 653 | -36.9 | -36.1 00 | 00 | 00
2-methylbutane 30.1 | -40.7 | -36.7 352 | 38 | -06
neopentane -23.7 -38.7 | -33.0 41.6 -1.8 3.1
C6 76,7 | -41.6 | -42.5 00 | 00 | 00
2-methylpentane -40.4 | 446 | -42.6 36.4 -2.9 -0.1
3-methylpentane -36.7 | -45.7 | -42.9 40.0 -4.1 -0.4
22-dimethylbutane 299 | -47.8 | -42.1 468 | 61 | 05
23-dimethylbutane 31.8 | -483 | -435 249 | 67 | -10

Changing the topology can flip the trends in selectivity
Enthalpy of adsorption shows that nbo MOF is more selective for n-hexane by ~40 kJ/mol
rhr MOF shows some slight selectivity for the branched isomers over the linear isomer

There is very little selectivity for the Ivt MOF



Thermodynamics

Calculated from Henry constant data.

nbo_L12 AH_ads [linear-X]

300 K |kJ/mol 300 K (kJ/mol

H_ads | -TAS | A_ads H_ads | -TAS | A_ads
C5 -65.3 | 33.8 -34.0 0.0 0.0 0.0
2-methylbutane -30.1 | 14.8 -17.8 35.2 | -19.0 | 16.3
neopentane -23.7 | 11.0 -15.2 416 | -22.7 | 18.8
C6 -76.7 | 38.2 -41.1 0.0 0.0
2-methylpentane -404 | 20.1 -22.7 -18.0 | 18.3
3-methylpentane -36.7 | 171 -22.1 -21.1 | 19.0
22-dimethylbutane -29.9 | 124 -20.0 -25.7 | 21.1
23-dimethylbutane -31.8 | 13.2 -21.1 -25.0 | 19.9

There is a large entropic penalty for the n-pentane and n-hexane molecules to go into the small pore in the nbo MOF.

Also the free energy for the mono and dibranched isomers is about the same due to the larger cost for the
monobranched isomers.



Calculated from Henry constant data.

Thermodynamics

TdelS A_ads
kJ/mol, 300 K kJ/mol, 300 K
nbo_L12 rhr_L12 Ivt_L12 nbo_L12| rhr_L12 | Ivt_L12
C5 33.8 18.4 11.6 -34.0 -21.0 -27.0
2-methylbutane 11.0 19.6 11.0 -15.2 -21.6 -24.5
neopentane 14.8 20.7 11.6 -17.8 -22.5 -27.6
Spread [max - min] 22.7 2.3 0.7 18.8 =5 3.0
C6 38.2 19.8 13.3 -41.1 -24.3 -31.7
2-methylpentane 20.1 21.5 13.0 -22.7 -25.5 -32.1
3-methylpentane 17.1 21.7 12.7 -22.1 -26.5 -32.7
22-dimethylbutane 12.4 22.0 12.4 -20.0 -28.3 -32.2
23-dimethylbutane 13.2 22.4 12.7 -21.1 -28.4 -33.3
Spread [max - min] 25.7 2.6 1.0 21.1 4.1 1.6

The rhr and Ivt MOFs show little differentiation based on entropy.

The slight selectivity for branched isomers in the rhr MOF is driven by enthalpy.




The nbo topology has two distinct conformations that are the same topology.

nbo cube

nbo star




implified nbo topolo | | , . o
AR PECEY The connectivity is the same in each confor

simplified maps are equivalent.

nbo cube




You can see how the star confirmation forms by looking down the [111] view of the cube confirmation.

The star confirmation seen in MOF nbo_L12 is formed by compressing the MOF along the [111] axis so the



Cu-Cu vectors in alternating directions

In square nbo confirmation the Cu
paddlewheel nodes are aligned
normal to their nearest neighbor
node.




‘73
L\ 7,
! 1§
3
A4 x
Tk )
£
‘J‘W"
Y
T A
&
;,‘.,
¥
ey
|1} o5
£ »

Cu-Cu torsion angle ~35 degrees

&
s}
= ’ o~ '
.4 | ¥
AN x

In the nbo star confirmation the
Cu paddlewheel nodes are twisted
to a 35 degree angle from their
neighbors.



Geometrical minimization of MOF nbo_L12




The conformation is determined by steric
hindrance between the linker and node.

L12
0 OH
HO o}

L20

When the nodes are weakly
coupled by hindrance the MOF
takes on a slightly skewed
confirmation.

L24

HO [0}




DFT calculations show that the star confirmation is more
favorable for certain linkers.

189 kJ/mol (per unit cell) more favorable than square

L22

83 kJ/mol (per unit cell) more favorable than square




lvt topology is most favorable, similar to nbo
rhr is the least favorable.

Q
.OO
&
(®)
o
© &
[ X )
Ivt nbo rhr
kJ/mol diff
Topology CuC,H,O,
vt 0
nbo 1.2
rhr 17.7

*based on UFF optimization in Materials Studio



Conclusions

1. Topology can greatly affect MOF pore size and shape, which has implications for
separations

2. nbo/lvt/rhr polymorph family has different linear/branched selectivity depending on
topology

3. nbo MOFs with phenyl ring linker show high selectivity for linear alkanes due to small
pores

4. nbo topology can form different conformations (cube vs star) depending on steric
effects of the linker
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Vapor pressure at 300 K

Taken from Antoine equation

kPa bar

[C1] - .

[C2] 4398 43.98
[C3] 1023 10.23
[C4] 261 2.61
[C5] 73 0.73
[C6] 22 0.22
[isobutane] 377 3.77
[neopentane] 182 1.82
[2-methylbutane] 98 0.98
[2-methylpentane] 30 0.30
[3-methylpentane] 25 0.25
[22-dimethylbutane] 46 0.46

[23-dimethylbutane] 34 0.34
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Changing the topology can invert the selectivity from favoring linear to
favoring branched isomers

Graphene Ivtb_L 12 nbob_L_12 rhrb_L 12 Ivtb L 12 nbob_L 12 rhrb_L 12
[C1] -10.8 -11.1 -18.2 -7.8 [C1] -0.2 -7.4 3.0
[C2] -17.1 -16.3 -29.8 -15.5 [C2] 0.8 -12.7 1.6
[C3] -20.9 -20.0 -37.9 -22.0 [C3] 1.0 -16.9 -11
[c4] -23.4 21.4 -45.3 -23.5 [c4] 2.0 -21.9 -0.1
[isobutane] -22.2 -22.3 -16.5 -27.0 [isobutane] -0.1 5.6 -4.8
[C5] -26.9 -23.4 -52.4 -24.2 [C5] 3.4 -25.5 2.6
[2-methylbutane] -24.7 -24.9 -18.1 -28.9 [2-methylbutane] -0.2 6.5 -4.3
[neopentane] -16.7 -21.8 -12.6 -27.5 [neopentane] -5.1 4.1 -10.8
[C6] -30.2 -25.5 -60.0 -24.3 [c6] 4.7 -29.8 6.0
[2-methylpentane] -29.9 -27.7 -25.1 -29.5 [2-methylpentane] 2.1 4.7 0.4
[3-methylpentane] -27.7 -27.8 -20.9 -30.4 [3-methylpentane] -0.2 6.8 -2.8
[22-dimethylbutane]  -20.8 -27.1 -14.9 -32.7 [22-dimethylbutane] -6.3 6.0 -11.8
[23-dimethylbutane] ~ -242  -26.8 149 -317 [23-dimethylbutane] ~ -2.6 |93 | -7.5

RED: stronger than graphene
BLUE: weaker than graphene
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Changing the topology can invert the selectivity from favoring
linear to favoring branched isomers

Graphene Ivtb_L 12 nbob_L_12 rhrb_L_12

[C1] 0.0 0.0 0.0 0.0
[C2] 6.3 5.2 11.6 7.6
[C3] 10.1 8.9 19.6 14.2
[C4] 0.0 0.0 0.0 0.0
[isobutane] 1.2 -0.9 28.7 -3.5
[C5] 0.0 0.0 0.0 0.0
[2-methylbutane] 2.2 -1.4 34.3 -4.7
[neopentane] 10.2 1.6f 398 -3.2
[C6] 0.0 0.0 0.0 0.0
[2-methylpentane] 0.3 -2.2 34.8 -5.2
|
[3-methylpentane] 2.5 2.3 39.1 -6.2

[22-dimethylbutane] 9.4 -1.6 -84
[23-dimethylbutane] 6.0 -1.3 -7.5
RED: more favored than linear alkane
BLUE: less favored than linear alkane
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