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ABSTRACT: Knowledge about the interactions between gas
molecules and adsorption sites is essential to customize metal-
organic frameworks (MOFs) as adsorbents. The dynamic
interactions occurring during adsorption/desorption working
cycles with several states are especially complicated. Even so,
the gas dynamics based upon experimental observations and
the distribution of guest molecules under various conditions in
MOFs have not been extensively studied yet. In this work, a
direct time-resolved diffraction structure envelope (TRDSE)
method using sequential measurements by in situ synchrotron
powder X-ray diffraction has been developed to monitor
several gas dynamic processes taking place in MOFs: infusion,
desorption, and gas redistribution upon temperature change.

The electron density maps indicate that gas molecules prefer to redistribute over heterogeneous types of sites rather than to
exclusively occupy the primary binding sites. We found that the gas molecules are entropically driven from open metal sites to
larger neighboring spaces during the gas infusion period, matching the localized-to-mobile mechanism. In addition, the
partitioning ratio of molecules adsorbed at each site varies with different temperatures, as opposed to an invariant distribution
mode. Equally important, the gas adsorption in MOFs is intensely influenced by the gas—gas interactions, which might induce
more molecules to be accommodated in an orderly compact arrangement. This sequential TRDSE method is generally applicable
to most crystalline adsorbents, yielding information on distribution ratios of adsorbates at each type of site.

B INTRODUCTION

Metal—organic frameworks (MOFs), a family of advanced
porous materials, have been considered a promising candidate
for CO, capture and CH, storage." Superior in porosity and
customizability to the conventional zeolite materials, desired
architectures of MOFs can be easily tailored by elegant choice
of metal clusters and organic linkers.” Accordingly, perceiving
which structural characteristics contribute to high gas uptake is
of critical importance in the design of materials with better
adsorption capacity.> There have been several endeavors to
develop this fundamental knowledge: density functional theory
(DFT),* molecular simulations,”> and powder neutron dif-
fraction experiments.”®” Unfortunately, some discrepancies
were found among these reports, arising from different
methods or force fields adopted in computational simulations.
On the other hand, neutron diffraction successfully identified
the precise adsorption sites in several classical MOFs, yet most
diffraction experiments were done below CH, condensation
temperatures (111 K),*~° which might not reflect real gas
behaviors under practical conditions.

Granted that some mechanisms are proposed accurately in
certain MOF systems, in practice, MOFs do not simply sit in
these static and monotonous situations.® MOFs can be
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potentially used under a wide range of environments, such as
in the flues of power plants and cold chambers of NGV cylinder
tanks (natural gas vehicle)."® Even a specific system might
undergo several state shifts in one working cycle so it is possible
that structural features can be beneficial for one stage but
harmful in another stage. Moreover, MOF regeneration
requires a process of pressure and/or temperature change to
desorb gases. How the gas kinetic behaviors facilitate a fast and
complete thermodynamic equilibrium of adsorption/desorption
remains an unexplored field, even though understanding gas
dynamics in MOFs may allow significantly more effective
design.®

In an attempt to overcome the drawbacks of the investigation
methods mentioned above, chronological differential electron
density (DED) maps were three-dimensionally visualized for
the positional evolution of guest molecules under reasonable
ambient conditions. This structure envelope concept has been
applied in identifying the guest molecules in crystalline
adsorbents,” distinguishing the positively and negatively
charged ions,'° separating interpenetrated MOF networks,"*
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and detecting diffusion of indicator molecules.'” In this Article,
we particularly focused on elucidating the time- and temper-
ature-dependence of gas dynamics in MOFs. Synchrotron-
based X-ray measurements were necessarily employed due to
the insufficient resolution of regular diffractometers. For this
time-resolved diffraction structure envelope (TRDSE) method,
we took sequential X-ray exposures on a crystal under specific
gas atmospheres, recording a series of powder patterns as a
function of gas-loading time and temperatures. It can be seen
that the intensity of certain (hkl) reflections was increased or
decreased due to electron scattering from these gas molecules
adsorbed on the corresponding (hkl) planes. Intersections of
several (hkl) planes are correlated to structural features in the
unit cell of MOFs; hence, the preeminent adsorption sites were
identified. Combining this with an adequate statistical cutoff
level for the series of DED maps, different maps are objectively
compared.

Four gas dynamic processes were successfully observed via
DED interpretation (Figure 1), which is the first example of
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Figure 1. Four CH, dynamic processes taking place in MOFs were
observed in our work: (1) kinetic transition during the gas infusion
period, (2) desorption residues, (3) molecular redistribution upon
temperature change, and (4) gas—gas interactions at low temperature.
Process 1 is entropically driven, while processes 2 and 4 are
enthalpically driven. The molecular distribution over various energetic
sites on MOF surfaces is depicted in the dialogue boxes, which will be
explained below. The orientations of the triangles conceptually denote
the orientations of gas molecular arrangements. Similar work about
CO, behavior can be found in Supporting Information section 4.

experimental crystallographic measurement of gas migration.
Additionally, we explore a general consequence of thermody-
namics for the gas dynamics in MOFs. These measurements
reveal how the guest molecules conduct the redistribution over
the host framework surfaces to reach the minimum of free
energy. Our studies also show that the open metal sites and the
window openings emphasized in earlier efforts are not always so

. 144,
crucial.

b6be The entropic driving force, appropriate accessi-
bility, and the gas—gas interactions might be as or more
important than the binding sites with unscreened Coulomb

force or van der Waals force under certain conditions.

2920

B METHODOLOGY

Differential electron density (DED) maps are 3-D iso-surfaces, which
are constructed of the differences between two structure envelopes.
Building a structure envelope is a procedure to describe crystal
structures with hyperbolic surfaces."””"> These surfaces can be
mathematically expressed by a Fourier summation with structure
factor phases ¢, and the normalized structure factor amplitudes |E;
of a few selected reflections (hkl), which are given by'*

plx,9,2) = Z |E;l cos(2n(hx + ky + Iz) —
Ikl

Pi) )

where p(x,y,z) denotes the electron density distribution of the
structure envelope. Structure envelopes also divide a unit cell into
areas of rich and deficient electron density. In the MOF field, this
contrast surface characterizes the framework atoms as agpearmg on the
positive side and the pore spaces on the negative side.” Furthermore,
envelope surfaces assembled by Fourier series are derived as
fundamental invariants of structured matter.'"'* This means that if
the crystallographic symmetry and unit cell parameters remain
unchanged, the sheathing envelope will still be similar.

Accordingly, an observed porous crystal filled with various gas
molecules should have an envelope analogous to its reference model.
The difference between these two envelopes (pq, and p,s) comes
from the electron scattering of gas molecules, which is written as

p

gst k/{'ef

= Los ~ (2)
where k is the scaling factor defined as the quotient of maximum values
of pgps and py. The contouring of p, according to the DED map, will
constitute a 3-D distribution in the unit cell, visualizing the position of
the guest molecules.

In this work, the electron scattering of gas molecules in all examples
is only responsible for the amplitude changes of certain reflections, not
for phase switching. Note that the TRDSE method is only valid when
there is a negligible breathing effect'® or phase transition in the
framework on gas adsorption. Therefore, the structure factor phase
will be fixed for both p, and p,.; while the structure factor amplitudes
will be replaced with |Eu 1 for p. and IE for p.,. The
operational details will be described in the next section.

B EXPERIMENTAL SECTION

A. MOF Synthesis and Activation. Four MOF compounds,
HKUST-1, 17 pPCN- 12, 18 and PCN- 306/307 were chosen as
representatives for their exceptional CH, uptake and diverse structural
features of interest, such as open Cu(Il) sites, window pockets, cage
corners, and empty cages (Figure 2). All compounds were crystallized
according to the original procedures, followed by solvent exchange
with methanol and dichloromethane, and then vacuumed at 150 °C for
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Figure 2. Common structural features in MOFs: (a—d) Definition of
four adsorption sites for PCN-306, viewed along the c-axis (left) and a-
axis (right). The copper, oxygen, and carbon atoms are cyan, red, and
black, respectively. The hydrogen atoms are omitted for clarity. The
definition for HKUST-1 is given in Supporting Information Table
S3.1.
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10 h. These Cu-MOFs changed from blue to purple, exhibiting
successful solvent removal from the Cu, units. The activated crystals
were preserved in dichloromethane before diffraction experiments.

B. Experimental Setup and Data Collection. In situ
synchrotron-based powder diffraction experiments were performed
at the 17-BM beamline of the Advance Photon Source in Argonne
National Laboratory. The incident beam wavelength was 0.72959 A for
HKUST-1, 0.72808 A for PCN-12, and 0.72910 A for PCN-306/307,
respectively. The ground powderZ samples were packed in a polyimide
capillary, installed on a flow-cell, 0 and then activated at 423 K for an
hour to evacuate coordinated water molecules. An intensity-26 pattern
was collected at 295, 200, and 150 K under an atmosphere of He (as
reference and flush), CO,, and CH,. In each gas loading period,
patterns were recorded by sequential exposures at an interval of 30 s
taking 10—20 min to obtain data for a dynamic process (Figure 3a).

C. Amplitude Extraction. According to eq 1, the normalized
structure factor amplitudes |Ej| and the structure factor phases ¢y
are the two sets of data needed to construct the DED maps. The
intensity amplitude of measured PXRD patterns was extracted by Le
Bail refinement built in to the JANA2006 software.”* The refinement
steps were described as follows. Data recorded at 26 smaller than 2°
and larger than 16° were ignored.”> The pattern backgrounds were
modeled with 20-term Legendre polynomials, and the zero shift term
was corrected for experiments performed in transmission geometry
(Debye—Scherrer form). The refinement of unit cell parameters was
initially started from the axial length of the single crystal proposed in
the original publications.'” ™" The peak profiles were fitted with the
pseudo-Voigt function® (details in Supporting Information section
1.2).

The agreement of Le Bail fittings with the measured data was
evaluated by the residuals in final whole pattern decomposition plots
(Figure 3b), and by the R-factors shown in Supporting Information
Table S3.2. It can be seen that the final unit cell parameters do not
shift noticeably, denoting no phase transition or material deterioration
in the crystal. This is a prerequisite for the systems, which can be
analyzed with the TRDSE method.

D. Reflection Selection and Phase Determination. Taking
HKUST-1 (Fm3m) as an example, eight reflections, (111), (002),
(202), (113), (222), (004), (313), and (224), were chosen for fitting
surface generation in all gas-loaded crystals (Supporting Information
Table $3.3). For PCN-30X and PCN-12, 12 and 11 reflections were
selected as shown in Supporting Information Table $3.6/10/12.

The “threshold resolution” has to be calculated as the selection
criteria. For example, if the narrowest part of the structure is 5.7 A (the
width of the window openings), the threshold will be 26 of 7.3° that
the reflection selection has to go beyond. Note that these reflections
(hKI) have to be selected such that all directions in reciprocal space are
represented and that their indices should be lower to avoid serious
peak overlap'>** (details in Supporting Information sections 1.3 and
1.6).

This set of reflections needs to be checked for structure factor phase
changes during the investigated process. If the phases are switching,
the intensity of that peak will go to zero. In all four cases, no
reflections disappeared in the PXRD patterns (Supporting Information
Figure $3.2/9/13/15), suggesting the corresponding phases remain
the same. The phases were obtained from known MOF structures, for
which ideal structure factor phases, @, were calculated
(Supporting Information section 1.4)."

As a reliability inspection, it is necessary to overlap the generated
envelope with the known crystal model'® to confirm that no other
unreasonable experimental artifacts are introduced.

E. Difference of Electron Density. The resulting electron density
maps were reconstructed on unit cell grids using the inverse discrete
Fourier transform in the SUPERFLIP program.*® An INFLIP setup file
for SUPERFLIP was initialized by assigning the selected reflection set
containing ideal phases and the extracted squared amplitudes (format
in Supporting Information section 1.5). After the algorithm, a 3-D
matrix in XPLOR format representing the electron density, p(x,y,2), at
each grid point in real space was generated. The subtraction of two
density maps (Pops — kprf) and the visualization of the density
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Figure 3. Algorithm for the TRDSE method. (a) Top view of the in
situ synchrotron-based powder diffraction; (b) Le Bail refinement to
extract the intensity amplitudes; (c) structure envelope generation
using selected reflections; and (d) different o levels to describe the
DED maps.

difference (pgst) can be made using UCSF Chimera software.”® The
absolute value of p, in the unit of “electrons per A% can be obtained
by scaling with the electron density of the framework.>’

F. Contour Plots, & Levels, and Validity Tests. To track down
the gas adsorption sites by mapping the evolution of the electron
density, a consistent cutoff point for contouring different density maps
with varied measuring conditions was required. There is a statistical
description for the p(x,y,z) distribution to solve this problem: the
mean and the standard deviation (6) of p(x,,z) across the entire
mapping space. The relative density of every grid point presented in
p(xy,2) can be represented in ¢ units away from the mean.”® An
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appropriate contour level was anticipated to find the absent matter or
missing fragments from the reference model. In this case, the
fragments represent CH, or CO, molecules. For the system of
HKUST-1 and PCN-306/307, the cutoff level of DED maps (p,) was
contoured around 1.5¢ above zero (Figure 3d); for PCN-12, it was
1.7c.

Note that the termination errors usually occur on a center of
inversion, presenting spurious peaks in the pore environments. The
DED maps should be carefully examined to see if strong peaks shown
in pores come from the termination errors. The benchmarking
procedure not only provides a way to evaluate the validity of the DED
maps, but eliminates the spurious peaks in the pores as well.”

G. Error Sources and Potential Problems. DED mapping might
be meaningless without considering two major error sources.” One is
the Fourier truncation error caused by the limited number of the
selected reflections. This error can be decreased by using a greater
number of reflections. However, selecting those reflections within the
threshold angle is sufficient to construct a well-fitting envelope with an
acceptable error (Supporting Information section 1.6). Another source
of error is the structural transformations caused by the temperature/
pressure/atmosphere changes during the measurements. In this work,
the empty MOFs (in He atmosphere) at various temperatures were
adopted to be the reference envelope (p,), which is helpful to
minimize this second error.

On the other hand, inhomogeneous sampling might cause a
potential problem in the experiment processes. In our experimental
setup, a 0.3 mm round X-ray beam through the center of a capillary
with 0.8 mm inner diameter covers over 45% of the cross section area
(Supporting Information Figure S1.4). The measurement averages the
diffraction from thousands of microcrystallites, and the study on the
gas redistribution events is no exception. Apart from the problem with
sample inhomogeneity, many states of order/disorder and transport in
the material might be sampled simultaneously, resulting in peak width
broadening. The F?(hkl) difference integrated from the profile
function, instead of the intensity maximum difference, can take the
peak width change into account in the calculation. In this work, we can
see that the peak widths in the in situ PXRD patterns (Supporting
Information Figure $3.2/9/13/ 15) barely change after gas loading at
room temperature, suggesting the state change is trivial. Although the
peak width changes at low temperatures, using the maximum
difference is sufficient to obtain gas distribution profiles because the
change usually happens at the low intensity reflections. Other
inhomogeneity problems caused by thermal gradients were described
in Supporting Information section 1.7.

B RESULTS AND DISCUSSION

Experimental DED Mapping Results As Compared to
Literature and Simulation. Past research has shown that gas
molecules are located at up to eight distinct sites in MOF-5 and
HKUST-1.>"® For CH, storage in HKUST-1, the open Cu(1I)
sites and the window openings were proposed to be the
primary adsorption sites, while the center of the small
octahedral cages and the corner of lar§e cuboctahedral cages
were the secondary adsorption sites.” In our DED maps
(Figure 4, right), strong electron density is located in the small
octahedral cages at 295 K, at the window openings at 200 K,
and around the large cage corners at 150 K, respectively. This is
also found in the ensemble-averaged maps 9predicted by the
Monte Carlo simulation in Materials Studio® (Figure 4, left).

These consistent outcomes were also recognized in the noble
gas system, where the gas molecules could be considered CH,-
like particles.® Both the published literature and our
simulations confirm the validity of the TRDSE method. It is
worth mentioning that the open metal sites show adsorption of
CO, molecules at room temperature (Supporting Information
section 4). In the following sections, four gas dynamic
processes are graphically demonstrated. Infusion and desorp-
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Figure 4. Agreement between the computational (left) and
experimental (right) results of CH, adsorption at (a) 295 K, (b)
200 K, and (c) 150 K in HKUST-1.

tion as well as temperature evolution and gas rearrangement are
elucidated by the chronological DED maps, and possible
enthalpic and entropic rationalizations are discussed. Finally, a
comprehensive examination describes the minute differences
between a pair of analogues, PCN-306 and PCN-307. All of the
maps in this article were shown in yellow for the samples
measured at 295 K, green for 200 K, and blue for 150 K
Different perspectives of the four MOF structures and the
corresponding DED maps were drawn in the Supporting
Information for clarity.

1. Initial Adsorption in MOFs. Gas infusion into MOFs is
the most common process in all gas-related applications.
However, the gas kinetics in the initial CH, adsorption are still
unclear. To capture the instantaneous changes at the early
stage, the gas flow rate should be as slow as possible. Herein,
the CH, flow rate was regulated as approximately 0.4 mm?/s.
The studied objects, PCN-30X and PCN-12, have 3-fold
window openings, which will be the focus in this section.

Interpreted from the differences between the reference and
the CH,loaded crystals, a molecular transport path was
observed between the coordinately unsaturated metal units
and the window sites. In Figure 5 measured at 295 K, the CH,
molecules approached the open Cu sites along the c-axis at the
very beginning (Figure Sa), followed by the increasing CH,
population at the open Cu sites and in the window pockets
(Figure Sb). Successively, the major portion of CH, molecules
migrated®® from the open Cu sites to the window pockets
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(a) CH,@295K, 150sec

(b) CH,@295K, 330sec

(c) CH,@295K, 510sec

Figure S. DED snapshots illustrate the kinetic transition in the CH, adsorption process in PCN-306. The perspectives are viewed along the c-axis
(left) and g-axis (right). The CH, flow was introduced into the crystals, followed by sequential X-ray measurements after (a) 150 s, (b) 330 s, and
(c) 510 s, under controlled conditions of 295 K and 1 bar. Yellow clouds represent the most significant adsorption regions with contouring at 1.56.

Table 1. Summary of the Time-Dependent PXRD Experiments Performed on PCN-306 and PCN-12, Including the
Measurement Conditions, the Gas Loading Times, the Absolute Values of the Contour Levels, the Total Volumes and Surfaces
of the Electron Clouds Regions Shown in Figures S and 6, and the Relative Ratios of Electron Quantity®

compound conditions time (s) contour level

PCN-306 295 K, 1 bar 150 0.00146
330 0.00372
510 0.00390

150 K, 1 bar 120 0.000735

300 0.0110
540 0.0158

PCN-12 295 K, 1 bar 30 0.00173
150 0.00206
630 0.00282

“The contour level is 1.56 for PCN-306 and 1.76 for PCN-12.

volume (A3) surface (A?) surf/vol electron ratio
380.9 1005.2 2.6 0.56
1154.0 12194 1.1 4.29
817.6 920.7 1.1 3.18
196.7 777.2 4.0 0.14
571.2 754.8 13 6.28
753.2 1075.0 1.4 11.90
361.8 768.3 2.1 0.63
362.3 677.3 1.9 0.75
1221.0 1071.0 0.9 3.44

Figure 6. DED snapshots illustrate the kinetic transition of the CH, adsorption process in PCN-12. These are viewed along the c-axis (left) and a/b-
axis (right). The CH, flow was introduced into the crystals, followed by sequential X-ray measurements after (a) 30 s, (b) 150 s, and (c) 630 s, at

295 K and 1 bar.

(Figure Sc), completing a “kinetic transition”. This indicates
that the open metal sites perform as kinetic first attractors that
direct CH, molecules to thermodynamically stable adopters.*!
Also, the first docked molecule is a directing agent of
subsequent molecules, as it facilitates the sorption to spread
throughout the whole structure starting from the open metal
sites.®

This phenomenon of kinetic transition did not occur only at
room temperature; it also happened near the condensation
temperature of CH, (Supporting Information section 3.2.5). At
150 K, a small amount of CH, molecules were attracted to the
open Cu sites at the onset. In seconds, the incoming CH,
molecules navigated to the adjacent cages (Figure 2c) rather
than moving into the window pockets, reaching another
thermodynamically favored site. With continuous CH,
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addition, the large pores were gradually filled along the a-axis
of the crystal (Figure 11c). The temperature effect on the final
states of gas migration will be discussed in the section
describing gas redistribution with temperature change.
Although the CH, destinations at the two temperatures
(295/150 K) were different, both of the surface/volume ratios
of the observed CH, electron clouds decreased with loading
time (Table 1). This displays a visible tendency of surface
minimization upon CH, infusion. The parallel results of PCN-
307 can be found in Supporting Information section 3.3.5. To
the best of our knowledge, this is the first example of
experimental evidence of the kinetic transition of gas molecules
in MOFs.

To deeply study the kinetic transition from open Cu sites to
other structural spaces, further analysis was done on PCN-12.
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In addition to the 3-fold window sites (Figure 7c), PCN-12 is
also constructed by larger 4-fold openings (Figure 7b), and
there are various sizes of cages in the structure. As shown in
Figure 7a, PCN-12 comprises four Wyckoft positions of Cu,
units. As viewed along the c-axis, the Cu, units labeled with 8s/
4k as well as those with 8r/40 build identical symmetrical cages
11 A wide. The 8s/40 units form large ellipsoidal cages 17 A
long, and the 8r/4k units form small cavities 9 A wide. The
cages constructed by different sets of open metal sites were not
equivalently accessible for CH, molecules. The cages consisting
of 8r/40 sets and 8s/4k sets were populated with CH,, whereas
those with the 8s/40 and 8r/4k sets were left vacant. This
nonequivalence of CH, amounts on these open metal sites
indicates that gas molecules discriminate among the binding
sites in favor of those with nearby multipoint interactions™ and
appropriate spatial accessibility.

Another kinetic transition occurred on this adsorbent. In
Figure 6a, the CH, molecules were trapped by the open Cu
sites 40 and the 4-fold window openings, both of which are the
most easily accessible regions on the central channels. In Figure
6b, the transition direction changed from the open Cu sites
(Wyckoff 40) to the larger 4-fold window openings but not the
smaller 3-fold sites. The DED contours showed a close ring
connecting the area between the open Cu sites and their
bordering 4-fold window openings. Further CH, loading did
not difftuse homogeneously into the small volume, which
contains the available open Cu sites classified as 4k. Instead,
CH, molecules aggregated in the center of the channels to
reach the surface minimum (Figure 6c and Table 1).

(@) M;;)\
\\\

® 4k
@ 40
8r _
8s ©

Figure 7. (a) Wyckoff positions labeled for Cu, units in PCN-12,
viewed along the c-axis (left) and a/b-axis (right). PCN-12 comprises
(b) 4-fold window openings (four pairs of Cu, units and phenyl rings)
and (c) 3-fold window openings.

Consequently, this time-dependent kinetic transition can be
recognized at various temgeratures and in different adsorbents.
Especially for Figure 5b,c,”” the transition continues at the near
equilibrium state. We attribute this unusual behavior, molecular
transport from one binding site to another, to an inevitable
consequence of thermodynamics. On the basis of the basic
thermodynamic relationship:

AG = AH — TAS (3)
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the transition process will be spontaneous (AG < 0) if one of
the following conditions is true: (a) AH < 0, AS> 0, (b) AH <
0, AS < 0, plus ITASI < IAHI, or (¢) AH > 0, AS > 0, plus |
TAS| > |AHI, where AH < 0 is defined as exothermic heat, and
AS < 0 refers to the transition to fewer molecular degrees of
freedom in the process. According to Wu et al’s report,™® the
CH, binding energy of open metal sites 1s around 25 kJ/mol,
roughly identical to that of window sites.** This means that
IAH| is extremely small. We attribute this discovery to (c); that
is, the gas molecules will be able to break away from the
potential well if TAS > AH = 0. More precisely, we made an
effort to investigate how this entropic driving force pushes gas
molecules out of the potential well in the equilibrium states. A
localized-to-mobile model,* considering the adsorbates parti-
ally localized and partially mobile, was hypothesized to fit our
observations.

In this model simplified with statistical treatment®* (details
in Supporting Information section S), f is introduced to define
the maximum fraction of the adsorbent surfaces on which
adsorbates can be localized. 6 and 6,, are the fractions of truly
adsorbed molecules on the localized and mobile areas,
respectively. Ny, N, and N,, are the molecular numbers
corresponding to f, 8, and 6. The relationship between the
above parameters can be expressed as

f=Ny/N, 6, = N,/N,, 6, = N/

where N is the maximum number of the molecules that can be
adsorbed on all solid surfaces. The partition functions for a
localized molecule (g;) and for a mobile molecule (gq,,) are

i)
kT

Joo, (=22 vt - ) - )

N,0=0+0,

9 = 4,9,9,. eXp(—

ol

)
where u,,, and u, are the corresponding potential energy in
adsorbed states. gy, g, and q,, are the vibrational partition
functions in x, y, and z directions. (2zmkT/h*) is the
translational partition function. 'y, is the partition function
for mobile molecules without size correction, which is given as

q'm = (22mkT/h*)q,.a, exp(—(uym/kT)).

The molecular distribution over mobile and localized regions
61

can be derived as:***
S =)
(I—f=0)dn \1-f-6, (f = 6)q, (6)

To present eq 6 in a figure, the relative value of q',, and g
and possible f have to be estimated from eqs 4 and 5. A CH,
molecule has 2 mass (m) of 266 X 107 kg and a cross-
sectional area®® (a,) of 0.164 nm?. For simplicity, all vibrational
partition functions were assumed to be unity and u,, = u.
Substituting into eqs 4 and S, (q',./q;) = 254 was obtained. The
distributive ratios of the localized CH, (6,/6) were graphically
depicted with an assumption of (¢’,,/q,) = 10, 30, 100, and 254
in Figure 8a, and f = 0.3, 0.5, 0.7, and 0.9 in Figure 8b,
respectively. All of the curves possess a maximum before full
coverage (6 = 1.0).

We selected (q',,/g;) = 30 and f = 0.5 as representative (blue
trace in Figure 8c). It is expected that (6)/6) approaches f with
a positive slope; nevertheless, an interesting range showing (6,/
0) > f occurs at near 85% of the coverage (0 ~ 0.85), and thus a
negative slope is necessary to complete full coverage. One of
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Figure 8. Molecular distribution over localized regions on
heterogeneous surfaces (the graphical presentation of eq 6). The
fraction of the localized adsorbates on the adsorbent surface if (a) the
ratio of (q',,/q)) varies, or (b) the maximum fraction of localized
adsorbates, £, varies. (c) Theoretical derivation for localized-to-mobile
case and localized-to-localized case.

the possibilities for the negative slope of ((A8/0)/A0) is
molecular transport from a localized area to a mobile area. If
the open metal sites and the nearby window pockets are
regarded as a localized part and a mobile part for adsorbates,
respectively, the localized-to-mobile model will match our
experimental observations of kinetic transition in PCN-30X and
PCN-12. However, if both the open metal sites and the window
sites are localized parts, the exponential term in eq 6 will be
absent, resulting in a monotonic increasing function without
any negative slopes in Figure 8c (red trace). That also means
no molecular transport will happen under the localized-to-
localized assumption.

In summary, the sequential measurements of in situ powder
X-ray diffraction give insight into gas kinetic transitions
occurring between open metal sites and the neighboring
structural spaces. Despite the fact that the open metal sites
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possess potential wells and significant exothermic enthalpy,
there is another possibility to reach minimum Gibbs energy for
the adsorption process by increasing entropy. In this section,
we experimentally visualized the abstract concept of this
entropy-driven process. The localized-to-mobile mechanism
was proposed for the cause of gas kinetic transition, supporting
the observations of molecular transport from one site to
another.

2. Desorption in MOFs. Engines running on CH, require an
exhaust pressure to operate. The usable working capacity and
the regeneration efficiency are as important as the gas uptake
performance.>* In other words, the speed and completeness of
desorption is another key indicator to evaluate the industrial
applicability of a MOF material for methane storage.

As a result, in Figure 9a and ¢, the CH, molecules sit in the
small octahedral cages, whereas CO, molecules primarily’” lie

(c) (d)

Figure 9. DED snapshots illustrate the evolution of CH,/CO,
desorption in HKUST-1 at 295 K. The experiment procedure was
controlled as follows: (a) CH, loading for 1500 s, (b) followed by He
flushing for 300 s; and (c) CO, loading for 1500 s, (d) followed by He
flushing for 300 s.

on the window openings in the adsorption states. As opposed
to the distinctive features for CH, and CO, adsorption, the
maps for these two desorption processes become consistent.
Both of the gas residues were detected around the open metal
sites (Figure 9b,d, Table 2), exhibiting the final desorbed
molecules being stuck around the sites possessing strong
electrostatic force.

Table 2. Ratios of Relative Electron Quantity Detected in the
Four States Corresponding to Figure 9

gas state electron ratio
CH, (a) adsorption 122

(b) desorption 2.7
CO, (c) adsorption 11.7

(d) desorption 3.5
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According to our work on initial adsorption, the open metal
site is the first attractor. Additionally, the open metal site is also
the last area of significant gas molecule presence in desorption.
A site possessing higher adsorption enthalpy will be more
attractive and populated than a weaker site by simple
Boltzmann statistics. Those sites with very high affinity for
gas molecules give rise to substantial uptake but thus contribute
negatively to the desorption process. This explains why both
HKUST-1 and MOEF-74 performed remarkably in CH, uptake,
but MOF-74 fared poorly in the test of usable working
capacity.®® Hence, introducing excessive unsaturated metal
units that are not nodes of windows is not a good choice in
practical design of MOFs with optimal methane working
capacity.

3. CH, Redistribution upon Temperature Change in MOFs.
In our computational work (Figure 4, left), the preference of
adsorption sites is intensely temperature-dependent. For
example, in HKUST-1, the small octahedral cages are positive
to adsorption at room temperature, but do not exhibit high
adsorption at low temperature (Figure 4). Therefore, it will be
valuable to find the characteristic features for optimal
adsorption at various environment conditions.

In the powder patterns of PCN-306 (Figure 10), (020),
(021), and (202) are the main diffractions coming from the

(020) (021) (202)

\J\J CH, loading @150K

\J\J CH, loading @200K

Relative Intensity (a.u)

CH, loading @295K

[N
s
o -
-
B

20 (deg)

Figure 10. Powder patterns diffracted by CH,-loaded PCN-306 at
various temperatures (A =0.72910 A).

metal clusters. The intensity of the reflections (021) and (202)
is decreased dramatically with decreasing temperature. In
Figure 11, the weakening reflections show that additional
scattering electrons were collected around the corner sites and
the cage sites (Figure 2c,d), being destructive to the diffraction
of metal clusters. The adsorbed CH, molecules at the
equilibrium states were predominantly mapped in the window
pockets at 295 K (Figure 11a) and around the large cage along
a-axis at 150 K (Figure 11c). Interestingly, between the two
temperatures, the CH, density map measured at 200 K was
partially located at the window openings and partially spread
around the cages (Figure 11b). As illustrated in the right-side
evolution of Figure 11, the electron density maps shifted from
the window pockets to the empty cages stepwise. State b is
regarded as a transitional state between states a and ¢
redistributed among the surfaces with two types of adsorption
sites.

From the neutron studies and high-resolution iso-
therms®® for MOF materials, it was generally thought that the
low energy sites (large pores) do not start to be filled until the

6a,7¢c
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Figure 11. DED snapshots illustrate the evolution of CH, equilibrium
states in PCN-306. The CH,-loaded crystals were diffracted at (a) 295
K, (b) 200 K, and (c) 150 K. The right-side images, viewed along the
a-axis, show clear different distribution around the open metal sites.

high energy sites (small pores) are completely occupied.
However, in Figure 11b, CH, molecules were observed with a
mixed type of adsorption sites, implying that the one-after-one
filling order may be incorrect. In the enthalpic view, gas
molecules should be trapped at the primary binding sites prior
to the secondary sites, releasing as much adsorption heat as
possible. In the entropic view, gas molecules should redistribute
among several types of sites, reaching as many microstate
configurations as possible. The occupation of mixed adsorption
sites is an optimization between enthalpy and entropy to
achieve the minimum of free energy.

In the dual-site model,* the heterogeneous surface was
assumed to consist of two types of sites, denoted as subscripts 1
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and 2. The adsorption amount (v, v,,) at each site is
distributively dominated by the ratio of the site fraction (f), the
difference in heat of adsorption (Q, and Q,), and the
temperature (T). Therefore, the redistribution of gas adsorptive
preference (Figure 11) can be expected under the rough
condition, instead of an invariant mode:*°

ﬂ ~ e(QZ_Ql)/RT

Vm2

)

if (Q, — Qy) is small enough with proper choice of temperature
range. The temperatures between 295 and 150 K happen to be
the transitional states, and the transitional states can be
experimentally observed by our TRDSE work.

On the other hand, the accessibility mentioned during initial
adsorption also plays an important role in this temperature-
dependent evolution. It is marked that some specific positions
in the structures possess molecular selectivity. In HKUST-1
(presented in Figure 4), the small octahedral cage was occupied
with the molecules at 295 K but still available at lower
temperatures (even contoured at zero sigma levels). The
selectivity originates from the energy barrier formed by the
hydrogen atoms located near the window openings. The
Arrhenius equation states that higher temperature offers CH,
molecules more energy to overcome the activation energy
barrier, explaining why we only see a large number of molecules
accessing the window openings at higher temperature. Using
the same logic for PCN-306, it also can be seen that the
window pockets are filled with CH, molecules at room
temperature, because the energy barrier is easily overcome by
the energetic molecules. Yet at lower temperatures, fewer
molecules have enough kinetic energy to pass through the
window openings. The above assertion can be supported by a
simulation using Materials Studio,” which agrees that the
energy barriers are hedged near the window openings
(Supporting Information section 2).

Apart from being a guideline for MOF design aimed at
various environments, this finding also provides a visualization
of the curvature of what the Clausius—Clapeyron plot (log P vs
T™') stands for. Conventionally, the total heat of adsorption
(Qy) has been assumed to be independent of temperature on
account of the near linearity of Clausius—Clapeyron plot,
suggesting an adsorption mode belonging to homogeneous
surfaces. On the contrary, more instances with significant
curvatures on the plot have revealed a considerable temperature
coefficient of Qy, which is predictively ascribed to the surface
heterogeneity formed by varied energetic sites.*’

The equilibrium state of CH, adsorption migrates from one
type of structural feature to another upon temperature change,
which implies that the heat of adsorption (Q,4) in MOFs can be
a function of temperature due to heterogeneous surfaces.
Similar to the kinetic transition process, the thermodynamic
evolution is also thought of as a molecular distribution shift,
which is governed by the comprehensive concerns of both
enthalpy and entropy.

4. Gas Rearrangement at Low Temperature in MOFs. 1t is
well-known that adsorption behaviors are dependent on not
only the adsorbents but the interactions of the adsorbates as
well. To magnify the effect of gas—gas interactions, the PXRD
data should be collected at lower temperature. No conspicuous
changes arose until the temperature was lowered to 150 K.

Also, by using the DED method, we microscopically found
where the CH, molecules were positioned. As compared to the
DED map of PCN-306, it was contoured additionally near the
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central thomboid space in PCN-307 where the four methyl
groups build a van der Waal’s force field (Figure 12b, right). As

(@) PCN-306
He
He |
150K s 1 15 20
2 0 (degree)
S:) PCN-307
\
He
5 10 5 20
150K 2 0 (degree)
(021)
(111) 211
@CcH, (002) (211) (022)
(c) (221)
@ He
10 25
20 (deg)

Figure 12. (Left of ab) The top view of the in situ gas-loading-
dependent PXRD patterns for PCN-306/PCN-307 at 150 K. (Right of
a,b) The corresponding DED maps for CH, adsorption. (c) The
confined methane phase grown in PCN-307 at 150 K (1 = 0.72910 A).
With the help of TOPAS 4.2, all new reflections were indexed (c) with
a simple cubic unit cell with a = 5.65 A, which is slightly shorter than a
= 5.88 A of the face-centered “phase I” reported in the methane phase
diagram.*"*

obtained from the crystal structures, the length and the cross
section of the rhomboid cavity are 5.8 A/33.1 A> for PCN-306
and 3.3 A/20.3 A for PCN-307. It follows that at 150 K more
CH, molecules were boxed up in PCN-307 than in PCN-306,
because of the smaller rhomboid openings of PCN-307 against
gas escape.

As shown in the in situ PXRD patterns (Figure 12, left),
there were several nascent peaks sharply growing at the 26
angles of 12.81°, 14.81°, 16.58°, 18.17°, 21.01°, and 22.30° in
the PCN-307 diffraction image (4 = 0.72919 A), but none
presenting at the same positions in the PCN-306 pattern.
Reindexing including these new peaks was done to check for
phase transformation (or space group change). However, it
suggested that two components coexist in the pattern. As
compared to the plain pattern of PCN-306, new striking
reflections were only presented in PCN-307 (Figure 12b).
Attempting to find the origin of the new peaks, we found that
ordered arrangement of CH, is the possible species
simultaneously coming with the new peaks.
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Although we attached the new peaks to the CH, molecules
arranged in an orderly fashion in the frameworks, CH, at the
state of 150 K and 1 bar should be in a fluid phase*" without
new striking reflections as the plain pattern of PCN-306. The
nanoscale materials should not diffract to give sharp peaks. The
origin of the appearance of the new peaks is not completely
explained by these hypotheses. We theorize that after achieving
the critical density, pressure, and in an area of sufficient
interaction with the framework, the CH, molecules in the
largest space situate orientationally. The CH, molecules might
be close enough to interact with each other, and thus induced
to form an ordered arrangement.

If the diffractions are induced by the ordered rearrangement
of methane, it might also occur during high-pressure
adsorption.*? It potentially provides some clues on how to
compact more molecules in a confined space and enhance the
gas uptake. This effect of functionalization in MOFs on CH,
storage needs further investigation in the future.

Demonstration for a Practical Case: The Influence of
the Methyl Groups in PCN-30X on Gas Uptake and
Selectivity. PCN-306 and PCN-307 are a pair of isostructural
analogues with comparable chemical composition. The only
structural dissimilarity is the methyl groups located on the
channels along the c-axis (Figure 13). According to the
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Figure 13. CO, sorption isotherms, the selectivity of CO,/CH,, and
the corresponding DED maps analyzed for PCN-306/PCN-307 at 1
bar and 295 K.

published results,'® PCN-306/PCN-307 showed little differ-
ence in the CH, and CO, adsorption quantity but noteworthy
contrast in CO,/CH, selectivity. It was expected that the
structure of PCN-307 featuring methyl groups was favored to
select for CO, rather than similar CH, molecules. In this
practical demonstration, the DED mapping was used to
investigate this phenomenon. By comparing the DED snap-
shots of the two compounds (Figure 13), a rational explanation
became clear.

The strongest contours of the CO, density were identified
around the unsaturated metal sites in both materials, but the
signals in the window pockets were detected exclusively in
PCN-307. In the two structures, the entrance to the window
pockets is an equilateral triangle with three 5.7 A sides. The exit
from the pockets is an isosceles triangle with the shortest sides
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of 5.5 A for PCN306 and 4.7 A for PCN-307. The smaller cross
section of the exit implies that PCN-307 has a pocket with less
leakage, owning a better capacity to keep smaller particles
inside as well. Note that the kinetic diameter of CO, (3.30 A) is
smaller than that of CH, (3.76 A). Additionally, the
unsaturated metal sites, acting as the first agents, adsorb CO,
molecules faster than CH, molecules because of CO,’s easily
induced polarization. Once transferred to the window pockets
of PCN-307, the CO, molecules seldom escape and
concurrently exclude other CH, molecules from moving to
these thermodynamically stable sites. Not instigated by the
induction and attraction of methyl groups, the higher selectivity
of CO,/CH, in PCN-307 arises from the proper molecular
access and exit constructed by the methyl groups.

B CONCLUSIONS

We have demonstrated a methodology using sequential in situ
powder X-ray diffraction measurements to observe dynamic
sorption processes in MOFs. The mechanisms of initial
adsorption, desorption, and gas redistribution on temperature
change are graphically explicated by the chronological DED
maps, demonstrating the power of TRDSE method. The
molecular transport from one site to another is time and
temperature dependent, resulting from the enthalpy-/entropy-
driven redistribution among the heterogeneous surfaces to
achieve the minimum of free energy. Additionally, this method
demonstrated experimentally how changes in pore window size
and shape both produced temperature-based pore sorption
selectivity for CH, in HKUST-1 and explained CO,/CH,
selectivity changes between PCN-306 and 307.

These findings reveal the mechanisms of gas dynamics in
MOFs and provide design guidance to customize MOF
materials. We outlined several essentials: (i) Introducing
excessive unsaturated metal units unrelated to the nodes of
windows helps the adsorption kinetics upon initial gas
adsorption but contributes negatively to the desorption process
and overall working capacity. (ii) Both the molecular
redistribution of adsorbates and the spatial accessibility of
adsorbents are temperature-dependent, suggesting different
positional preferences and design strategies under different
temperatures. (iii) Elegant framework geometry might induce
gas—gas interactions to compact more molecules, leading to
higher gas uptake. (iv) Careful design of window shape and size
can produce both temperature and adsorbate-dependent
adsorption selectivity in particular pores in MOFs, in a
predictable and now quantifiable way.

Most importantly, the TRDSE method is generally applicable
to most crystalline adsorbents, yielding information on
distribution ratios of adsorbates at each type of site over
time, as temperature and pressure change. It provides a possible
pathway to create a MOF database containing the partial
adsorption enthalpy of each structural feature. We believe that
prospective architectures designed for a specific need can be
assembled with possible features selected in the database before
hands-on experiments.
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