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This supporting information discusses the following:
1. Interaction models for H, with Li-doped and Li-alkoxide-functionalized IRMOF-8
2. Details of GCMC simulations

3. Reviews of simulated vs. experimental adsorption results for CH4 and H; in MOFs.

S1. Interaction Models for H, with Li-Doped and Li-Alkoxide-Functionalized Variants of
IRMOF-8

In section 5.3.2 of the main text, results are compared for simulations that use different model
choices for hydrogen adsorption in Li-doped and Li-alkoxide-functionalized MOFs. Details of
those simulations are provided here.

S1.1 H, Interactions with C, H, O, Zn, and H,

H, interactions with framework C, H, O (excluding O in the alkoxide groups), and Zn atoms
were calculated using Lennard-Jones potentials. Framework atom parameters were taken from
the DREIDING force field.! Lennard-Jones Parameters for H, were taken from empirical data

based on the second virial coefficient.” Each H, molecule was treated as a single sphere. Cross-

1 Present address: Department of Chemical and Biomolecular Engineering, Clemson University,
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term Hy/MOF parameters were obtained using the Lorentz-Berthelot mixing rules and are
provided in Table S1. H/H, interactions were also computed using a Lennard-Jones potential,
treating each H, molecule as a single sphere. All Lennard-Jones interactions were calculated out
to a cut-off distance of 12 A. This interaction model has been previously shown to reproduce

experimental isotherms in un-doped, unfunctionalized MOFs very well.’

Table S1. Lennard-Jones parameters used to describe Hy/H, and Hy/framework atom

interactions.
X om-x (A) em-x'kp (K)
/n 3.499 31.884
C 3.214 41.910
H 2.90 16.76
O 2.994 42.054
H, 2.958 36.700

S1.2 H, Interactions with Li and Li Alkoxide Groups

H, interactions with Li (doped MOFs) and Li alkoxide (functionalized MOFs) were calculated
using Morse (doped MOFs) and Morse plus Coulomb potentials (functionalized MOFs.) Morse
parameters were obtained from ab initio results (the parameterization procedures and final sets of
parameters are given below.) Both H nuclei in the H, molecule were treated as Morse sites in
these calculations. Partial charges in the alkoxide groups in functionalized MOFs were taken
from ab initio calculations. The full procedure for obtaining these charges is described in depth
in the Supporting Information by Getman et al.* For simulations on functionalized MOFs, partial
charges along the H, axis were taken from the Darkrim-Levesque model,” which places charges
of +0.468 at the H nuclei and a charge of —0.936 at the center of mass in order to simulate the

quadrupole. Coulomb interactions were only calculated for the H»/alkoxide O and Hy/alkoxide
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Li interactions. All other charge-quadrupole, quadrupole-quadrupole, and other Coulomb effects

were neglected in our simulations.

S1.3 Hy/Li and Hy/Li Alkoxide Morse Parameters

In this review, we calculated H, adsorption isotherms in Li-doped IRMOF-8 and Li-alkoxide-
functionalized IRMOF-8. We calculated isotherms in Li-doped IRMOF-8 using three different
sets of interaction parameters for Ho/Li. Two of these were developed in this work using two
different Li" site models and the other was taken from Deng ef al.® All force fields developed in
this work were parameterized by fitting a pair potential to the electronic binding energies for H,
adsorbed in a variety of configurations surrounding the Li" site,

AEbM ()= Eflee  (r)— Eflee— Ejfe (Eq. S1)

H,

where ‘Li"* broadly describes the model containing the open Li" site. AE”™ values for the first

set were calculated with MP2/6-311+G** between H, and a bare Li' cation and fit to a Morse

potential

aij[l_rij/ z ] _ 26[%' / 2][1—4.]./ ' J (Eq. S2)

Note that this Ho/Li" system has a net charge of +1 in the quantum calculations. However all

species were considered to be neutral in the pair potentials and GCMC calculations, i.e. the
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charge/quadropole interactions were implicitly incorporated into the Morse potential instead of

added as separate terms.

For the second parameter set, we used a similar procedure, this time using potential energies
calculated between H, and a Li'(CioHg) model at the same level of theory. Note that Li in this
system adopts a partial positive charge and C;oHg adopts the opposite charge, but the system as a
whole is charge neutral. Here we only developed parameters to describe the Hy/Li" interaction,
and H, interactions with all other atoms were simulated using the conventional force field

models described above.
The third parameter set was taken from Deng ef al.® All parameters are provided in Table S2.

We used two different interaction models to simulate H, adsorption in Li-alkoxide-
functionalized IRMOF-8. The first set we took directly from our previous work,* which fit
AE"™ between H, and Li alkoxide benzene models calculated at the MP2/6-311+G** level of

theory to a Morse + Coulomb potential

_ai'[roj_”z;'] n ql'q]'

. 3 ) Eq. S3
i if 47“0”1']' (Eq. S3)

The second set are Lennard-Jones parameters taken from Klontzas et al.” The Lennard-Jones

equation is
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_ Yy _ J
L el i (Eq. S4)
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All parameters are provided in Table S2.

Table S2. Interaction parameters for Hy/Li (doped MOFs) and H,/alkoxide O and Hy/alkoxide Li
(functionalized MOFs) developed using different methods.

Li-Doped IRMOF-8

Parameters X Interaction | ryx (A) Dy.x/kp anx (A Partial
from Equation (K) charge
This work, Li’ S2 2.017 1101.428 8.147 N/A
bare Li"
This work, Li’ S2 2.123 562.775 6.664 N/A
Li'(CjoHs)
Deng et al.’ Li’ S2 2.066 1361.751 6.684 N/A
Li Alkoxide-Functionalized IRMOF-8
Parameters X Interaction Fg-x Or Dy.x/kgor | apx (A'l) Partial
from Equation | omx (A) em-x'kep charge
K)
Getman et Li’ S3 2.271 226.993 2.086 +0.9
al®
O S3 4.550 11.992 1.074 -0.9
Klontzas et Li’ S4 1.80 1505.0 N/A N/A
al”
o S4 2.43 859.0 N/A N/A

S1.4 Force Field Parameterization Procedure

Our force field parameterization procedure is described in depth in the Supporting Information of

Ref.* The main points are summarized here.
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S1.4.1 H/Li"

Parameters for H, interactions with a bare Li" cation were obtained by fitting a Morse equation
(Eq. S2) to discrete energies calculated using the Gaussian 09° quantum chemical software. We
included two routes for H» to Li’, one where H, binds side on to Li" and one where it binds head
on. We allowed the H—H bond to relax in the calculations, but we held the H—Li" distance
fixed at each point. Calculations were performed at the MP2/6-311+G** level of theory using
the counterpoise method’ to offset errors due to basis set superposition. The final set of
parameters is given in Table S2. Force field energies are compared with ab initio energies in
Figure S1. The RMS difference between force field and ab initio energies is 3.29 kJ mol™ for all

configurations where the ab initio energies are less than 0.
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Figure S1. Interaction energies calculated with the Morse potential (Eq. S2, lines) compared
with energies calculated with MP2/6-311+G** (symbols) for H, interactions with a bare
Li"cation.

S1.4.2 Hy/Li*(CHg)~
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Parameters for H, interactions with the Li ion in Li'(C1oHg)~ were obtained by fitting a Morse +
Lennard-Jones potential to discrete energies calculated using the Gaussian 09° quantum chemical
software. The Morse and Lennard-Jones equations are given in Egs. S2 and S4, respectively. In
the quantum chemical calculations, the geometry of the Li"(CoHg)  group was held fixed at the
calculated optimum in the absence of Hy, the distance between the H, center of mass and Li" was
held fixed at each point, and the orientation of the H, molecule was held fixed with respect to
Li"(CioHs) . The H—H bond was allowed to relax. We attempted to sample the entire
interaction region surrounding Li’, moving H, from 5 to 1.5 A from Li" and exploring a variety
of “approach” routes (see Figure S2). Calculations were performed at the MP2/6-311+G** level
of theory using the counterpoise method”’ to offset errors due to basis set superposition. In these
calculations, H», Li, and C,oHg were all considered to be separate fragments.

In the Morse + Lennard-Jones potential, dispersion and repulsion interactions between
the H; center of mass and C and H were calculated with Lennard-Jones potentials, employing the
parameters in Table S1 (these parameters were held fixed). Dispersion and repulsion interactions
between each H nucleus and Li were calculated with a Morse potential. Morse parameters were

obtained by fitting the pairwise sum of all interactions,

q/force field — Zr{/.Morse + Zq/ Lennard-Jones (Eq. S5)
1
i J ’

where i is over the interactions between the H nuclei and Li, and j is over the interactions
between the H, center of mass and the atoms in the C;oHg fragment, to the ab initio energies
using a simulated annealing method.'® The final set of parameters, i.e. the set that minimizes the

root mean square difference between parameterized and ab initio energies, is given in Table S2.

S7



Force field energies are compared with ab initio energies in Figure S2. The RMS difference
between force field and ab initio energies is 1.40 kJ mol™ for all configurations where the ab

initio energies are less than 0.
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Figure S2. Interaction energies calculated with the Morse potential (Eq. S2, lines) compared with
energies calculated with MP2/6-311+G** (symbols) for H, interactions with Li'(CioHg) .
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S1.4.3 Hy/Li Alkoxide

The force field parameterization fitting procedure for this system is described in depth in the
Supporting Information of Ref.* The final set of parameters is given in Table S2. Force field
energies are compared with ab initio energies in Figure S3. The RMS difference between force
field and ab initio energies is 0.73 kJ mol™ for all configurations where the ab initio energies are

less than 0.
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Figure S3. Interaction energies calculated with the modified-Morse/Lennard-Jones plus
Coulomb potential described in Ref.* (lines) compared with energies calculated with MP2/6-
311+G** (circles) for H; interaction with Li alkoxide benzene. In addition to the approaches

shown here, we also sampled configurations with different H, configurations, such as “head on”
adsorption to Li, for a total of 225 quantum chemical energies. Reproduced with permission
from Getman ez al.* Copyright 2011 American Chemical Society.

S2 H, Adsorption Simulations

Classical simulations were performed with our in-house, multipurpose code RASPA.'" Positions

of framework atoms were taken from crystallography'2. Positions of Li (doped IRMOF-8) and
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Li alkoxide groups (functionalized IRMOF-8) are not available from crystallography. These
were taken from the ab initio calculations discussed above. The H, molecule was assumed to be
rigid with a bond length of 0.741 A. H,/framework atom interactions were using the potentials
and parameters described above. Hj adsorption isotherms were calculated using grand canonical
Monte Carlo (GCMC) simulations. In these simulations, 100,000 cycles were performed to
equilibrate the positions of H; in the systems, and an additional 60,000 cycles were performed to
compute ensemble averages. In each cycle, an average of N moves were performed, where N is
the number of molecules in the system (which fluctuates in GCMC). GCMC moves used were
translation, rotation, insertion, deletion, and reinsertion into a new position within the

framework.

The isosteric heats of adsorption were computed from the GCMC simulations using the

. 13
expression

Oy =RT- M (Eq. S6)
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S3 Comparison of Simulated and Experimental Isotherms for CHs and H, Adsorption in
MOFs

Table S3. Potential models used in GCMC simulations from the literature for CH4 adsorption in
MOFs and COFs and the agreement of the calculated isotherms with experiment

Literature MOFs PIax CH,4 model MOF model ED);?; ?V;gtrhe?::;::
Diiren et al."* igﬁgg:é 421(9)?35 spherical LJ" DREIDING 16 good
Gallo ﬁiﬂ??sman' IRMOF-1 égii spherical LJ" UFF 16 good
Garberoglio et al.'® HKUST-1 219§a1r( spherical LJ 1 le)]rEI[]J);E G 20 slightly +
refitted
Yang and Zhong®' IRMOF-1 421(9)§DK spherical LJ* portions of 16 good
ar OPLS-AA
refitted
Yang and Zhong® HKUST-1 21915) K spherical LJ* portions of 20 good
ar OPLS-AA
Cu(SiFe)(bpy). 298 K refitted
Wang™* Cu(GeFg)(bpy), 35 bar spherical LJ* portions of 24-26 good
CPL-2 OPLS-AA
298 K CH,-MOF FFs
Lan et al.”® COF-102 100 spherical L' fmml\fl’,z‘m“o % slightly +
bar calculations
298 K CH4-CH4 FFs  CH4-MOF FFs
Mendoza-Cortes et COF-5 from ab initio  from ab initio 27
al? COF-8 LOO MP2 MP2 good
ar calculations calculations

“+: simulations overestimated experiments
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Table S4. Potential models used in GCMC simulations from the literature for H, adsorption in

MOFs and the agreement of the calculated isotherms with experiment

H, model®
. T + Quantum Expt Agreement
Literature MOFs P ax diffraction MOF model Data with expt.©
effect”
28 IRMOF-I 77 K . 29 12 - (IOW P)
Frost et al. IRMOF-8 1 bar spherical LJ DREIDING + (high P)
IRMOF-18 Z7baKr spherical LJ* DREIDING 12 +
30 298 K . 29 DREIDING 31-33 good (lOW P)
Frost et al. IRMOF-1 120 bar spherical LJ +UFF(Cu) — (high P)
298 K . 2 DREIDING 3 good (low P)
HKUST-1 120 bar spherical LJ +UFF(Cu) — (high P)
77K
Ryan et al.’ IRMOF-1 298K  spherical LJ* DREIDING 3 good
120 bar
Gallo and IRMOF-1 298 K
Glossman- IRMOF-11  80~100  spherical LJ UFF 3 good
Mitnik "’ MOF-74 bar
Yang and IRMOF-1 77K . refitted portions 12
Zhong™® IRMOF-18  Ibar  WOSICL 7 roprsaa good
37 IRMOF-1 77K . 36 refitted portions 12,38
Jung et al. IRMOF-18 1 bar two-site LJ of UFF good
Jungetal®  IRMOF-9 Z7baKr two-site-L)®  modified UFFY7 % "
77K . 36 . 37 12
IRMOF-11 1 bar two-site-LJ modified UFF good
IRMOF-13 Z7baKr two-site-LJ**  modified UFF"’ 40 slightly —
Sagaraetal 4l  IRMOF-1 ﬁ)alj mo;iiltfg e(c}l)tllj)ree- modified UFF 12 +
IRMOF-1 ggii three- site UFF e -
. Refitted
Yang a£14d MOF-505 77K three- site ortions of » ood
Zhong 1 bar (DL) b £
OPLS-AA
Gaberoglio et Manganese 78 K three- site UFF or 46 _
al.'® formate 1 bar (DLY’ DREIDING
Gaberoglio et ppyop. 7K sherel LTy © good
spherical LJ
(Buch)*’ UFF 12 good
+ PIMC
th?]:)ell )sslte UFF 12 n
Gabe:loiggho et IRMOF-8 Z7balj sp(l}13elrllccha)l4;J UFF 12 — (low P)
spherical LJ UFF 12 — (low P)
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(Buch)*’

+ PIMC

Gabe:f igglio et IRMOF-1 ggii sp(l}13elrliccha)l4;J UFF 42 _
th?]:)ell )ssite UFF ) _

RVIVICIY I A SP(IgiiC%IMLJ UFF » -

Liuetal#8  HKUST-1 5707]; SP(Iglrlic‘La)lMLJ UFF 4 s_ligﬁgypz
(high P)

Pt AT )

(high P)

HKUST-I 5%71:; (Epli:iifgiLFL UFE " B

HKUST-1 éggg Sp(lgiic‘ﬁluL ! UFF . Séllihsﬂli)_
50 bar . gooq (298 K)

o P00 TE el s
(Epie;)iffiLFL DREIDING 4" good

Zn(biz)(ted) ggii Sp(lgfc‘ﬁlnu UFF 4 slightly +
Sp(lgfc‘ila)lnu DREIDING 4" good

s mor K SR o andonr

“Three-site model: three point charges with single LJ core

°FH: Feynman-Hibbs effective potential method’'; PIMC: Path Integral Monte Carlo method*?; if nothing

is indicated, the simulations did not account for quantum diffraction effects

‘+: simulations overestimated experiments; — : simulations underestimated experiments
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