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Metal-organic frameworks (MOFs) have great potential as materials for gas storage and
separations. A common design approach is to tune functional groups in the MOF structures to
optimize for relevant properties such as gas uptake and diffusion. These properties can be predicted
from molecular simulations, where many studies assume a rigid framework. In this work, we
describe an ‘uncertainty’ associated with this rigid framework assumption by quantifying the
influence of linker rotation. We show that rotating linkers can impact methane diffusion more than
tuning functional groups. Linker rotation affects methane uptake to a lesser extent. Our study also
uncovers the key geometric features of void volume fraction and minimum pore diameter as the
‘knobs’ controlling methane uptake and diffusion, respectively. These findings serve as promising
avenues for the design of MOF structures to optimize for gas storage and separations.
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ABSTRACT: The flexible degrees of freedom in metal-organic frameworks (MOFs) can have
significant effects on guest molecule behavior. However, in the majority of studies applying
molecular simulations to MOFs, the framework is assumed to be rigid in order to minimize
computational cost. Here we assess the significance of this assumption on a representative example
of methane uptake and diffusion in UiO-66. We introduce an open-source code to modify MOFs
through functionalization and linker rotation and we perform Grand Canonical Monte Carlo and
molecular dynamics simulations of methane in each of the functionalized and linker-rotated
derivatives of UiO-66. We find that linker rotation moderately influences methane uptake and
significantly influences methane diffusion. Our assessment provides ranges of property values that
serve as measures of uncertainty of these two properties associated with linker rotation. We further
determine that void volume fraction and minimum pore size are the features that govern methane
uptake and diffusion, respectively. These findings illustrate the impact of linker rotation on MOFs
and provide design principles to guide future investigations.
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1. Introduction.

Metal-organic frameworks (MOFs) are attractive materials with applications in gas
storage'”, catalysis!® !, and separations.'?!> There exist large and diverse databases of these
materials, both experimentally synthesized'® and hypothetical,!”-!'® which can be screened to
identify MOFs with ideal properties, typically with molecular simulation (e.g., to predict gas
adsorption or diffusivity). In the vast majority of prior studies using molecular simulation, the
MOF framework is assumed to be rigid to reduce computational cost and avoid defining force
fields with greater complexity. However, there are many modes of framework motion possible in
MOFs - breathing, swelling, and linker rotation, among others.?’ The dynamics of linker rotation
have been probed experimentally, both in empty MOFs and in the presence of guest molecules.?!-
25 Framework motion can influence guest molecule behavior, and the adsorbed guest molecules
can also affect framework motion and pore size,?> 26 27 including through ‘gate-opening’
mechanisms where linkers experience steric effects that lead to larger pores and framework
changes. MOF linker functionalization can alternately enhance or suppress linker dynamics,
depending on the functional group.?® All of these forms of motion can be altered further by
temperature, pressure, light, and mechanical forces.?!> 2 26 2933 In order to make accurate and
reliable computational predictions of properties such as gas adsorption and diffusivity in MOFs, it
is important to understand the influence of framework motion.

While MOF gas adsorption properties are most typically studied by holding the MOF
framework completely rigid, framework motion in MOFs has been studied using force fields with
terms that allow for framework movement. These flexible force field parameters allow framework
atoms to structurally adjust on-the-fly in response to changing gas pressure.!? 2% 27. 34-48 Flexible

force field parameters are available in the general Universal Force Field (UFF)* and Dreiding>®
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force fields, but they were developed without specificity to MOF environments.* 1. 52
Consequently, properties such as the diffusion coefficient obtained from these different flexible
force fields vary by an order of magnitude.®> 3> MOF-specific flexible parameters have been
derived and are more accurate, but to date only a few force fields using these parameters have been
constructed.’*3¢ Another method of handling flexibility is to collect an ensemble of empty
framework snapshots from highly accurate but computationally expensive simulations using ab
initio approaches,® followed by less expensive but longer-time simulations for each snapshot
where the framework is held rigid. This approach allows for a less computationally demanding
means of accessing the variation in channel environment, but it relies on the assumption that the
presence of guest molecules has a negligible impact on the dynamic configurations of the MOF,

which does not hold true for all MOFs.26: 27

These computational approaches to incorporate flexibility have shown that framework
motion can have strong effects on guest molecule properties,!® 3438 such as adsorption®*-#! and
diffusivity,?>27-42-48,57 in accordance with experiment.2%-47-38-65 Yang et al.#’ studied the diffusion
of methane in UiO-66 using flexible force fields and observed a significant improvement in
prediction over rigid force fields, although still lacking in quantitative and qualitative agreement
with experiment. Yang and Sholl?’ recently studied the impact of flexibility for combinations of a
diverse set of MOFs and gas guest molecules. They determined that the necessity of flexible
framework treatment is case dependent, and the rigid assumption can be valid for cases where
guest molecules are much smaller than channel pore sizes.?* 4> 44 Similarly, for gas adsorption,
flexibility has been shown to be important in some cases (CO, in MIL-53%) and less significant in
others (H, in IRMOF-197). Meza-Morales et al. identified the greater importance of one form of

flexibility, linker rotation, over cell deformation for CO, adsorption in rigid coordinated polymers

3
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by performing simulations in structures with manually adjusted linker angles and framework

volumes.%8

Given the complexity of how framework motion impacts guest molecule properties such
as uptake and diffusivity, it is useful to provide a quantitative assessment of the importance of each
of the modes of framework motion to guide future computational studies. In this work, we
investigate the consequence of the rigid framework assumption for linker rotation while all other
modes are held constant to systematically probe its influence on gas uptake and diffusion. We
apply our study to the representative case of methane in UiO-66 and its functionalized derivatives.
We first develop an open-source MOF functionalization and modification tool to computationally
functionalize and twist MOF linkers, and we apply this tool to construct structures covering the
full angular range of linker rotation in UiO-66 and its functionalized derivatives. Over this

variation of chemistry and orientation, we show that linker rotation moderately influences methane

uptake and significantly influences methane diffusivity. Our assessment provides a range of

uncertainty on methane diffusion/uptake properties in functionalized derivatives of UiO-66 caused

by linker rotation, in comparison to previous MOF studies that report properties for only a single

rotamer. We also assess the relative importance of geometric and chemical features in predicting

gas adsorption and diffusivity with the goal of uncovering the governing mechanisms of each of

these properties.

2. Methods.
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MOF Modification Tool. We used molSimplify® and developed further code extensions for
MOFs7% 7! to modify existing CIF files by adding functional groups to linkers and rotating linkers.
This code s freely  available in a public Github repository  at
https://github.com/hjkgrp/molSimplify. The functionalization module is capable of mono or di-
functionalizing all linkers in a MOF unit cell (e.g., six benzene-1,4-dicarboxylate, BDC, linkers
for Ui0-66) uniformly with functional groups of the same identity. The functionalization can only
presently be carried out at C—H bonds of sp? carbon atoms because functionalization of sp* carbon
atoms introduces ambiguities due to chirality. The functional group is selected from a pre-defined
set of functional groups for which we have carried out gas-phase geometry optimizations that we

use to determine and store angles and bond distances in a lookup table (Supporting Information

Table S1).

We now summarize the procedure for adding functional groups to existing structures and
generating new CIF files (Figure 1). First, we separate a MOF into its constituent inorganic
secondary building units (SBUs) and linkers.”® 7! Upon identifying all linkers, the code identifies
sp? carbon atoms to functionalize. For a chosen sp? carbon atom, the code determines the plane of
the functionalization from the carbon atom and the two adjacent bonded atoms. The first atom of
the functional group, X (e.g., N in NHy), is then added to this plane with a C—X bond vector
composed of the sum of the two remaining sp? carbon bond vectors (Figure 1 and Supporting
Information Table S1). For each functional group, angles and bond distances from the look-up
table are used to define the placement of additional atoms (Supporting Information Table S1). If
the user wishes to add more than one functional group, they must provide a bond path length (i.e.,
on the molecular graph) between the first functionalized carbon atom and subsequent

functionalizable carbon atoms. The code identifies compatible carbon atoms satisfying the bond

5
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path length and carries out the functionalization until the total number of functionalizations
requested by the user is achieved. The linker functionalization procedure described above is
uniformly repeated across all linkers in the MOF cell. With this code, a user can functionalize a
MOF an arbitrary number of times without knowing the atom indices of the functionalizable atoms
a priori. The functional groups are then added to the cell in fractional coordinates, and a .CIF file

1s written for the functionalized version of the MOF.

4 identify plane containing N /  add X (X = N) atom at

N\ — - \ sp?carbons specified bond length (BL)
split MOF Identty sp?
: : carbons via N\ N
into pieces . o) = o -

) _ bonding ) \S < > : 0 >: O

N ° J 9 °
repeat rotate about C-X axis to add first atom tied to X atom
procedure if finish functional group at specified BL and angle
multiple repeat on all H H

func. groups linkers ) )
at specific O@O o) >: 0
path length o % o 5

path length=3

write
repeat
P functionalized

o E o procedure CIF
0 (0]

Figure 1. Flowchart for MOF functionalization procedure. After the code identifies the linkers,
sp? carbon atoms containing C—H bonds are identified. The plane of the functionalized carbon (red
circle) is identified, and the direction of the functionalization (blue vector) is identified by the two
adjacent carbons (red vectors). The first functional group atom (e.g., X = N in NH,) is then added
at a specific bond length according to a lookup table, followed by the addition of the next functional
group atom (i.e., H) at a specific bond length and angle. After placement of this atom, the partially
constructed functional group is rotated about the C—X axis (e.g., by 180°) for duplication that
completes the functional group. This procedure is first repeated on all linkers for uniform
functionalization, after which the CIF file is written for the functionalized MOF.

For functional groups not supported in the lookup table, the code supports user-provided

functional groups. In order to functionalize with an unsupported functional group, the user must
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add to the molSimplify code an XYZ file of geometry optimized BDC with the desired functional
group. The user also must specify in a Python file the functional group atom indices in the XYZ
file. The molSimplify code aligns the provided coordinates to the CIF file to be functionalized in

order to functionalize select carbon atoms and write a new functionalized CIF file.

The linker rotation module rotates linkers that contain carboxylate end groups with a well-
defined rotation axis (i.e., rotatable C—C bonds in the linker lie on a straight line). The code uses
molSimplify® to interpret the periodic molecular graph using the atomic coordinates of the CIF
file for each of the functionalized MOFs. From the connectivity information, the code identifies
the carboxyl group that is connected to the metal atom (i.e., Zr for UiO-66). Then, the rotation axis
is defined as the vector between two carbon atoms in two carboxyl groups of the linker (Supporting
Information Figure S2). Excluding the terminal carboxylate groups, the remaining atoms of the
linker that are not on the rotation axis are then rotated about this rotation axis. With this rotation
tool, a user can rotate all linkers of the MOF unit cell uniformly with any desired angles. For the
application in this work, the original structure of UiO-66 was obtained from the Cambridge
Structure Database (deposition number 88952972) and optimized using CRYSTAL-1473 with the
B3LYP7476 global-hybrid functional and POB-TZVP77- 78 basis set for all atoms. We anticipate the
influence on the final structure from approximations made for the optimization of the initial
structure are small relative to the subsequent linker rotation and functionalization procedure. All

generated structures are deposited in the Supporting Information.

Geometric features. We obtained geometric features of all functionalized derivatives of UiO-66
using Zeo++.7%80 Three different pore sizes, as defined by Zeo++, were calculated: the largest free

sphere (Dy), the largest included sphere (D;), and the largest included sphere along the free sphere
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path (Dj¢). D¢ is the diameter of the largest sphere that can pass through the MOF pore channel,
which represents the minimum pore diameter. D; is the diameter of the largest sphere that can fit
inside the channel. Djs is similar to D; but its definition requires it to lie along the free sphere path,
or a continuous path from one side of the unit cell to the other. D; and Djs are representative of the
size of largest pore inside the whole MOF and along the free sphere path, respectively. We also
obtained the void volume fraction (defined in Zeo++ as "volumetric pore volume"). Lastly, we
calculated the buried volume (% V)8! 82 of each functional group studied, which approximates

the space occupied by a given functional group.

Gas uptake simulations. We computed the uptake of methane in all generated framework structures
from Grand Canonical Monte Carlo (GCMC) simulations using the RASPA simulation package®>.
We measured the pure component uptake of methane at a high pressure of 65 bar, the standard
methane storage pressure,®* and a low pressure at 5.8 bar. For all simulations, we maintained a
temperature of 298 K and assumed a rigid framework. Gas—gas and framework—gas interactions
were represented by UFF# for framework atoms and the TraPPE?’ force field for guest molecules.
Lennard-Jones interactions were cut and shifted at 12.8 A. Cross interactions were obtained using
Lorentz—Berthelot combining rules®: 37, In order to avoid artifacts due to periodic boundary
effects, simulations were conducted on a supercell made up of a 3x3x3 replication of a single unit
cell to ensure that the cell lengths exceeded twice the interaction cutoffs. All GCMC simulations
consisted of 4,000 initialization cycles and then 6,000 equilibrium cycles. Uncertainties in uptake
values were estimated from the standard deviation from 5 block averages with a 95% confidence

interval.

Gas diffusion simulations. We performed molecular dynamics (MD) simulations in the canonical
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(NVT) ensemble using the LAMMPS software package®® to obtain self-diffusion coefficients of
methane in all generated frameworks. We used the LAMMPS interface> to convert framework
structures from CIF format to LAMMPS input format. All force field parameters were the same
as those of the GCMC simulations, and all framework atoms in the supercell were fixed. The
temperature of the gas was maintained at 298 K using a Nosé-Hoover thermostat?®- % with a
relaxation time of 0.1 ps. The simulations ran for 0.5 ns of equilibration time and 29.5 ns of

production time, using a timestep of 1 fs.

The self-diffusion coefficient was then calculated from the mean-squared displacement

(MSD) following the Einstein relation,

diffusion coefficient = hm
t—oo dt

- NZ (ri(®) = 7:(0) >

to

where N is the number of molecules, r; is the position of i-th molecule at time ¢, and (...)., is the
ensemble average over time origins t,. The Einstein relation is used only to calculate the diffusion
coefficient for systems where methane diffusion is Fickian, as defined by a regime where the MSD
is roughly linear in time. For systems where the MSD is not linear, no discrete diffusion coefficient
is obtained and the system is simply labeled as sub-diffusive. Each diffusion coefficient is obtained
from sampling over 14.75 ns time windows (Supporting Information Figures S4-S9). We tested
the convergence of diffusion coefficients to determine a sufficiently long total sampling time of
30 ns per independent simulation (Supporting Information Figure S3). Uncertainties in diffusion
coefficient were estimated from the standard deviation of three independent simulations with a

95% confidence interval.
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Due to the long 30 ns sampling necessary for each of the seven rotamers for every
functionalization, we limited the diffusion coefficient simulations to only five functional groups:
H (unfunctionalized BDC), OH, Cl, Br, and COOH. We studied the mono-functionalized
structures for each of these functional groups, along with the di-functionalized structure for the
OH functional group. For each functionalized derivative and rotamer, the number of methane
molecules loaded into the framework corresponded to the equilibrium uptake at the standard
methane storage pressure of 65 bar at 298 K obtained from the previously described GCMC

simulations.

3. Results and Discussion.

3a. Effects of Rotation and Functionalization on Pore Geometry.

We constructed a set of structures of UiO-66 functionalized derivatives and rotamers to
study how these variations in structure impact methane uptake and diffusion. In total, we studied
up to 13 functional groups for gas uptake, including H (i.e., the unfunctionalized case), Cl, Br, I,
F, CH;, CF3, NH,, NO,, OH, COOH, CN, and SH (Figure 2). This set was chosen to explore a
range of functional group sizes (i.e., to vary MOF pore size) and chemical characteristics. We
constructed UiO-66 structures with BDC linkers both mono-functionalized and di-functionalized
(para) with each functional group to further modulate pore size. For each functionalized UiO-66
derivative as well as the unfunctionalized case, we generated structures for seven linker rotamers
(0°, 30°, 60°, 90°, 120°, 150°, 180°) so that we could systematically assess the role of linker

rotation (Figure 2).

10
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UiO-66 BDC linker
O. el (0]

-~
0™

~"0 angle=0°

functional groups (X; Y=H or Y=X):
NH, OH CH, H F SH CI Br | COOH CF; CN NO,
donating withdrawing

Figure 2. Features of a UiO-66 MOF structure—Ilinker rotation angle, functional group identity,
and number of functional groups—studied to observe their effects on methane uptake and
diffusion. Red circles represent the UiO-66 secondary building unit (SBU). The angle of rotation
of the 1,4-benzenedicarboxylic acid (BDC) linker is with reference to a base configuration
(angle=0°) where the benzene is parallel to the carboxyl groups. All linkers are rotated
simultaneously by the same angle for each rotamer explored. The identity of the functional groups
studied span from electron donating to electron withdrawing. The number of functional groups on
each BDC linker is limited to at most 2, where di-functionalized derivatives are placed para to
each other.

While our study probes a full 180° range of BDC rotation, the probability of each rotamer
is unknown, and asymmetric rotations (i.e., where linkers are rotated asynchronously) are also not
considered. The UiO-66 structure from the experimental crystal structure where the benzene is
approximately parallel with the carboxyl groups, referred to as the unrotated (angle = 0°) rotamer
in our study, is assumed to be the state with the highest probability density. As there are no reports
of the energetics of each of the rotamers in the presence of methane loading, it would be useful to
estimate these energetics in future work to account for the relative probability of such states when
computing uptake and diffusion. Because we do not have a statistical distribution of each rotamer,
our analysis on the geometric features, uptake, and diffusion is only informative of the sensitivity
of each property of interest when the full range of symmetric linker rotation is explored. To avoid
a combinatorial explosion, asynchronous linker rotations were not considered, but including them

could lead to even larger predicted sensitivities if those rotations change the pore geometry even

11
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more. Inclusion of asynchronous linker rotations that could allow for more realistic linker
configurations will be considered in future work. Our study thus provides a range of uncertainty
on properties of the unrotated rotamer rather than a standard deviation or other more commonly

employed confidence metric.

For each of the Ui0-66 functional derivatives and rotamers generated, we also obtained a
set of geometric and chemical features to correlate to methane uptake and diffusion (Supporting
Information Figure S10). We would expect features that describe the pore geometry, such as Ds
and void volume fraction, to explain how changes in functional group and orientation of the linkers
alter methane uptake and diffusion. Both features were obtained for the full set of functionalized

derivatives in this study (Figure 3).

12
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Figure 3. Range of minimum pore size D¢ (in A) and void volume fraction (in cm3/cm?) features

obtained by Zeo++. The span of both features is obtained by sampling the angular rotamers of the
BDC linker in all 13 (mono- and di-functionalized) functional group derivatives of UiO-66. Circles
correspond to D¢ and void volume fraction of structures with unrotated linkers, and whiskers
indicate maximum and minimum values. The functional groups are ordered on the x-axis left to
right by increasing values for mono-functionalized structures with unrotated linkers of Dfand void
volume fraction in the top and bottom plots, respectively.

The range in Dy due to linker rotation is 1-2 A for the mono-functionalized derivatives and
up to 3 A for di-functionalized derivatives, which is quite significant given that the channel width
of the unfunctionalized structure is around 4 A. Smaller pore sizes in the di-functionalized
derivatives are expected due to the more crowded channel environments caused by the added

functional groups. This results in a larger overall range of pore sizes when the linker is rotated in

the di-functionalized case. The void volume fraction is also smaller for the more crowded di-

13
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functionalized derivatives, but it varies strongly for larger functional groups (~20% for di-
functionalized CF3) and minimally for smaller functional groups (<5 % for 1- or di-functionalized

F).

The unrotated (angle = 0°) rotamer is the configuration that has been most commonly

studied for gas properties in UiO-66 in previous work. For the mono-functionalized derivatives,

the unrotated linker leads to a pore near the upper limit of possible pore sizes, and most rotations

only make the pore smaller. For di-functionalized derivatives, the unrotated linker generally leads

to a pore in the middle of the possible pore size range, hence linker rotation can result in either

increases or decreases in pore size. As for void volume fraction, the unrotated rotamer is often on

the low end of the range for several of the mono- and di-functionalized derivatives, but in other

cases it resides in the middle. Therefore, void volume fraction can similarly increase or decrease

upon rotation away from an angle of 0°, although to a lesser degree.

3b. Effects of Number of Functional Groups on Methane Uptake and Diffusion.

We next assess the impact of the number of functional groups on BDC linkers for each

functional group species on methane uptake and diffusion. Moving from unfunctionalized to the

mono-functionalized and di-functionalized OH-derivatives of UiO-66 decreases the uptake due to

14
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decreased void volume by ~2 mol/kg (Figure 4). The uptake decreases by a similar amount across

all rotamers. A similar trend is observed for methane diffusion: additional functional groups lead

to more crowded pore channels, which create steric barriers that impede methane molecules and

reduce molecular transport. The number of rotamers showing Fickian diffusion (i.e., an MSD that

varies linearly in time) drops from five (of seven total rotamers) for the unfunctionalized structure

to two for the di-functionalized derivatives (Figure 4 and Supporting Information Figures S4-S6).

The only two cases where Fickian diffusion persists also have the two largest Dy values. While

methane uptake varies by only a moderate amount (~2 mol/kg) over the range of all rotamers,

methane diffusivity spans from the Fickian diffusive regime (largest diffusion coefficient ~2x10

cm?/s) to sub-diffusive over the same range of linker rotation angles. This large span of diffusion

coefficients persists for the unfunctionalized, mono-functionalized, and even di-functionalized

derivatives. This observation suggests that there exists some uncertainty in the methane diffusion

coefficient due to the unknown degree of linker rotation in the presence of the diffusing gas; this

uncertainty is not considered in previous work that used a rigid framework assumption.

15
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Figure 4. (a.) Methane uptake (in mol/kg) and (b.) diffusion coefficient (in cm?/s) at 298 K and 65
bar in UiO-66 functionalized with 0 (1-H), 1 (1-OH), or 2 (2-OH) functional groups, representing
progressively larger sizes of functionalization. The OH group is chosen as a representative
functional group, and the 1-H functional group is the unfunctionalized UiO-66. Error bars are
obtained from the standard deviation from 5 block averages for uptake and 3 independent
simulations for diffusion coefficient, both with a 95% confidence interval. Filled circles in (b.)
indicate diffusion in the sub-diffusive regime. No discrete diffusion coefficients are calculated for
this regime. Methane diffusion for the 90° rotamer is not shown since it displays sub-diffusive
behavior for all 3 degrees of functionalization.

3c. Effects of Functional Group Identity on Methane Uptake and Diffusion.

16
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We now extend our investigation of the roles of linker rotation in methane uptake and

diffusion to additional functional groups: 13 functional groups for uptake, and five functional

groups for diffusion coefficient (see Methods). These simulations were performed for each UiO-

66 functionalized derivative for all seven rotamers, each with three independent simulations to

obtain statistical uncertainties.

We quantify the span of methane uptake and diffusion over all linker rotation angles for

each set of functionalized UiO-66 derivatives and compare to our observations for the OH case.

For methane uptake, the span of < 2 mol/kg shown for OH-functionalized UiO-66 is consistent

with the unfunctionalized case and all additional 11 functional groups studied in both the 1- and

di-functionalized derivatives (Figure 5). The di-functionalized structures generally correspond to

methane uptakes ~1 mol/kg lower than those of the mono-functionalized structures due to

decreased available void space in the presence of an additional functional group. For methane

diffusion, the rotamers span the range from the Fickian regime to sub-diffusive for all three

additional functional groups studied, consistent with observations in the OH-functionalized case

(Figure 6 and Supporting Information Figures S5-S9). Nevertheless, the upper limit of diffusion

coefficients changes for each functional group, where the unfunctionalized structure (i.e., H)

17
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accesses the largest methane diffusivities and the largest functional group, COOH, is limited to

lower diffusivities (Supporting Information Figures S4 and S7).

The rank order of functional groups with methane uptake is largely unchanged when taking

into account properties obtained with the same, consistent linker rotation across functional groups.

Nevertheless, the variation due to rotation within a single functional group is comparable to the

variation arising from changing functional group identity. Thus, the span of uptakes for many of

the functional groups overlap strongly, suggesting that if we take into account the possibility that

different functional groups could alter linker orientation preferences, then the influence of

functional group on methane uptake is uncertain. Even more significant differences with linker

rotation are observed for methane diffusion, where the order of functional groups based on

corresponding methane diffusion coefficients can vary significantly when considering small,

consistent changes caused by linker rotation. For example, if a rigid framework assumption were

made using the unrotated linker rotamer, the OH functionalized derivative would exhibit the

largest methane diffusivity of the four functionalized derivatives studied. However, this could be

far exceeded by the diffusion coefficient of methane in Br and CI functionalized derivatives at

modest degrees of linker rotation.

18
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Figure 5. Range of methane uptake (in mol/kg) at 298 K and 65 bar in UiO-66 with mono- and
di-functionalized BDC linkers. 13 different functional groups were studied. Circles represent the
uptakes of methane in structures with unrotated linkers and whiskers indicate maximum and
minimum values. The functional groups are ordered on the x-axis by increasing uptake of
corresponding mono-functionalized structures with unrotated linkers from left to right.
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Figure 6. Range of methane diffusion coefficients (in cm?/s) at 298 K and 65 bar in UiO-66 with
mono-functionalized BDC linkers. 5 different functional groups were studied. Circles represent
diffusion coefficients of methane in structures with unrotated linkers, and whiskers indicate
maximum and minimum values. The minimum values for all functional groups studied are in the
sub-diffusive regime as indicated by the dotted lines. No discrete diffusion coefficient is obtained
for this regime. The functional groups are ordered on the x-axis by increasing diffusion coefficient
of corresponding mono-functionalized structures with unrotated linkers from left to right.

3d. Correlating Descriptors to Methane Uptake and Diffusion.
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To identify important features which govern methane uptake and diffusion, we obtained
Pearson’s correlation coefficients between each of these properties and a set of geometric and
chemical features computed for the UiO-66 derivatives (Table 1, Supporting Information Figures
S10-S11). The geometric features include the void volume fraction, the minimum pore diameter
Dy, the maximum pore diameter D;, the maximum pore diameter which lies along a connected path
through the structure Djg, and the buried volume (%Vy,). The chemical features include the
difference in electronegativity between the two most distant atoms from the BDC ring (Ay) and
the Lennard-Jones parameter (€) of the functional group atom with the highest bond path from the
terminal BDC carbon. The ¢ value defines the well depth of the Lennard-Jones potential which is
characteristic of the strength of interaction between the functional group and methane molecules.
However, one limitation of this descriptor is that all elements of the same type are the same
regardless of local bonding environment, and so it does not distinguish polar and non-polar
hydrogen atoms. Therefore, we note that the chemical features used in this work can only provide
a coarse view of the influence on methane uptake and diffusion. Future studies will incorporate
density functional theory based chemical descriptors to represent the functional groups in order to

provide more insight into the role of chemical features.

Table 1. Pearson’s correlation coefficient of various geometric and chemical features to methane
uptake and diffusion at 298K and 65 bar.

void volume Df Dif Di e AX %Vbur
fraction
Methane uptake! 0.81 0.29 0.45 0.45 0.54 0.17 0.59
Methane diffusion? 0.48 0.63 0.30 0.31 0.11 0.31 0.45

IThe correlation analysis for methane uptake is performed on all 13 functionalized derivatives (mono- and
di-functionalized) with 7 rotamers each. The analysis for methane diffusion is performed on 5 mono-
functionalized derivatives with 7 rotamers each.
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The geometric feature with the largest correlation with methane uptake was found to be the
void volume fraction where larger void volumes allow for more methane molecules to occupy the
pores. This trend is observed at both high (65 bar) and low (5.8 bar) pressure, although the
correlation is weaker at low pressure (Supporting Information Figure S11). For methane diffusion,
the most correlated geometric feature was the minimum pore size, Dy, which is representative of
the narrow gates between octahedral and tetrahedral cages and modulates whether or not molecules
freely move from cage to cage. Consistent with our observation of the sometimes limited role of
functional group identity, chemical features did not show particularly strong correlation with
methane uptake or diffusion. Nevertheless, of the two properties considered, the most relevant
feature was the Lennard-Jones parameter €. Future work on a larger set of MOFs and functional
groups could compute (i.e., from first-principles with density functional theory) or tabulate
additional chemical descriptors in search of quantities that correlate more strongly with uptake or
diffusion characteristics. For the purpose of this work, we proceeded with our evaluation using Dy

and void volume fraction as the geometric features and € as the chemical feature.

We assessed the relationship between void volume fraction with methane uptake (Figure
7). The trend of higher uptake with larger void volume fraction is particularly pronounced in the
case of the di-functionalized derivatives, where uptakes above 5 mol/kg are only observed for large
void fractions (~0.4), and uptakes below 3 mol/kg are observed for smaller (~0.2) void fractions,
indicating that very small void fractions will lead to low uptake. The Lennard-Jones parameter, €,
on the other hand shows no significant correlation with methane uptake. A similar but weaker
trend is observed at low pressures, where for di-functionalized derivatives neither void volume

fraction nor € shows clear correlation with methane uptake (Supporting Information Figure S12).
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We conclude that the pore void volume fraction is the primary feature in governing methane

uptake.
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Figure 7. Methane uptake (in mol/kg) at 298 K and 65 bar, labeled by color of the symbols shown,
in mono- and di-functionalized derivatives of UiO-66 as a function of two features: void volume
fraction in cm3/cm? (y-axis) and the Lennard-Jones potential well depth parameter ¢ (x-axis) of the
functional group atom with the highest bond path from the terminal BDC carbon. The functional
groups on the x-axis are ordered by decreasing € from left to right, and functional groups that have
the same ¢ are given the same x-axis position.

For diffusion, the minimum pore size D¢, which varies mostly due to linker rotation, is the
dominant feature in comparison to chemical interaction represented by the € value (Figure 8). This

result is expected because methane has very weak interactions with the framework. This is also
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consistent with the recent experimental work of Kurihara et al.,?* where a similar conclusion was
reached for CO, in CID-Me and it was determined that the rate of diffusion has more to do with
the molecular diameter of adsorbate relative to pore size rather than host—guest interaction
strength. As for the significance of the minimum pore size Dy, steric effects and "crowdedness" of
pore channels play a strong role in the ability of methane molecules to travel between UiO-66 pore
cages. Furthermore, methane diffusion undergoes a sharp transition from the sub-diffusive regime

to the Fickian diffusive regime at D¢ ~4 A (i.e., the only points with diffusion coefficients above

1x10-5 cm?/s have Dy of 4.0 A or larger in Figure 8, see also Supporting Information Figures S5-

S9). This "critical pore size" is close to the size of the methane molecule (here, methane's Lennard
Jones parameter, o, is 3.73 A, as defined by the TraPPE force field). Generalizing this result to
other MOF and molecule pairs, we conclude that to achieve diffusion in the Fickian regime, the
size of the MOF pore should be at minimum the size of the guest molecule. This observation is
also consistent with several other studies that suggest the incorporation of framework flexibility in
simulations is only necessary for systems where the guest molecule is similar or larger in size

compared to the pore size.?* 43,44
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Figure 8. (a.) Methane diffusion coefficient (in cm?/s) at 298 K and 65 bar, labeled by color of the
symbols shown, in mono-functionalized derivatives of UiO-66 as a function of two features —
minimum pore size Dy in A (y-axis) and the Lennard-Jones potential well depth parameter & (x-
axis) of the functional group atom with the highest bond path from the terminal BDC carbon. The
functional groups on the x-axis are ordered by decreasing €, where functional groups that have the
same ¢ are given the same x-axis position. Rotamers that result in sub-diffusive methane are
represented by the darkest shade of red on the color scale. The dashed gray line represents a
‘critical’ pore size of ~4 A where the diffusion coefficient of methane changes from 0 to >1x10-5
cm?/s, characterizing a transition from the sub-diffusive regime to Fickian diffusive regime. (b.)

MSD (A2) of methane over lag time t (ps) in two example UiO-66 derivatives. The first is the

unfunctionalized (1-H) unrotated rotamer with Dy = 4.0 A (equal than the critical pore size) and
allows for methane diffusion in the Fickian regime (black dotted line slope representative of
Fickian diffusive regime). The second is the unfunctionalized (1-H) 90° rotamer with a Dy=3.5 A

(below the critical pore size) and results in sub-diffusive methane. Lines represent the average of

3 independent 30 ns trajectories.

4. Conclusions.
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Molecular simulation represents an efficient approach to screen large databases of MOFs
for properties relevant for gas transport and storage. In most prior simulation studies, MOF
frameworks have been assumed to be rigid to minimize computational cost, neglecting the multiple
modes of framework motion such as linker rotation, breathing, and swelling. These modes of
motion are highly coupled with guest molecule uptake and functionalization of MOF linkers,
among many other variables. It is therefore useful to isolate each mode separately to study its
influence on relevant properties of gas uptake and diffusion.

We systematically assessed the influence of linker rotation in a representative case of
methane uptake and diffusion in functionalized derivatives of UiO-66. We first developed an open-
source code to add functional groups to BDC linkers in UiO-66 as well as to modify linker rotation
angles. Using this code, we constructed a set of UiO-66 derivatives spanning 13 different
functional groups and 7 different rotation angles covering the full 180° possible range. We found
that linker rotation significantly influences the void volume and pore size in the MOF channel,
which in turn impacts methane uptake and diffusion, respectively. The most influential feature
impacting uptake is the void volume fraction, which corresponds to the amount of void space
available for methane guest molecules to occupy. For methane diffusion, the most informative
feature was determined to be the minimum pore size, which is representative of "gates" between
tetrahedral and octahedral cages in UiO-66 and controls whether guest molecules can traverse
between the cages. In our study, we observed gate-opening/closing by rotating linkers to uncover
a "critical pore size" of ~4 A where diffusion switches from the Fickian regime to sub-diffusive.
Chemical features of functional groups studied in this work, on the other hand, had limited
apparent correlation with either methane uptake or diffusion. It should be noted that these

observations for methane, a gas that interacts weakly with the surrounding framework, may not
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hold for molecules with stronger chemical interactions. Future studies with more complex
molecules such as CO, and H,O will provide a broader perspective on influence of geometric and
chemical features in uptake and diffusion in MOFs. Furthermore, the incorporation of flexibility,
whether through flexible force fields or quantum chemical methods, to better represent linker
motion and kinetics would be of interest in future investigations. Our present study characterizes
ranges for the degree of possible influence of linker rotation on methane uptake and diffusion in
UiO-66. Whereas previous MOF studies report these properties at a single rotamer, we show that
there can be significant variation when assessing the full degree of possible linker orientations.
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