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Pressure-Gradient Sorption Calorimetry of Flexible Porous
Materials: Implications for Intrinsic Thermal Management

Wesley K. Feldmann,” Catharine Esterhuysen,®

Thermal management is an important consideration for
applications that involve gas sorption by flexible porous
materials. A pressure-gradient differential scanning calorimetric
method was developed to measure the energetics of adsorp-
tion and desorption both directly and continuously. The
method was applied to the uptake and release of CO, by the
well-known flexible metal-organic frameworks MIL-53(Al) and
MOF-508b. High-resolution differential enthalpy plots and total
integral enthalpy values for sorption allow comprehensive
assessment of the thermal behavior of the materials throughout
the entire sorption process. During adsorption, the investigated
materials display the ability to offset exothermic adsorption
enthalpy against endothermic structural transition enthalpy,
and vice versa during desorption. The results show that flexible
materials offer reduced total integral heat over a working range
when compared to rigid materials.

Flexible porous materials potentially offer enhanced working
capacities for applications involving the uptake and release of
gases.™ The working capacity of a material is also influenced
by thermal effects associated with the sorption and desorption
processes.” For example, since adsorption is exothermic it
elevates the sample temperature, which can reduce the total
uptake capacity as well as increasing the onset pressure of the
gate-opening event.* Therefore, effective thermal manage-
ment is critical for the maintenance of working capacities over
large loading ranges. This can be assessed by determining the
enthalpy changes due to specific events that occur during
sorption and desorption. These energetic events (e.g., host-
guest and guest-guest interactions, as well as structural
changes within the adsorbent) are cumulative and may occur
either consecutively or concurrently.”

Sorption enthalpies (AH) are usually determined using indirect
isosteric or direct calorimetric methods. The isosteric method is
based on the Clausius-Clapeyron equation and is most commonly
applied to materials exhibiting type | sorption profiles.”™
However, this method is not usually applied to materials exhibiting
stepped or type-F profiles"” due to sorption-induced structural
changes; we note that an adapted approach has been reported by
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Long and co-workers.""'? The isosteric approach is subject to
certain assumptions, such as ideal gas behavior" and the choice
of numerical fitting of the isotherms and isosteres"” Many of
these issues have been addressed through rigorous derivations,
corrections and additions relating to the Clausius-Clapeyron
equation.®™® Although Grand Canonical Monte Carlo (GCMC)
simulations can be used to approximate —AH, values for flexible
materials, accurate results require crystallographic determination
of the atomic coordinates both before and after the structural
transition. Experimental reference data are often also needed."”
On the other hand, adsorption calorimetry provides direct
quantification of the thermal events associated with the different
stages of the sorption process. The enthalpies can be determined
at a temperature of choice, thus simulating working conditions
and yielding information relevant to practical heat management,
i.e. how much cooling is required during adsorption.

An accurate enthalpy profile over the working range of a
flexible material enables individual assessment of each of the
thermal effects (Figure 1). This allows identification of effects
that are unique to flexible materials, such as the potential for
intrinsic thermal management>'® An endothermic structural
transition has been shown to mitigate exothermic guest
adsorption, leading to reduced total heat generation.*'® The
degree to which the heat may be offset is primarily dependent
on the magnitude of the endothermic structural transition!**”
and the strength of the host-guest interactions.”"

We recently reported on the use of pressure-gradient differ-
ential scanning calorimetry (PG-DSC) to determine enthalpy
changes for type | sorption processes over an extended loading
range.”” The advantage of PG-DSC is the gradual introduction/
extraction of gas, resulting in maintenance of quasi-equilibrium
conditions throughout the experiment.”® Such conditions improve
the resolution of the data and facilitate faster completion times for
each experiment” As a logical extension of this work, we now
report application of our method to flexible porous materials. The
high resolution and continuous data enable identification and
quantification of the subtle thermal phenomena associated with
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Figure 1. Examples of modes of flexibility:?? (a) Breathing (e.g. MIL-53 and
MOF-508b); (b) subnetwork displacement (e.g. MOF-508b). These result in a
stepped isotherm (c), due to the structural transitions between the narrow
pore (np) and large pore (Ip) forms.!'*%2%
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the events that usually occur when flexible materials transform in
response to gas uptake and release. Indeed, few studies have
employed calorimetric methods to investigate the adsorption
enthalpies of flexible materials over a wide pressure range.”’®
Most notable is the well-known metal-organic framework (MOF)
MIL-53(A)*? (see the Supporting Information, Table S5),52
rendering it a suitable reference compound for validation of our
results. It has been noted that MIL-53(Al) exists in a large pore (Ip)
form when completely activated but upon exposure to CO,, even
at low loading, it immediately contracts to a narrow pore (np)
form. This is unusual as flexible materials generally collapse to the
np form upon complete guest removal. At higher CO, loadings it

then reverts to the Ip form through a breathing mode structural
transition (Figure 1a).”2 MOF-508b%*3*¥ exhibits two structural
transitions, primarily subnetwork displacement followed by a
secondary breathing mode (Figure 1a and b), which adds addi-
tional complexity.

Using a modification of our reported PG-DSC procedure,®
we determined the enthalpies of CO, adsorption and desorp-
tion for both MIL-53(Al) and MOF-508b at 288, 298 and 308 K in
the context of thermal management; the isotherms are shown
in blue in Figures 2 and 3. In addition to the expected stepped
profiles, the isotherms display considerable hysteresis.** These
were determined for the narrow (np) and large pore (Ip) forms,
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Figure 2. Differential enthalpy plots overlaid with the corresponding sorption

isotherms for MIL-53(Al).
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Figure 3. Differential enthalpy plots overlaid with the corresponding sorption
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associated with the structural transition. Previously reported
—AH,q4, values for the (np) and (Ip) forms of MIL-53(Al) (i.e.,
before and after the structural transition) span the ranges 24 to
50 and 15 to 26 kJmol™, respectively (Table S5). Our results for
the np and Ip pore forms span 28 to 32 and 14 to 19 kJmol™',
respectively, agreeing well within the established adsorption
ranges.

The differential enthalpy profiles for the adsorption of CO,
at each temperature by MIL-53(Al) are shown in black in
Figure 2. In accordance with the sorption isotherms, each plot
shows two distinct regions, each consisting of one or more
thermal events. The first adsorption region ranges from zero
loading to the onset of the np — Ip structural expansion at
approximately 4, 5 or 6 bar, depending on the temperature. The
exothermic process between 0 and 1 bar is due to initial guest
adsorption, involving the unusual Ip—np structural contraction
around the guest molecules.” The subsequent endothermic
region is related to the np—lp structural expansion, followed
by exothermic guest adsorption into the Ip phase. The endo-
and exothermic contributions can be observed, which is
valuable when assessing the thermal properties of the material.

Desorption and the related hysteresis profiles are rarely
investigated for thermal effects, which is surprising considering
that the deliverability of a guest is directly related to desorption
and the corresponding enthalpy. The differential enthalpy plots for
desorption (Figure 2d-f) exhibit trends that match those for
adsorption, albeit with hysteresis and in the opposing thermal
direction, i.e. an exotherm in the adsorption profile corresponds
to an endotherm in the desorption profile. The differential
enthalpies for the exothermic Ip—np structural contraction and
the endothermic guest desorption are consistent over the three
temperatures, showing a decrease in enthalpy, which leads to
cooling of the system in the pressure region of the structural
transition.

Figure 2 describes how the differential enthalpy changes over
a given pressure range. These plots offer valuable information for
application-based assessment of adsorbent materials, enabling
one to monitor the thermal characteristics at a given pressure.
Using this approach, adsorbent materials can be benchmarked
against one another to determine the ideal adsorbent for a
specific gas over a specific pressure range in terms of their thermal
phenomena. Additionally, these types of plots can provide insights
that are useful for management of the thermal changes within the
system. For example, more heat is evolved between 0-5 bar than
between 5-10 bar when MIL-53(Al) adsorbs CO,.

Such information can be used to formulate a cooling profile
to maintain the system at ideal conditions for maximum
performance.

MOF-508b is a more complex flexible system, exhibiting two
structural expansions (subnetwork displacement: np<lp and
breathing: lp<—2lp) that result in two-stepped profiles for both
adsorption and desorption (Figure 3, blue). The material initially
exhibits a sharp endotherm corresponding to sub-network
displacement. However, the magnitudes of the subsequent
adsorption exotherms are exceptionally high, with peak values of
ca —64.7, —515 and —63.0kimol™' at 288, 298 and 308K,
respectively (Figure 3a—c). This suggests that strong host-guest
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interactions occur rapidly subsequent to the np—lp expansion,
which is further corroborated by the corresponding steep
gradients of the isotherms. The secondary structural expansion
(lp—2Ip) is challenging to interpret as the onset of the transition
overlaps with the preceding large exotherm. However, the
enthalpy thereafter is greatly reduced in comparison to the first
exotherm, suggesting that the different modes of flexibility may
exhibit different enthalpy profiles (it would be interesting to see if
future studies can confirm that this is generally applicable for
flexible systems). Summing the energies associated with the initial
np—Ip endotherm and subsequent exotherm yields —47.5, —32.6
and —47.3 kJmol™" at 288, 298 and 308 K, respectively. This is a
clear indication that the exothermic adsorption enthalpy far
exceeds that of the endotherm associated with the structural
transition. During desorption the exotherm corresponding to the
transition 2lp—lp is considerably more pronounced than the
endotherm for the reverse process, indicating strong host-guest
interactions and potential guest trapping.*® This results in a
different thermal pathway to remove the guest from the host
material.

Integrating the enthalpy profiles with respect to loading
yields the total enthalpy for the entire sorption process. Both
materials were compared to a hypothetical rigid framework to
assess the magnitude of the enthalpy offset due to structural
flexibility (e.g. Figure 4, and Tables S1-S4 in the Supporting
Information).”” MIL-53(Al) shows a reduction in the total
enthalpy of ca 8% to 18% as compared to the rigid framework
for both adsorption and desorption at all three temperatures
investigated. Similar results were obtained for MOF-508b at the
two higher temperatures, but a net gain in enthalpy was
observed at 288 K. This result for MOF-508b implies that, by
judicial selection of the temperature, it is possible that enthalpic
structural transitions by flexible materials can be utilized to
mitigate heating resulting from sorption processes.

For the purposes of comparison, the enthalpy profiles
indicate that MIL-53(Al) would perform better than MOF-508b
as an adsorbent for CO, sorption. This is due to the balance
between the endo- and exotherms shown in the differential
plots and a reduction in total integral enthalpy over the entire
pressure range investigated for both adsorption and desorp-
tion. MOF-508b shows the potential for a similar heat reduction,
however the large and rapid generation of enthalpy displayed

-60 -
-50
— 40
I
=
-304
-20
0 2 4 6 8
Loading

Figure 4. A comparison between the differential enthalpy plot (black line)
for MIL-53(Al) at 288 K and a hypothetical rigid framework (dashed line).
Integrating the area under each curve yields the total integral heat
associated with the entire sorption process.
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in the differential plots would be detrimental for sorbent
applications. Advanced external cooling would be required to
maintain optimal working conditions for such a flexible system.

In conclusion, we have devised a scanning calorimetric
method to continuously measure the energetic profiles for gas
adsorption and release by flexible porous materials. The high-
resolution plots of differential enthalpy vs. pressure offer
comprehensive insight into enthalpy changes over the entire
working range for sorption processes. The compounds studied
here show an overall reduction in the total integral enthalpy
associated with adsorption relative to that obtained for rigid
materials. We have shown that it is necessary to assess both
differential and integral enthalpy values when evaluating the
thermal behaviour of flexible materials. Such assessments offer
crucial information that ultimately aids in the development and
evaluation of new and existing materials to increase energy
efficiency and optimize gas storage capacities.

Experimental Section

The materials MIL-53(Al) and MOF-508b were synthesized according
to well-established reported procedures.”*¥ The sorption experi-
ments were conducted using a Hy-Energy PCTPro-2000 equipped
with a Microdoser module. A Grant refridgerated bath was used to
thermostat the sample chamber. The energetic measurements were
recorded using a Setaram uDSC7 Evo module equipped with a high
pressure sample holder. The pressure gradient was controlled by
means of a ProportionAir QPV1 M pressure valve.
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