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Nanoporous materials can tune the critical point of a pure

substance

Efrem Braunl®, Joseph J. Chen®, Sondre K. Schnell@?], Li-Chiang Lin®<l, Jeffrey A. Reimer*®d, and

Berend Smit*del

Abstract: Molecular simulations and NMR relaxometry experiments
demonstrate that pure benzene or xylene confined in isoreticular
metal-organic frameworks (IRMOFs) exhibit true vapor-liquid phase
equilibria where the effective critical point may be reduced by tuning
the structure of the MOF. Our results are consistent with vapor and
liquid phases extending over many MOF unit cells. These results are
counterintuitive since the MOF pore diameters are approximately the
same length scale as the adsorbate molecules. As applications of
these materials in catalysis, separations, and gas storage rely on the
ability to tune the properties of adsorbed molecules, we anticipate
that the ability to systematically control the critical point, thereby
preparing spatially inhomogeneous local adsorbate densities, could
add a new design tool for MOF applications.

There is a rich emerging literature on metal-organic frameworks
owing to the ability to tune local chemical structure and
geometry by joining various metal-containing units with a
panoply of organic linkers to create nanoporous crystalline
materials.I"! Judicious choice of linker-metal combinations yields
MOFs exhibiting ultrahigh porosity in combination with thermal
and chemical stability. These are widely explored for
applications ranging from separations, storage, catalysis, etc.??

Confinement of molecules within pores affects their collective
properties, such as phase behavior. A well-known example is
capillary condensation® where interactions between the
adsorbed molecule and the pore wall induce quasi one-
dimensional vapor-liquid coexistence at conditions where the
bulk fluid is singularly present as a vapor. In the literature,
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capillary condensation is often associated with a single pore,
and if the dimensions of this pore are of similar size as the
adsorbed molecules, capillary condensation is suppressed; thus,
the adsorbed fluid is present as a single phase at all conditions.
As the pores of most MOFs are on the order of nanometers,
capillary condensation will not occur.

Phase transitions induced by adsorption have been observed in
MOFs and are associated with mechanisms other than capillary
condensation. For example, in flexible MOFs such as MIL-53
adsorption-induced phase transitions are observed in the host
MOF crystals.! Other phase transitions observed in nanoporous
materials are governed by commensurate-incommensurate
transitions in the geometric packing of the molecules in the
pores.®! Our work is motivated by the surprising behavior of
benzene and related molecules in IRMOF-1 (MOF-5). Previous
NMR and molecular dynamics studiesl® of benzene motion in
IRMOF-1 yielded diffusivities associated with two domains of
differing mobilities. Adsorption experiments showed features
suggesting multiple surface energies.”! Finally, grand-canonical
Monte Carlo simulations®! detailed a narrow hysteresis loop for
cyclohexane in IRMOF-1, which was reluctantly associated with
capillary condensation even though the authors noted that the
pores of IRMOF-1 are too small to support the effect.®l In
contrast, others proposed that the step in the CO, adsorption
isotherm in IRMOF-1 is related to a vapor-liquid transition.
Other studies, however, do not observe the hysteresis and
conclude that attractive electrostatic interactions between CO,
molecules are responsible for the unusual shape of the
adsorption isotherms,['! or explain such unusual behavior in
terms of clustering.['"]

To resolve these differences we used molecular simulations (Sl
Simulation Methods) to examine the adsorption of benzene and
xylenes in a representative set of IRMOFs as shown in Figure 1.
Figure 2 illustrates the key result of our Monte Carlo simulations:
ordinary vapor-liquid coexistence of benzene in these materials.
We observe liquid and vapor phases that are similar to bulk
phase coexistence that extend over many unit cells. Figure 3
shows the corresponding phase diagram; the densities indicated
by the phase envelope are consistent with loadings found from
the hysteresis loop portion in the adsorption isotherms as
obtained from grand-canonical Monte Carlo simulations (Sl
Figure 1). These results are consistent with the conclusions
reported® for CO, in IRMOF-1. The critical point of benzene in
IRMOF-1 was found to be 375 K, about 200 K below the bulk
critical point. This decrease in the critical point stems from the
frustration of benzene packing in the liquid phase by the ligands
of the MOF.

Interestingly, we can leverage the native structural and chemical
flexibility afforded by the modular construction of metal-organic
frameworks to tune this critical point. Phase diagrams were
simulated for benzene in the IRMOF series. We found that as
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the pore size increases, the critical temperature of benzene
increases, approaching its bulk value (Figure 3). For IRMOFs
with the same linker length, such as IRMOF-1 and IRMOF-7 or
IRMOF-10 and IRMOF-14, the addition of a side group lowers
the critical temperature. We surmise that this is because these
side groups further frustrate the packing in the liquid phase.
Additionally, we repeated our simulations with xylene isomers in
IRMOF-1 and found a similar reduction in the critical
temperatures for all three isomers (Sl Figures 2-5).

Experimental confirmation of vapor-liquid phase transitions lies
in the detection of spatially extended domains of vapor-liquid
coexistence. Towards that end we turned to NMR relaxometry, a
technique that allows us to probe subtle changes in molecular
motion. The differing densities of the vapor and liquid phases
coexisting within the MOFs are expected to create dissimilar
magnetic environments that are distinguishable using NMR spin-
spin relaxation measurements. We measured the distribution of
spin-spin (T2) relaxation times using Carr-Purcell-Meiboom-Gill
(CPMG)I" experiments combined with a Laplace inversion
numerical analysis algorithm to disentangle the multiple
relaxation time constants (S| Experimental Methods).['"]

Figure 4A illustrates the distribution of T- relaxation times
obtained from benzene in IRMOF-1 at different temperatures. A
single thermodynamic phase of benzene would produce a single
relaxation time, yet we observe three separate peaks in the Tz
distributions, illustrating that benzene resides in distinct
environments. For example, at 295 K we observe a dominant
peak at intermediate relaxation times (~120 ms) as well as a
small peak at long relaxation times, ~870 ms. We associate the
dominant peak with benzene in the liquid phase and the smaller
peak with benzene in the vapor phase for two reasons. First,
spin-spin relaxation times of adsorbed fluids increase with
molecular mobility,['"¥ hence the shorter T2 emanates from the
liquid phase. Secondly, the experiments are conducted under
conditions where the majority of molecules (~70%) reside in the
liquid phase. The third small peak (~5 ms) is assigned to
molecules near the vapor-liquid interface (S| Discussion). As the
temperature increases the peak associated with the liquid phase
(intermediate-T>  relaxation times) decreases in size,
corresponding to a decrease in the mole fraction of liquid, while
the peak associated with the vapor phase (long-T2 relaxation
times) correspondingly increases in size. This trend continues
such that at 343 K the number of molecules associated with
each relaxation peak is roughly equal, and at 388 K the vapor
phase dominates (S| Discussion). The distinct changes in the
peak intensities are convincingly commensurate with the
simulated vapor-liquid coexistence curve (Figure 3). Indeed, at
higher temperatures more benzene molecules are in the vapor
phase.

A unique and defining feature of this coexistence is the
extension of the vapor and liquid phases over many unit cells
(Figure 2). The corresponding length scales may be probed
directly by two-dimensional T2>T> relaxation exchange
experiments  where the appearance of cross-peaks
demonstrates that during the measurement time (texcn) molecules
have moved from a liquid phase to a vapor phase. Figure 4B
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shows the T2-T2 exchange plots for fexch = 500 ms when benzene
is adsorbed in IRMOF-1. Peaks centered on the diagonal
represent benzene molecules that have not exchanged between
the liquid and vapor phases during texch, Whereas peaks that are
centered symmetrically on either side of the diagonal are
associated with molecules that have exchanged between these
phases. Exchange peaks are prominent in Figure 4B, confirming
that the molecules are exchanging between the liquid and vapor
phases within a timescale of fexcn ~100-500 ms (SlI). This time
scale, along with a representative diffusion coefficient® of
benzene in IRMOF-1 (~10° m?/s) gives us ~10° m as the
characteristic length scale over which a molecule diffuses
between both phases. This 10-micron length scale shows that
indeed the vapor and liquid phases extend over many unit cells.

A third experimental observation supporting our assignment of
two distinct phases is seen in the dependence of spin-spin (T2)
relaxation times on the echo period of the CPMG sequence. An
interface such as the one shown in Figure 2 creates spatially-
localized magnetic field gradients owing to the differences in
magnetic susceptibility (x) between the vapor and liquid
phases.['? The magnitude of these field gradients increases with
proximity to the interface. We directly probe the diffusion of
molecules through the vapor-liquid interface by varying the echo
period (techo) in the CPMG experiment.['®l By varying this echo
period we tune the window over which we monitor molecular
diffusion. With short echo periods, the diffusion length is short,
and the effect of the gradient on T2 is minimal; increasing the
echo period increases the effect of the field gradient on Ta.
Furthermore, increasing the echo period (and the associated
diffusion length) also increases the number of molecules that are
influenced by the interface. Both of these effects explain the
shortening relaxation times depicted in Figure 4C.

It is important to distinguish the present phenomenon from
capillary condensation. Capillary condensation cannot support a
true phase transition in cylindrical pores® because the
correlation length associated with density fluctuations can only
grow in one dimension. Conversely, the IRMOF-type
frameworks studied herein exhibit relatively open structures, and
hence correlation lengths can grow in any direction, with phase
transitions likely belonging to the universal class of the three-
dimensional Ising model.®! In this context it is interesting to
compare these materials to aerogels, which are also open
structures and change the vapor-liquid equilibrium curve of
adsorbed molecules.!'Y In aerogels, however, the porosity is so
high that the critical point is only changed by a few mK. The
present phenomenon is also distinct from previous reports!'® of
adsorbate clustering in which phase coexistence does not play a
role (S| Discussion).

We conclude that even materials with pore sizes on the order of
nanometers can support vapor-liquid coexistence provided they
possess the correct topology. This provides a natural
explanation for the anomalous behavior reported for benzene
and related molecules in IRMOF-1.571 More broadly, we
anticipate that this phenomenon is not limited to vapor-liquid
equilibria.  Similar effects, for example, can be expected for
liquid-liquid mixtures. The ability to substantially tune the critical
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point of a pure fluid sheds new light on a very classic
phenomenon, portending a revisiing of pure and
multicomponent phase behavior in nanoporous materials. The
phenomenon of mesoscopic domains of differing adsorbate
densities/compositions in MOFs introduces heterogeneity which,
similar to multivariate MOFs,["®! has potential applications in
catalysis, separations, and storage technologies.
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30 Figure 1. (a) Crystal structure of IRMOF-1, which consists of Zn4O complexes
31 connected by 1,4-benzene dicarboxylate linkers. (b) Linker molecules of all
32 IRMOFs used in the molecular simulations.
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Figure 3 Vapor-liquid coexistence curves for benzene in various IRMOFs. The
density scaling law (with the three-dimensional Ising critical exponent 3=0.32)
and the law of rectilinear diameters were used to estimate the critical point and
to interpolate the data. Note that the error bars of these calculations are
smaller than the symbols. Densities were converted to mass per void space
volume using void fractions of 0.832, 0.782, 0.910, 0.914, and 0.939 for
IRMOFs 1, 7, 10, 14, and 16, respectively (for details see S| Simulation

Methods).
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Figure 4 NMR relaxation and exchange of benzene in IRMOF-1. (a) Tz
relaxation distributions of benzene in IRMOF-1 at a loading of 9 + 1 molecules
of benzene per unit cell at different temperatures, where the right-facing
arrows indicate the intermediate T2 population and the left-facing arrows
indicate the long T2 population. (b) A contour plot of the T>T2 relaxation
exchange distribution at 343 K. The off-diagonal intensities illustrate the
presence of molecular exchange between the intermediate (liquid) and long
(vapor) relaxation time environments during the timescale set by the
experiment; in these data texcn = 500 ms. (c) T2 relaxation distributions at 295 K
with varying echo period (fecho) indicating the presence of magnetic field
gradients arising from the vapor-liquid interface.
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COMMUNICATION

Vapor-liquid coexistence is
suppressed in materials as the pore
size approaches the order of the
adsorbate molecule diameter. NMR
relaxometry and molecular simulations
show that such coexistence is
possible in open metal-organic
frameworks, and that the phases
extend over many unit cells in a
manner similar to bulk phase
behaviour.
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