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Porous liquids (PLs), which are solvent-based systems that contain Solvent Absorbed . (omﬁ
permanent porosity due to the incorporation of a solid porous host, are of A, g g
significant interest for the capture of greenhouse gases, including CO,. Type 3 PLs
formed by using metal—organic frameworks (MOFs) as the nanoporous host
provide a high degree of chemical turnability for gas capture. However, pore
aperture fluctuation, such as gate-opening in zeolitic imidazole framework (ZIF)
MOFs, complicates the ability to keep the MOF pores available for gas adsorption.
Therefore, an understanding of the solvent molecular size required to ensure ¢ i
exclusion from MOFs in ZIF-based Type 3 PLs is needed. Through a combined Solvent Excluded
computational and experimental approach, the solvent-pore accessibility of
exemplar MOF ZIF—8 was examined. Density functional theory (DFT) calculations identified that the lowest-energy solvent—
ZIF interaction occurred at the pore aperture. Experimental density measurements of ZIF—8 dispersed in various-sized solvents
showed that ZIF—8 adsorbed solvent molecules up to 2 A larger than the crystallographic pore aperture. Density analysis of ZIF
dispersions was further applied to a series of possible ZIF-based PLs, including ZIF—67, —69, —71(RHO), and —71(SOD), to
examine the structure—property relationships governing solvent exclusion, which identified eight new ZIF-based Type 3 PL
compositions. Solvent exclusion was driven by pore aperture expansion across all ZIFs, and the degree of expansion, as well as water
exclusion, was influenced by ligand functionalization. Using these results, a design principle was formulated to guide the formation of
future ZIF-based Type 3 PLs that ensures solvent-free pores and availability for gas adsorption.

porous liquids, metal—organic framework, MOEF, zeolitic imidazole framework, solvent adsorption

improved dispersion within liquids.”*"*® ZIF—8 is a MOF
from the zeolitic imidazole framework (ZIF) family that has
recently shown promise for use in Type 3 PLs.””~** This is due
to the high hydrophobicity of the framework, which excludes
water from the pores except under high hydrostatic
pressures.’’ As a result, ZIF—8 and related surface-function-
alized versions have been shown to improve the uptake of
gases, including CO, and O,, in both water and water—organic
solvent mixtures.”>' ™ However, aqueous ZIF-based PLs are
not without other challenges. The formation of carbonates
from the reaction of CO, with the solvent system can lead to
framework degradation over time.”*

Though ZIF-based PLs show promise as gas capture
materials, there is little understanding for these systems of
what constitutes a sterically bulky solvent and what solvent—
sorbent interactions occur. Solid ZIF—8 can adsorb gas
molecules with kinetic diameters more than double the size

Porous liquids (PLs) are an emerging material that combines
the fluidity of liquids with the intrinsic porosity of solids
sorbents.'~® PLs are categorized into four classes or types.
Type 1 PLs are neat liquids composed of discrete partials that
contain pore space, such as surface-functionalized hollow silica
nanospheres.”” Type 2 PLs are formed from dissolved
nanoporous macromolecules, such as porous organic cages or
metal—organic polyhedra, in a sterically bulky solvent that is
too large to occupy the pores.m_12 Type 3 PLs are dispersions
of solid porous materials, such as metal—organic frameworks
(MOFs) or zeolites, in bulky solvents.'”~'® The final type,
Type 4, is neat liquids formed from extended frameworks that
maintain porosity in a liquified state.'”

Type 3 PLs are a promising tunable platform for the
development of gas capture materials that builds upon research
into solid sorbent materials."® Among solid sorbents used for
Type 3 PLs, MOFs offer a unique opportunity to study the

structure—property relationship between adsorption and November 1, 2023
porosity due to the ease of tunability of the porous December 15, 2023
frameworks."™** For example, MOFs can be judicially December 18, 2023

designed to tune the desired properties such as pore size, December 29, 2023

ligand functionality, and metal center.””*’ Additionally, the
surface of MOFs can be readily functionalized, allowing
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Figure 1. Illustration of the density trend with increased ZIF loading of a ZIF—8 dispersion when (a) the solvent is small and adsorbed into the
pores or (b) the solvent is too sterically bulky and excluded from the pores. (Atom colors: zinc green polyhedrons, carbon black spheres, nitrogen

blue spheres, and hydrogen omitted for clarity).

of the crystallographic pore aperture of the framework, further
complicating solvent adsorption predictions.”® This phenom-
enon is known as gate-opening and is defined as the expansion
of the pore aperture caused by rotation of the 2-
methylimidazole ligands at that site upon interaction with
guest molecules.’*™

Recently, it has been shown that density measurements can
be used to probe the pore availability, i.e., whether the pores
are occupied or unoccupied by solvent molecules.”’ In general,
the density of a PL is measured at varying loadings of sorbent.
As depicted in Figure 1, the results can then be compared to
two sets of theoretically calculated densities, one where the
pores are assumed filled with the bulk solvent and the other
where it is assumed the pores are empty. From this
comparison, it can be determined whether a solvent is
adsorbed into the pores, Figure la, or excluded, Figure 1b.
To date, most Type 3 PL systems have not been analyzed with
this method.

Computational modeling approaches can further help us
understand gate-opening mechanisms. Methods such as
density functional theory (DFT), can be used to calculate
the binding energies for gases and solvent molecules inside
ZIFs, the energy barrier for molecules to move between ZIF
pores, and the deformation of the pore aperture as a molecule
approach.‘w_42 However, previous investigations of energetic
barriers and gate-opening, using either classical approaches in
periodic crystalline ZIFs**** or through simple molecular
representations of the ZIF pore aperture using first principal
approaches,”™*® have not examined the gate-opening
phenomenon of a ZIF cluster.

Herein, we systematically analyze the availability of the
porosity of ZIFs dispersed in various solvents using
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computation calculations and density measurements. First,
calculations of solvent—ZIF—8 interactions suggest favorable
interactions at the pore aperture and that solvents previously
used in ZIF—8 PLs are adsorbed by the framework. From the
density analysis of single-component solvent systems, the
exclusion size of solvent molecules for ZIF—8 was determined.
Next, the preferential adsorption of solvents within mixed
solvent systems was further examined using thermogravimetric
mass spectroscopy analysis of ZIF—8 dispersions in a ternary
mixture of water, ethylene glycol, and 2-methylimidazole. This
density analysis methodology was further applied to a series of
ZIFs with varying structures, including ZIF—67, —69, —71-
(RHO), and —71(SOD), to examine the effects of metal node
identity, pore size, framework topology, and ligand function-
ality on the exclusion of solvents from the framework. Finally, a
design principle is proposed to guide the design of future ZIF-
based Type 3 PLs ensuring pore availability for gas adsorption.

2. EXPERIMENTAL SECTION

2.1. Computational Methods

A ZIF—8 particle was created from a ZIF—8 crystal structure, shown
in Figure S1a, and placed in a 37 A® periodic box.*” The cleavage of
the particle from the crystalline structure creates two unique pore
apertures, illustrated in Figure S1b,c. A potential energy surface (PES)
was sampled for CO,, ethylene glycol (EG), and water for both pore
apertures in 0.1 A increments by moving the solvent molecules of
interest from the edge of the periodic cell through the pore aperture
and into the ZIF—8 pore, creating 50 different sampling points. 2-
methylimidazole (HMIm) was also analyzed but only for the larger
pore opening due to the molecule possessing a significantly larger size
than the pore aperture diameter. The coordinates for the central atom
of each solvent molecule were frozen to keep the molecule from
migrating from the PES pathway.
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Density functional theory (DFT) calculations were carried out
using the Fritz Haber Institute Ab-Initio Molecular Simulations (FHI-
AIMS) package for efficient computation of DFT energies and
forces.’~>* All DFT calculations used the PBE exchange-correlational
functional with 0.1 eV Gaussian smearing. van der Waals dispersion
interactions were included using the Tckenko—Sheffler (vdw-TS)
method®* and included relativistic effects via atomic scalar ZORA
corrections.”’ SCF energy and /A3 and each calculation used a single
y-point k-point mesh. The adsorption energy of the molecule to ZIF—
8 was calculated via eq 1, which is the difference between the energy
of the ZIF—8 + molecule and the individual molecule and ZIF—8
particle.

(1)

EAds = EZIF-8+molecu[e - EZIF-S - Emolecu[e

Zinc nitrate hexahydrate (98%), cobalt nitrate hexahydrate (99%), 2-
methylimidazole (99%; HMIm), 1-methylimidazole (99%; 1MIm), 2-
nitroimidazole (98%), 4,5-dichloroimidazole, 5-chlorobenzimidazole
(96%), 2'-hydroxyacetophenone (99%; 2HAP), 2-chlorophenol
(99%; 2CP), Cyrene (dihydrolevoglucosenone, DHLC), dimethyl
isosorbide (99%; DMI), p-dioxane (p-diox), l-propanol, N,N-
dimethylformamide (99.8%; DMF), 15-crown-5 (98%, 15C5), and
ethylene glycol (99.8%; EG) were purchased from Sigma-Aldrich.
Methanol was purchased from CMC Materials, and zinc acetate
hexahydrate (98%) was purchased from Acros Organics. He
(99.999%) and N, (99.999%) gases were purchased from Matheson

Trigas. All chemicals were used as received.

ZIF—8 was synthesized through modification of a previously reported
method.*® Separately, both 2-methylimidazole (13.0 g, 158 mmol)
and zinc nitrate hexahydrate (5.8 g, 19 mmol) were each dissolved in
200 mL of methanol. Next, the zinc nitrate solution was added to the
2-methylimidazole solution while the mixture was stirred at 850 rpm.
The mixture was stirred for 1 h at room temperature, resulting in an
opaque white solution. The ZIF—8 solid was removed from solution
by centrifugation at 9500 rpm for 10 min. The solid was then washed
three times with methanol and soaked in fresh methanol for 24 h.
After the solid was removed from solution one last time, the solid was
dried in an oven at 60 °C for 6 h, yielding 1.36 g of ZIF—8.

ZIF—67 was synthesized following a previously reported method.”'
Separately, both 2-methylimidazole (3.24 g, 39 mmol) and cobalt
nitrate hexahydrate (1.44 g, 8 mmol) were each dissolved in 200 mL
of methanol. Next, the cobalt nitrate solution was added to the 2-
methylimidazole solution with stirring at 850 rpm. Stirring was
continued for 12 min at room temperature, resulting in an opaque
purple solution. The solution was then kept undisturbed for 24 h at
room temperature. After this time, the purple solid ZIF—67 was
removed from solution by centrifugation at 9500 rpm for 20 min. The
solid was then washed three times with methanol and soaked in fresh
methanol for 24 h. After the solid was removed from solution one last
time, the solid was dried in an oven at 60 °C for 6 h, yielding 0.374 g
of ZIF—67.

ZIF—69 was synthesized following a previously reported method.*
Solutions of 2-nitroimidazole (0.362 g, 3 mmol) in 16 mL of DMF, S-
chlorobenzimidazole (0.488 g, 3 mmol) in 16 mL of DMF, and zinc
nitrate hexahydrate (0.476 g, 16 mmol) in 8 mL of DMF were
combined in a 45 mL Teflon lined Parr reactor. The reactor was
sealed and heated at 95 °C for 3 days. After cooling the orange solid
ZIF—69 was collected with centrifugation at 4000 rpm for S min and
washed three times with DMF. The solid was then soaked in fresh
DMEF for 24 h. After this, the solid was centrifuged and washed three
times with methanol and then soaked for 24 h in fresh methanol. After
the solid was removed from the solvent one last time, it was dried in
an oven at 60 °C for 6 h, yielding 0.409 g of ZIF—69.

ZIF-71(RHO) was synthesized following a previously reported
method.>® Separately, 4,5-dichloroimidazole (0.876 g, 6 mmol) and
zinc acetate hexahydrate (0.297 g, 1 mmol) were each dissolved in 60
mL of methanol. Next, the zinc acetate solution was added to the 4,5-
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dicholoroimidazole solution, and the mixture was briefly shaken to
mix the two solutions. The mixture was kept undisturbed at room
temperature for 24 h. After this time the pink-white solid ZIF—
71(RHO) was removed from solution by centrifugation at 4000 rpm
for 5 min. The solid was then washed and centrifuged three times with
methanol and soaked in fresh methanol for 24 h. After the solid was
removed from the solvent one last time, the solid was dried in an oven
at 60 °C for 6 h, yielding 0.432 g of ZIF-71(RHO).

ZIF—71(SOD) was synthesized following a previously reported
method.> First, I-methylimidazole (0.88 g, 11 mmol) was added to a
solution of 4,5-dichloroimidazole (1.466 g, 011 mmol) in 100 mL of
1-propanol. Next, zinc nitrate hexahydrate (0.796 g 3 mmol) was
dissolved in 100 mL of Il-propanol. The 4,5-dichloroimidazole
solution was added to the zinc nitrate solution while stirring. The
resulting transparent yellow-brown solution was stirred at 850 rpm for
48 h. Then, the off-white solid ZIF—71(SOD) was removed from
solution by centrifugation at 4000 rpm for 5 min. The solid was then
washed three times with methanol and soaked in fresh methanol for
24 h. After the solid was removed from solution one last time, the
solid was dried in an oven at 60 °C for 6 h, yielding 0.688 g of ZIF—
71(SOD).

Density measurements were performed using a Micromeritics
AccuPyc 1300 He pycnometer with a 1 cm® cell insert. X-ray
diffraction (PXRD) measurements were obtained using a Bruker D2
Phaser with a LYNXEYE XE-T detector and 30 kV Cu Kal radiation
(1 = 1.5406 A) at room temperature. XRD of PLs was performed on
500 uL aliquot samples of 10 wt % PLs after vigorously mixing the PL
using a vortex stirrer. Fourier transform infrared (FTIR) spectra were
collected on a Thermo Fisher Nicolet IS10 instrument with a SMART
iTR attenuated total reflectance (ATR) attachment. Nitrogen gas
adsorption isotherms were obtained using a Micromeritics ASAP
2020. All ZIF samples were activated at 150 °C for S h before analysis.
Thermogravimetric analysis coupled mass spectrometry (TGA-MS)
was performed on a TA Instruments Discovery SDT 650. Samples
were heated from room temperature to 30 °C and held isothermally
for 30 min. Then, the temperature was increased to 1000 °C at a ramp
rate of 1 °C/min under a He flow of 100 mL/min.

2.5.1. Porous Liquid Formation. Porous liquids were made
through modification of our previously reported methods.>* In
general, to make a uniform colloidal dispersion, ZIF was added to the
solvent, followed by vortex stirring and sonication. For example, a 10
wt % (wt %) ZIF—8 PL in water was made by adding 0.300 g of dried
ZIF—8 to 2.700 g of H,O. The solution was then vortexed for 30 s
followed by sonication for 10 min. ZIFs were recovered post
measurement from the various solvent dispersions through
centrifugation at 9500 rpm and washing with methanol. After being
soaked in fresh methanol for 24 h, the recovered ZIFs were dried at
60 °C for 6 h.

2.5.2. Density Measurements. Through modification of
previously reported methods,***"*® the densities of ZIF samples
were measured while dispersed in various solvents at concentrations
between 0 and 20 wt % ZIF. Lower-loading ZIF dispersions were
made through serial dilution of the higher-concentration dispersions.
Selected properties of examined solvents, including vapor pressure,
and comparison of each solvent density with its measured densities
are compiled in Table SI. For solvents with vapor pressures below
water (P < 3.17 kPa; 2CP, 2HAP, 1MIm, DMI, EG, 15C5, and
DHLC) the density of the dispersions was determined by He
pycnometry. Specifically, the aluminum cup insert was washed with
acetone and then held in an oven at 110 °C for 30 min. The dried cup
was removed from the oven and cooled to room temperature in a
desiccator. The mass of the cup was measured five times and the
average was used for density calculations. Next, approximately 1 mL
of ZIF dispersion was added to the cup and the average combined
mass over five measurements was used for density measurements. The
mass difference of the empty and filled cup was calculated and
represents the mass of the ZIF dispersion. Then, the cup containing

https://doi.org/10.1021/acsmaterialsau.3c00094
ACS Mater. Au 2024, 4, 224—-237


https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00094/suppl_file/mg3c00094_si_001.pdf
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.3c00094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

the ZIF dispersion was placed in the He pycnometer and the volume
of the slurry was averaged from ten measurements. Finally, the density
of the dispersion was determined, by dividing the mass of the ZIF
dispersion, by each volume and averaging the results.

For solvents with vapor pressures at or above water (P > 3.17 kPa;
water and p-diox), the density of the solutions was determined using a
2 mL glass pycnometer. Specifically, the glass pycnometer was washed
with acetone and then kept in an oven at 110 °C. The dried glass
pycnometer was removed from the oven and cooled to room
temperature in a desiccator. Then the mass of the empty pycnometer
was measured five times, and the average mass was used for the
density calculations. Next, the solution was added to the glass
pycnometer until full, and the cap was placed on top. Any excess
solvent that was pushed out of the pycnometer was wiped off. The
average mass of the filled pycnometer over five measurements was
used for density calculations. The density of the PL was determined
by dividing the mass of the PL, determined by subtracting the mass of
the empty pycnometer from the filled pycnometer by the volume of
the pycnometer, 2.00 mL.

Partial molar volume: Partial molar volumes of formed PLs were
calculated following previously reported methods.”® In general, the
measured density (g/mL) of the formed dispersions was plotted as a
function of the ZIF concentration (g/mL). The data was fitted
linearly with a fixed slope, and the slope and y-intercept of the fitted
line were used to calculate the partial molar volume of the ZIFs.
Molar volumes of ZIFs were determined using reported crystallo-
graphic data.*>*7%*

Mixed solvent systems, composed of two or more solvent
components, are of particular interest by providing another
mechanism of tuning the properties of the PLs.® Previous DET
computational studies of CO, interactions with the compo-
nents of the solvent systems studied here (water/ethylene
glycol/2-methylimidazole) indicate that the CO, molecule is
overall stable and is not expected to be form additional
chemical species in the PL.>* In this study, DFT calculations
using a solvated ZIF—8 particle were performed to elucidate
the solvent—ZIF interactions that influence the adsorption of
solvent molecules. Using a known ZIF—8 PL capable of
capturing carbon dioxide as the exemplar system,’ potential
energy surfaces (PES) were calculated from the adsorption
energies for each of the solvent molecules in the three
component solvent system: water, EG, and HMIm as well as
CO,. These calculations were performed for both the large and
small pore apertures of the ZIF—8 particle, determined to be
5.0 and 2.4 A, respectively, measured as the H---H distance of
HMIm ligands across the apertures, Figure S1. The results for
PES are shown in Figure 2 for both pore apertures.

All molecules possessed similar behaviors as each
approached the pore apertures of ZIF—8. For the larger pore
aperture (5.0 A), the adsorption energies for the solvent
molecules began to steeply decrease approximately 1.5 A from
the aperture, as shown in Figure 2a, due to interactions
between the solvent molecules and the HMIm ligands on the
ZIF—8 surface. Maximum adsorption energies between the
molecules and the large pore aperture occurred when the
molecule was 0.5-0.2 A away from the aperture. Meanwhile,
maximum adsorption energies for the smaller aperture
occurred when the solvent molecules were between 1.0 and
0.5 A away from the pore aperture, Figure 2b. The molecular
adsorption energies (global minimum) are similar for both
pore apertures and are proportional to the size of the adsorbed
molecule (HMIm > EG > CO, ~ H,0). Adsorption energy
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Figure 2. PES of the solvent molecules water (orange line), EG (blue
line), HMIm (green line), and CO, gas (red line) moving through (a)
the large 5.0 A pore aperture and (b) the smaller 2.4 A pore aperture
as a function of distance from the pore. The yellow section indicates
the region where the molecules are within the pore aperture of ZIF—
8, and the blue region indicates where the molecules are inside the
pore space.

then increased as the molecules reached a thermodynamic
barrier, a local maximum for the larger pore aperture, Figure
2a, and a global maximum for the smaller pore aperture, Figure
2b.

The PES curves indicate that there is only a small (~7 kJ/
mol) energy barrier for both water and CO, to enter the pore
through the smaller pore aperture, as shown in Figure 2b.
However, the large increase in the adsorption energy for EG at
0.5 A in Figure 2b indicated that the aperture is too small for
EG to pass through and enter the pore space. Compared to the
small pore, all four molecules passed through the larger pore
aperture without an energy barrier. During infiltration
expansion of both pore apertures, also known as gate-
opening,**~* occurred. The small pore aperture expanded
from 2.4 to 4.2 A upon adsorption of CO,, Figure S2, while
large pore aperture expanded from 5.0 to 6.2 A upon
adsorption of HMIm, illustrated in Figure S3. Additionally,
the energy barrier for pore entry was a local maximum in the
PES curves and indicated that adsorption of solvents is
kinetically driven for molecules to enter the pore.

Figures S4 and SS decompose the molecular PES into van
der Waals and electrostatic contributions. All systems, with the
exception of water, have the strongest van der Waals
interactions near the pore aperture and increase sharply
when passing through the pore aperture. In comparison, the
electrostatic contribution has the greatest interaction in the
pore opening, leading to the lowest energy point in the overall
PES and indicating that electrostatic repulsion increases as the
molecules approach the aperture.
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Together, this demonstrates that both solvent and gas
molecules interact strongly at the pore aperture and may lead
to competitive adsorption within ZIF-based PL systems at
these sites.

To evaluate ZIF—8 infiltration by organic solvents, dispersions
of ZIF—8 were made over a range of ZIF loadings (0—20 wt
%) and using multiple organic solvents of varying molecular
sizes including EG, 1MIm, p-diox, 2CP, 2HAP, and DHLC.
Note, gelation occurred in dispersions with ZIF—8 loading
higher than 20 wt %. To ensure an even suspension, the
dispersions were vigorously stirred and sonicated. Resulting
ZIF—8 dispersions were characterized with XRD and FTIR to
examine the stability of the systems and are provided in the
Supporting Information Figures S9 and S10. FTIR spectra
demonstrated that no change in the chemical bonding of ZIF—
8 or the solvents occurred upon formation of the dispersions,
and all spectra were a combination of bulk ZIF—8 and solvent.
XRD was used for the formed dispersions and post dispersion,
to ensure that no framework degradation had occurred when
Z1Fs were mixed with solvents. The XRD diffraction patterns
of the formed ZIF-liquid dispersions generally consisted of
some characteristic reflections of the ZIF along with an
increased amorphous contribution from the solvent at higher
degrees 20. Together, the results of both characterization
techniques illustrated that all of the ZIF-solvent dispersion
combinations were stable.

Though XRD confirmed the framework stability after
dispersion formation, there were changes in the relative
reflection intensities between bulk solid ZIF—8 and the
ZIF—8 dispersions formed. For example, as shown in Figure
3a, the (110) reflection at 7.4° 26 is the highest-intensity
reflection in bulk ZIF—8. This is in contrast with ZIF—8
dispersed in EG where the (112) and (222) reflections at 12.4
and 18.1° 26, respectively, became the highest-intensity
reflections and the (110) reflection was among the lowest.
This decrease in reflection intensity at low 26 suggests the
presence of guest molecules in the pores of the MOFE.***
However, ZIF—8 dispersions formed using sterically bulky
solvents that are excluded from the pores, such as 2HAP
discussed in Section 3.5, also showed similar intensity shifts in
Figure 3a. This suggests that an interaction at the solvent—ZIF
interface resulted in reflection intensity shifts, which has been
known to occur in other MOF-based PLs with solvents of
varying sizes.'* A similar intensity ratio of the bulk solid is
regained upon separation, washing, and drying of ZIF—8 from
the solvents; see Figure 3b, further indicating ZIF—8 stability
within the solvents. Similar changes in reflection intensity upon
dispersion formation also occurred for other ZIF (ZIF—67,
—69, and —71) dispersions, Figures S11—S18.

Recent work has shown that density analysis can be used as a
simple method to evaluate the availability of host porosity
within PL systems.”"*° The density of ZIF—8 (0.943 g/mL),
which was determined using c?rstallographic data following
previously reported methods,”*® is smaller than the densities
of the many typical solvents. Therefore, the relative density of a
ZIF—8 PL is expected to decrease with increasing ZIF loading
as the solvent molecules are too large to be adsorbed.
Density analysis was used to determine the availability of
ZIF—8 porosity in an exemplary solvent mixture composed of
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10wt% ZIF-8 + 2HAP

10wt% ZIF-8 + EG

ZIF-8
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20(°)
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Figure 3. XRD patterns comparing (a) bulk ZIF—8 (black) to a 10 wt
% ZIF—8 dispersion in EG (red) and 2HAP (blue) with the (110)
and (200) reflections highlighted orange and green, respectively, and
(b) pristine ZIF—8 (black) to ZIF—8 recovered from a 10 wt % ZIF—
8 dispersion in EG (red) and a 10 wt % ZIF—8 dispersion 2HAP
(blue).

water, EG, and HMIm in a ratio of 40:35:25 by mass. For
comparison single-component density studies were first
performed, see Figure 4. The results indicated that EG is
adsorbed by ZIF—8 since the measured densities increase with
increasing ZIF—8 loading. However, the decreasing densities at
increased ZIF—8 loading indicated that water was excluded
from the pores due to framework hydrophobicity, which is
further discussed in Section 3.5. The compound HMIm was
anticipated to be adsorbed into the pores of ZIF—8 as it is
similar in size to 1MIm, discussed in Section 3.5. This was
confirmed using a binary solvent mixture of 25 wt % HMIm in
water (Figure 4), where the densities of the system increased
with increased ZIF—8 loading. These results validate the
favorable adsorption of EG and HMIm observed computa-
tionally.

As predicted by the single and binary systems, the density of
the ternary mixture of water, EG, and HMIm also possessed an
increased density at higher loadings of ZIF—8, Figure 4, due to
solvent adsorption. To determine if there was preferential
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Figure 4. Relative measured densities of dispersions containing
various loadings of ZIF—8 in water (blue circles), EG (orange
triangles), a mixture of 25 wt % HMIm in water (green squares), and
a mixture of HMIm, EG, and water at 25:35:40 wt % respectively (red
pentagons).

adsorption between EG or HMIm, TGA-MS was performed
on a 10 wt % ZIF—8 dispersion in the ternary solvent mixture.
The data show a large mass loss from 30 to 175 °C due to the
loss of bulk solvents from the ZIF dispersion, Figure S19.
When compared to bulk ZIF—8 and the bulk ternary mixture,
the TGA plot of the 10 wt % ZIF—8 dispersion showed an
additional mass loss step at 250 °C due to the loss of adsorbed
solvents within the pores of ZIF—8. Increases in the ion
current occurred for both water and HMIm, but not EG,
indicating that HMIm is preferentially adsorbed over EG.
Furthermore, it suggests that mixed solvent systems allow for
the adsorption of solvents that were excluded from the ZIF—8
pore in single-component dispersion experiments. This is likely
due to pore aperture expansion caused by the other solvent
molecules present.

The structural factors that influence water exclusion from the
porous hosts are important in the design of PLs. Due to its
molecular size, water is difficult to exclude from the pores of
many MOFs through steric factors alone. The wide structural
variety within the ZIF MOF family allows for the examination
of structure—property relationships within related Type 3 PL
systems. Water exclusion was examined using ZIFs ZIF—38,
—67, =69, and —71. ZIF—71 possess two unique topologies
(rho and sod) that can be formed from the same ligand—metal
combination (Zn** and 4,5-dichloroimidazole) through
control of synthetic conditions.””*"** Both structures were
examined in this work and are identified as ZIF—71(RHO)
and ZIF-71(SOD), for the rho and sod topologies,
respectively. A comparison of the structures and properties
of these ZIFs is provided in the Supporting Information, pages
§5-57.

Density measurements of the five ZIFs dispersed in water
were collected and are shown in Figure S20 and compared in
Table 1. ZIF—8 was used as the exemplar MOF since water
does not enter the pores due to framework hydrophobicity.***
Water exclusion from the pores was confirmed as the measured
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Table 1. Densities of ZIF—Water Dispersions at 10 wt %
ZIF Compared to the Theoretical Density of a 10 wt %
ZIF—Water Dispersion When Water Is Assumed Adsorbed
or Exclude from the Pores

measured

theoretical density density theoretical density

ZIF adsorbed (g/mL) (g/mL) excluded (g/mL)
ZIF-8 1.042 0.987 0.986
ZIF—67 1.037 0.979 0.988
ZIF—69 1.036 1.032 0.992
ZIF—71(RHO) 1.040 0.931 1.006
ZIF—71(SOD) 1.080 1.023 1.022

densities of the ZIF—8-water PL align well with theoretical
densities of the system when the pores of the framework are
empty. Through comparison with calculated theoretical
densities, water was determined to be excluded from the
pores of ZIF—67 as well as the large pored ZIF—71(RHO) and
—71(SOD) but was adsorbed by ZIF—69 (see Table 1). This
is further illustrated by the change in the partial molar volumes
of ZIF—69, shown in Figure S21, which decreased almost 40%
while the partial molar volumes of ZIF—8, —67, and
—71(SOD) showed little deviation. This decrease indicated
that the molar volume added by ZIF—69 is less than the molar
volume of the bulk solid due to water adsorption. In contrast,
the partial molar volume of ZIF—71(RHO) dispersed in water
showed a dramatic increase of 71% and a decrease in densities
below the theoretical calculated densities was observed. This is
likely caused by interparticle void space formation due to
aggregation of the highly hydrophobic ZIF-71(RHO)
particles, which caused an increase in the ZIF—71(RHO)
dispersion volume and deviation in the measured densities
from theoretically calculated densities.

However, it is known that ZIF—71(RHO) adsorbs water
vapor and that the density of water does decrease when
confined in nanoporous materials.”*"*® TGA-MS analysis
indicated in Figure S22 that there is no additional adsorbed
solvent mass loss in the TGA or a substantial difference in the
MS signal of water for the 10 wt % ZIF—71(RHO)—water
dispersion compared to the bulk ZIF—71(RHO). This
demonstrated that the density measurements were correct
and water was not adsorbed by ZIF—71(RHO) when
dispersed in water. Overall, the observed trend of water
exclusion from the pores of the ZIFs aligns with the
hydrophobicity of the frameworks,” where the polar
functionalities on the ligands of ZIF—69 decrease the
hydrophobicity of the framework compared to the other
Z1Fs, allowing water to be adsorbed into the pores.

Pore aperture expansion of ZIF—8 complicates the predict-
ability of solvent exclusion based on crystallographic data.
Density measurements were further used to assess the effects
of pore aperture expansion on the solvent accessibility of the
porosity within ZIF—8 Type 3 PL systems. ZIF—8 dispersions
were made using varying sizes of solvent molecules to
determine the limit of adsorbed molecule size in ZIF—8. The
van der Waal volumes (V3y;) of the solvent molecules were
calculated using reported methods,”” and were used to
approximate the molecular diameters (dy,) of the solvents.
The dyy of the evaluated solvents ranged from 3.2 to 7.4 A/
molecule. The Vi, and dyy of the chosen solvents, along with
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Figure S. (a) Relative measured densities of dispersions containing various loadings of ZIF—8 in water (blue circles), EG (orange triangles), IMIm
(green squares), p-dioxane (red diamonds), 2CP (gold pentagons), and 2HAP (purple hexagons). (b) Comparison of the molar volume of ZIF—8
(blue) with the partial molar volumes of ZIF—8 dispersions in adsorbed solvents (red) and exclude solvents (green).

other selected properties, are summarized in Tables S3—SS.
Results showed that calculated dyy compared well with
previously reported kinetic diameters,” illustrating ease and
consistency in this method to estimate molecular size.
Additionally, the measured densities of the neat solvents
showed little deviation from manufacturer-supplied values,
Table S3, further supporting the accuracy of this measurement
methodology.

Again, due to the lower density of ZIF—8 (0.943 g/mL)
compared to the densities of the examined solvents, the density
of ZIF—8 solvent dispersions is expected to decrease with
increasing ZIF loading when a PL is formed as the solvent
molecules are too large to be adsorbed. Figure Sa shows the
comparison relative densities of ZIF—8 dispersed in the
individual solvents EG, 1MIm, p-diox, 2CP, DHLC, and
2HAP. The densities of the dispersions formed by using the
solvents EG, 1MIm, and p-diox increased with increasing ZIF—
8 loading. By contrast, the dispersions made using 2CP,
DHLC, and 2HAP solvents decreased in densities with
increasing ZIF—8 loading. This indicates that solvent
molecules with dyy < 5.4 A/molecule are adsorbed by the
MOF and occupy the pores, while molecules with dyy > 5.4 A/
molecule are too large to be adsorbed and are excluded from
the pores of ZIF—8, forming a PL.

This solvent molecule size cutoff of 5.4 A/molecule is larger
than the ZIF—8 crystallographic pore aperture of 3.4 A
Which indicates that expansion of the ZIF—8 pore aperture
occurred, allowing adsorption of molecules larger than the
crystallographic pore aperture. Furthermore, the experimental
expansion of the pore aperture to between 5.4 and 5.9 A aligns
well with computational results.

Previous investigations have shown that expansion of the
pore aperture of ZIF—8 allowed for the adsorption of gases
with kinetic diameters of up to 7.6 A.*> However, our size
exclusion limit for solvent molecules adsorbed into the pores of
ZIF—8 is smaller than that for adsorbed gas vapors. This
difference is likely due to temperature effects, as the gas vapor
adsorption studies were performed at elevated temperatures.

From density measurements of the PLs, the partial molar
volumes of ZIF—8 were calculated, Figure 5b, and are useful as
a simple comparison method.”® The results showed that the
volume contribution of ZIF—8 in solvents possessing a dy
greater than 5.4 A is similar to that of bulk ZIF—8 and
decreased less than 15%, Figure S23. This further confirms that
these solvents are excluded from the pores of the framework, as
the volume contribution of ZIF—8 is unchanged in the PLs
compared to the bulk solid. By contrast, dispersions formed
from solvents smaller than 5.4 A showed a decrease in the

230 https://doi.org/10.1021/acsmaterialsau.3c00094

ACS Mater. Au 2024, 4, 224-237


https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00094/suppl_file/mg3c00094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00094/suppl_file/mg3c00094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00094/suppl_file/mg3c00094_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00094?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00094?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00094?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00094?fig=fig5&ref=pdf
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.3c00094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

1.04

(a) | Solvent Adsorbed
1.03 -
1.02
) [
1.01 P
< 1.00 4 = _. _____________________________ = p-diox
el B = 2CP
0.99 - Tl
0.98 R
4 N
0.97 - R .
] Solvent Excluded
0.96 4 . . . : T T .
0 2 4 6 8 10 12 14
ZIF Conc. (% vol)
140 )
(b) B solid ZIF-67
” [ Solvent Adsorbed
o %9 [ Solvent Excluded
0,
§ 100 100%
E ;\; 85%
o — 80
=%
g Li_ 60
TN -
<5
o 404
o
&
20
0 -
\-\61’\(' Q.é %
go
Solvent

Figure 6. (a) Relative measured densities of dispersions at various weight loadings of ZIF—67 in p-dioxane (green squares) and 2CP (purple
squares) and (b) the percent change in the partial molar volume of ZIF—67 in p-diox (red) and 2CP (green) compared to solid ZIF—67 (purple).

The dashed line at 85% indicates the identified cutoff for PLs.

partial molar volume of ZIF—8. This is because the adsorption
of these smaller solvent molecules decreases the volume
contribution of ZIF—8 to the total volume of the dispersion.

Pore aperture expansion is expected to occur in all ZIF-based
PLs; however, the effect that structural changes have on the
aperture expansion is unknown. Again, utilizing the wide
structural variety within the ZIF MOF family and experimental
density measurements, the effects of metal percussor, pore
aperture size, ligand functionality, and topology on aperture
expansion and solvent exclusion in ZIF PLs were examined.
Both ZIF—67 and ZIF—71(SOD) are isostructural analogs
of ZIF—8, differing from ZIF—8 in metal nodes (Co®" versus
Zn*") or ligands (4,5-dichloroimidazole versus 2-methylimida-
zole), respectively. Pore aperture expansion has been reported
to occur to a lesser extent in ZIF—67 compared to ZIF—8;*”
but there are no experimental reports of the phenomenon
occurring in ZIF—71(SOD). To examine this variable, density

231

measurements of ZIF—67 dispersions in p-diox and 2CP
solvents were performed and are shown in Figure 6a. Like
ZIF—38, the density of ZIF—67 dispersions in p-diox increased
with increasing ZIF—67 loading, while dispersions of ZIF—67
in 2CP decreased with increased ZIF loading. This indicates
that replacing Zn>* with Co®* does not substantially affect the
degree of pore aperture expansion or the size of solvent
molecules excluded from the pores of the framework. Like
ZIF—8, the partial molar volume of ZIF—67 dispersed in p-
diox decreased almost 40%, Figure 6b. While the partial molar
volume of ZIF—67 PL in 2CP changed less than 10%, further
verification of PL formation occurred.

The bulky chloride functional groups of 4,5-dichloroimida-
zole lead to changes in the preferred ligand conformation
within ZIF—71(SOD), causing an increase in the pore aperture
size when compared to ZIF—8, Table S2. However, the effect
these larger functionalities have on the expansion of the pore
aperture and the steric exclusion of solvents is unknown. To
examine this variable on ZIF—71(SOD), the density of ZIF
dispersions in 2CP, 2HAP, DMI, and 15CS solvents was
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Figure 7. Comparison of measured (black circles) and theoretical densities (triangles), assuming solvent adsorbed (red triangles) or excluded
(green triangles) of ZIF—71(SOD) dispersions in (a) 2CP, (b) 2HAP, (c) DM], and (d) 15CS.

measured. These bulkier solvents were used to determine the
range of excluded solvents due to the larger pores of ZIF—
71(SOD). The structure, properties, and size of these solvents
are provided in Tables S3 and S4. It should be noted, due to
the larger crystallographic density of ZIF-71(SOD), that
increased densities of dispersions are expected even when
the solvent is excluded from the pores of the framework.
Therefore, a comparison of measured densities with theoretical
densities of the ZIF dispersions is required to confirm whether
solvents are adsorbed or excluded from the pores.

Measured densities of ZIF—71(SOD) in 2CP, 2HAP, and
DMI increased with increasing loading and aligned well with
the adsorbed-theoretical densities, Figure 7a—c, which
indicated that each solvent was adsorbed by the pores of
ZIF—71(SOD). In comparison, the densities of ZIF—71(SOD)
dispersions in 15CS5 also increased with increasing ZIF loading,
Figure 7d, but aligned with excluded-theoretical densities. This
is further confirmed through comparison of the partial molar
volumes of ZIF—71(SOD) in each solvent, Figure S24a. When
dispersed in 15CS, the partial molar volume of ZIF—71(SOD)
did not substantially change, while the partial molar volume of
the ZIF in 2CP, 2HAP, and DMI all decreased by 20—40%.
This made it evident that 15C5 was sterically too bulky and is
excluded from the pores of the framework.

232

Additionally, these results illustrated that pore aperture
expansion had occurred in ZIF—71(SOD) as solvents larger
than the crystallographic pore aperture were adsorbed (2CP,
2HAP, and DMI). From these density measurements, it was
determined that solvents with dyy > 6.9 A/molecule possessed
sufficient steric bulk to not be adsorbed by the pores of ZIF—
71(SOD). This demonstrated that a 76% expansion of the pore
aperture occurred to allow for the adsorption of the DMI
solvent molecules. This degree of expansion is larger than the
expansion observed in ZIF—8 (59%) dispersions, demonstrat-
ing that ligand functionality and ligand conformation within
the framework positively impact the extent of pore aperture
expansion within the ZIF frameworks.

Next, the pore aperture expansion in ZIFs possessing
different topologies was examined by using ZIF—69 and
ZIF—71(RHO), with GME and RHO topologies, respectively.
An illustration of the structural differences between the three
topologies is provided in Figure S8. The pore aperture and
pore sizes of both ZIF—69 and ZIF—71(RHO) are the largest
of the ZIFs examined, Table S2. Due to these larger pores, the
bulky, and often more expensive, solvents 2HAP, DMI, and
15CS were used to determine the range of excluded solvents.

The densities of ZIF—69 and —71(RHO) dispersed in each
solvent at various ZIF loadings were measured. The densities
of all ZIF-solvent dispersions increased with increasing ZIF
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Figure 8. Comparison of measured (black circles) and theoretical densities (triangles), assuming solvent adsorbed (red triangles) or excluded
(green triangles) of ZIF—69 (a, b) and ZIF—71(RHO) (c, d) dispersed at various loadings in 2HAP (a, c) and DMI (b, d).

loading, as illustrated in Figures 8 and 9. This contrasts with
the expected densities, which decrease or stay relatively
constant when the solvents are excluded from the pore space
of ZIF—69 and ZIF—71(RHO), Table S2. When compared to
theoretical densities the measured densities of ZIF—69
dispersion in 2HAP and DMI both match the adsorbed-
theoretical densities, indicating that both solvents are adsorbed
by ZIF—69. Though ZIF—71(RHO) possesses a smaller pore
aperture than ZIF—69, the densities of ZIF—71(RHO)
dispersions in 2HAP and DMI similarly matched the
adsorbed-theoretical densities for both solvents. Again, this
indicates that the large pore of ZIF—71(RHO) adsorbed the
two solvents.

The adsorption of 2HAP and DMI by ZIF—69 and ZIF—
71(RHO) indicated that pore aperture expansion also occurred
in these ZIFs, allowing adsorption of the large solvent
molecules. To further determine the limit of solvent molecule
size for pore adsorption, solvent 15CS was used. Figure 9
shows that the densities of both ZIF—69 and ZIF—71(RHO)
increased with increasing ZIF loading. These measured
densities of both ZIF—69 and ZIF—71(RHO) were lower
than the solvent-adsorbed theoretically calculated densities.

However, these results still indicate 15C5 adsorption by both
ZIFs because the measured densities increased and were
substantially larger than the solvent-excluded calculated
densities, which decrease or remain almost constant with
increasing ZIF loading. Furthermore, as shown in Figure
S24b—c, the partial molar volumes of both ZIF—69 and ZIF—
71(RHO) dispersed in 1SCS decreased by almost 20%.
Compared with the partial molar volumes of PLs formed
from ZIF—8, —67, and —71(SOD), all possessed decreases of
less than 15% (see Figures S23 and S24a). Together this
verified that 15CS was adsorbed into the pores of both ZIF—67
and —71(RHO). Combining these results indicated that
aperture expansion is occurring and the expansion of the
apertures of both ZIF—69 and ZIF—71(RHO) is larger than
7.4 A. This illustrates the limitations of ZIFs with larger pores
to form Type 3 PLs with inexpensive and readily available
solvents.

Comparing the extent of pore aperture expansion of all of
the ZIFs, a design principle can be formulated. For ZIF—8 and
—67, the pore aperture expanded more than 59%, while ZIF—
71(SOD), with a larger pore aperture, possessed a greater
degree of pore aperture expansion, increasing 76%. This
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illustrated that the ligand conformation within the framework,
determined by ligand functionality, impacts the degree of pore
aperture expansion and the size of excluded solvents. ZIF—69
and ZIF-71(RHO), which possess different topologies, also
showed substantial expansion of the pore apertures, 68 and
76%, respectively. Though the degree of expansion matches
the other ZIFs examined, the limit of pore aperture expansion
of these two ZIFs may be larger as no solvents larger than
15CS were examined.

From these results, eight new ZIF-based Type 3 PLs were
identified, five with organic solvents (ZIF—8 + 2CP, ZIF—8 +
2HAP, ZIF-8 + DHLC, ZIF—67 + 2CP, and ZIF—71(SOD)
+ 15C5) and three in water (ZIF—67 + water, ZIF—71(RHO)
+ water, and ZIF-71 (SOD) + water). Based on these new
Type 3 PL systems, a material design principle was formed for
developing new ZIF-based PLs, where solvents 1.8 times larger
than the crystallographic pore aperture should be utilized to
ensure steric exclusion from the pores. However, there are
exceptions to this design principle. We also showed that the
ligand functionality determined water exclusion from the ZIF
pores, which illustrates the utility of ZIF/MOF tunability for
Type 3 PLs, allowing for the nonsteric exclusion of solvents.
This is critical for the formation of Type 3 PLs in aqueous
solvent systems, especially for MOFs with large pore apertures.
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Designing porous liquids for selective CO, gas capture requires
exquisite control over the PL constituents (solvents and
nanoporous host) to form a system tuned for CO, gas capture.
Gaining a fundamental understanding of the permanent
porosity of the MOF in the system is vital to enabling tuned
gas adsorption locations. This has led to this focused study on
the adsorption of individual solvents in ZIF MOFs in Type 3
PLs. Pore aperture expansion of ZIF—8 has been a barrier in
predicting the ability to exclude solvent from within ZIF-8-
based PL systems. Our computational calculations indicate that
this aperture expansion allows for the adsorption of solvents
commonly used in ZIF-based PLs. However, through simple
density measurements, we elucidated the impacts and limits of
aperture expansion on the adsorption solvents in a series ZIF-
based PLs. From these results, eight new ZIF-based Type 3
PLs were discovered. We further illustrated the use of partial
molar volumes for the facile verification of Type 3 PLs, even
when formed from different porous hosts or solvents. We
propose that to effectively make ZIF-based PLs with accessible
pores for gas adsorption, solvents with molecular sizes 1.8
times or larger than the crystallographic pore aperture of the
ZIF should be used. Furthermore, our computational
calculations suggest the importance of the pore aperture in
gas—PL interactions allowing for additional tuning sites to
improve the gas capture capabilities of Type 3 PLs.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00094.
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gas adsorption of ZIFs, images taken from computa-
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