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ABSTRACT

Metal-organic framework crystal-glass composites (MOF CGCs) are a class of materials comprising a crystalline framework embedded
within a MOF glass matrix. Here, we investigate the thermal expansion behavior of three MOF CGCs, incorporating two flexible (MIL-
53(Al) and MIL-118) and one rigid (UL-MOF-1) MOF within a ZIF-62 glass matrix. Specifically, variable-temperature powder X-ray dif-
fraction data and thermo-mechanical analysis show the suppression of thermal expansivity in each of these three crystalline MOFs when
suspended within a ZIF-62 glass matrix. In particular, for the two flexible frameworks, the average volumetric thermal expansion (f) was
found to be near-zero in the crystal-glass composite. These results provide a route to engineering thermal expansivity in stimuli-responsive

MOF glass composites.

INTRODUCTION

Metal-organic frameworks (MOFs) are a class of hybrid materi-
als, defined by the IUPAC as "a coordination network with organic
ligands containing potential voids".! Their chemical and physical
properties have garnered intense interest for potential applications
such as molecular separation, catalysis, and sensing.?

The fabrication of bulk, contiguous materials comprised partly or
wholly of a MOF component is of great importance to industry,
given the need for morphologies other than microcrystalline pow-
ders for application. Progress has been made in the fabrication of
free-standing binder-free MOF monoliths through spark-plasma
sintering,® and sol-gel processes,”® though most research involves
supporting crystalline MOFs on a variety of substrates such as pol-
ymers, activated carbons, and silicas.'? Bulk structures have been
formed through quenching the high-temperature liquid states of
several zeolitic imidazolate frameworks (ZIFs), a subset of MOFs
characterized by their incorporation of imidazolate-based linkers in
zeolitic architectures. For example, the ZIF-62 system,
Zn(Im)2x(bIm)x [Im, imidazolate; blm, benzimidazolate], melts in
the range 372—441 °C, and upon cooling, forms glasses with glass
transition temperatures (7gs) in the range 298-322 °C.'!"5 The
glasses, which contain tetrahedral metal nodes linked in a continu-
ous random network by the imidazolate linkers, have demonstrated
porosity to analyte gases from homodiatomic molecules such as hy-
drogen and nitrogen to gases as large as small chain hydrocarbons
such as propene.'® However, for molecules similar in size to pro-
pene, considerable diffusion limitations are observed.'®

The ZIF-62 glass, denoted as agZIF-62, is of interest due to a
wide range of properties, for example, high optical transmittance
(~90%) in the visible and near infra-red regions (i.e. 400-1600 nm).
The refractive index (1.56 at 589 nm) and Abbe number, v, (ca. 31)
of agZIF-62 place its optical properties in a comparable region of
the refractive index-Abbe number diagram to the upper range of
polymers.'” The incorporation of cobalt centers into a;ZIF-62 re-
sults in a mixed-metal zinc-cobalt analogue with nonlinear optical
properties.'® Moreover, the mechanical properties of ZIF-glasses,
in general, have been shown to exhibit characteristics of both inor-
ganics and organics and exhibit resistance to ductile fracture.'®!°

Such properties make azZIF-62 an attractive host matrix for a
crystalline MOF component, allowing for the fusion of the optical
and mechanical properties of the glass phase with the porous prop-
erties of the crystalline phase. Accordingly, several composite ma-
terials have been formed by mixing crystalline ZIF-62 with a crys-
talline MOF powder and heating the mixture to bring the ZIF-62
into the liquid state.?%?! After quenching, the resultant self-support-
ing bulk material comprises a well-dispersed crystalline MOF
within the agZIF-62 matrix. These materials are referred to as
metal-organic framework crystal-glass composites (MOF CGCs)
and are denoted as (crystal)x(glass)1x where x is the weight fraction
of the crystalline material in the composite, consistent with prior
nomenclature.?

Owing to the relatively high melting temperatures (7m) of known
glass-forming MOFs, only three MOF CGC systems have been
formed via this route, all of which utilize agZIF-62 as the host ma-
trix. The crystalline MOFs used in these MOF CGCs are; MIL-53
[AI(OH)(C3H404)]?, MIL-118 [Al(OH)2(Ci00sH2)]?, and
UL-MOF-1 [Li2(C12HeO4)]?.

MIL-53 is a highly porous framework that undergoes reversible
thermal- and pressure-induced transitions between the narrow-pore
phase, "MIL-53-np" (monoclinic, Cc), and the large-pore phase,
"MIL-53-1p" (orthorhombic, Imma). MIL-53 is typically synthe-
sized in a large-pore phase named "MIL-53-as" (orthorhombic,
Pnma), where synthesis solvent and unreacted linker occupy the
pores of the framework. Activation of MIL-53-as by heating expels
this excess material and results in the formation of the high-tem-
perature, large-pore MIL-53-1p phase. Upon cooling, MIL-53-Ip
spontaneously uptakes atmospheric water and the pores of the
framework contract to form the MIL-53-np phase at room temper-
ature. The reversible transition between the narrow- and large-pore
phases is known as "breathing" (Figure 1a-b).?

MIL-118 is also typically synthesized with unreacted material oc-
cupying the pores of the framework; this phase is named
MIL-118A (monoclinic, C2/c). After heating, the high-temperature
stable, open-pore phase of this material, MIL-118B (orthorhombic,
Pbam), is produced. Finally, upon cooling, the framework uptakes



water to form the room temperature stable phase, MIL-118C (or-
thorhombic, Pnam).?* The transition causes a shift from the rectan-
gular-shaped 1-D tunnels in MIL-118B to lozenge-shaped channels
with water molecules occupying the pores in MIL-118C. Breathing
behavior is also observed between the MIL-118B and MIL-118C
phases (Figure 1c—d). The third crystalline MOF, which has also
been incorporated within agZIF-62, UL-MOF-1, is by contrast
"rigid". The structure comprises alternating antifluorite type LiO 2-
D layers connected by 2,6-naphthalenedicarboxylate (2,6-NDC)
ligands, and displays exceptional thermal stability (up to 610 °C)
(Figure 1e).2*

Though progress has been made on expanding the scope of pos-
sible MOF CGC materials through the use of novel fabrication
methods, there remains little information regarding the effect of en-
capsulation on the physical properties of the crystalline MOF.20:23
Unusual physical behavior has been observed in the
(MIL-53)x(agZIF-62)1x system, where the metastable open-pore
MIL-53-1p phase is retained at room temperature; this phenomenon
has been exploited to create MOF CGCs with significantly higher
CO:2 sorption capabilities.?® In contrast, whilst MIL-118 is also a
"breathing" framework, the open-pore MIL-118B phase is not sta-
bilized at room temperature in the composite, and the MIL-118C
phase is observed in the MOF CGC. The behavioral divergence of
the crystalline components in these two systems demonstrates that
the nature of the fabricated MOF CGCs is more complex than that
of a non-interacting system.

One approach to investigating intra-composite interactions is to
probe the response of the composite to thermal stimulus. The cal-
culated volumetric or uniaxial response to temperature change is
known as the thermal expansivity. This property may be studied on
a macroscopic (direct sample measurement) or microscopic (unit
cell) scale, each with distinct advantages and sensitivities.?” In ad-
dition, understanding the material's thermal behavior is critical for
determining its application in dynamic temperature systems. This
is not only an essential practical consideration in applied settings
but may also impact the material chemistry as alteration of the size
and shape of the pores has direct implications on the host-guest in-
teraction strength. Whilst the expansion behavior of a.ZIF-62,
MIL-53, NaNDC (a sodium analogue of UL-MOF-1), and
MIL-118 have all been probed separately, there exists no study de-
tailing the unit cell expansion of any crystalline material within a
MOF glass.?!-232829 Motivated by the absence of prior studies, here
we compare and contrast the change in thermal expansivity of three
crystalline MOFs upon encapsulation within a MOF CGC.
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Figure 1. Crystal structure of a MIL-53-np, b MIL-53-1p, ¢ MIL-
118C, d MIL-118B (Al blue; O, red; C, black; H, omitted for clar-
ity), and e UL-MOF-1 (Li, blue; O, red; C, black; H, white). Unit
cells represented by black boxes.

RESULTS AND DISCUSSION

Samples of three previously reported MOF CGCs,
(MIL-53)0.25(agZ1F-62)0.75, (MIL-118)0.5(agZIF-62)0.75, and
(UL-MOF-1)0.5(agZIF-62)0.5, were synthesized according to previ-
ously published procedures (See Methods, Figs S1-3). 2324 In brief,
the CGCs were formed by ball-milling the glass-former (ZIF-62)
and the non-melting MOF together before heating to 450 °C for 15
minutes and cooling to room temperature. Recorded powder X-ray
diffraction (PXRD) data for the synthesized MOF CGCs were con-
sistent with previously reported data (Figs S1-6).'%2° Bragg peaks
emerging from the amorphous background of the a,ZIF-62, corre-
sponding to UL-MOF-1, the large-pore MIL-53-Ip phase, and the
low-temperature MIL-118C phase were observed in the respective
MOF CGCs.

Variable temperature PXRD (VT-PXRD) was carried out to
study the unit cell expansion of the three crystalline samples and
their respective MOF CGCs. Samples of MIL-53-np,
(MIL-53)0.25(agZIF-62)0.75, MIL-118, (MIL-118)0.5(agZIF-62)05,
UL-MOF-1, and (UL-MOF-1)o5(agZIF-62)05 were doped with a
silicon standard (approximately 10% by volume), flattened onto a
sample holder, and placed under vacuum (8.5x10-3 mbar). The
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Figure 2. Contour maps of variable temperature powder X-ray diffraction data for (a) MIL-53, (b) (MIL-53)0.25(aZIF-62)0.75 (¢) MIL-118,
(d) MIL-118)0.5(aZIF-62)0.s, (e) UL-MOF-1, (f) (UL-MOF-1)0.5(aZIF-62)0.5. Intensity scale bar below, of which units are arbitrary.
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Figure 3. Refined unit cell volumes of the isolated MOFs and crystal-glass composites of a MIL-118, b UL-MOF-1, and ¢ MIL-53-Ip.

Estimated standard deviations are shown as error bars.

Table 1. Volumetric and linear coefficients of unit cell thermal expansion. Errors given as the average standard deviation, reported to 2 dp.

Sample Temperature Volumetric Linear

Range (°C) a* (10°K) a.” (10K 1) as” (10°K1) ac (10°K™?)
MIL-118B 110-230 35.57 51.80 -3.13 -12.98

230-290 —-1.66 —-8.83 -3.85 10.80
(MIL-118)05(agZIF-62)05s  110-250 -5.00 -2.99 -4.10 2.07

250-310 36.63 30.51 4.83 1.15
UL-MOF-1 30-310 117.84 0.84 18.30 90.23
(UL-MOF-1)o.5(agZIF-62)0.5 30-310 103.22 -3.38 16.40 80.86
MIL-53-1p 70-310 2.23 1.94 —6.33 6.64
(MIL-53)025(agZIF-62)075  70-310 5.34 -4.17 6.97 2.57

*Single value using the lowest temperature of the specified temperature range.

sample displacement was then corrected using an internal standard
(Si, see Methods). Each experiment began by heating the sample
to 30 °C and equilibrating for 5 minutes before recording the initial
PXRD pattern. Data were subsequently collected at 20 °C intervals
to 310 °C, allowing for thermal equilibration before each collection
(Figure 2, S7-12). Unit cell parameters of the crystalline materials
were then extracted using Rietveld refinement of the VT-PXRD
data (see Methods). The temperature dependant expansion values
of the refined unit cells were calculated as follows:

“ _1(AV)
v T oy \at/p

where ay is the volumetric coefficient of thermal expansion
(CTE), and V is the cell volume.?’” The mean value of AV/AT may
be determined by extracting the gradient from a linear region of a
volume-temperature plot or differentiating a second-order polyno-
mial fit. Similarly, the linear CTE, aa, may be determined from the
change in each unit cell parameter as:

p _1(Aa)
a_ao ATP

This equation is valid for materials that (i) exhibit small changes
in the CTE over the measured temperature range and (ii) undergo
small expansion values relative to the initial volume of the material
(See Eqs. S1-3). These assumptions are valid for all crystalline
MOFs measured here. The volumetric and linear CTEs for the iso-
lated MOFs and crystalline MOFs within the MOF CGCs were cal-
culated (Table 1, Tables S1-6).

Three distinct regions of unit cell volume change for the crystal-
line MIL-118 sample are evident in Figure 3a. The initial decrease
in unit cell volume to 110 °C may be attributed to the contraction
of the structure upon conversion from MIL-118C to MIL-118B as
water is expelled from the framework. Evidence of this conversion
is apparent from the change in PXRD pattern as shown in Figure

(Eq. 1)

(Eq.2)

2, and Figure S9, most notably the peak at ca. 18° 26. On comple-
tion of the transformation to MIL-118B, the structure expands uni-
formly between 110-230 °C where the first region of o is calcu-
lated (35.6 x 10°K"!, taken at 110 °C). The expansion over this
range is dominated by extension along the @ axis (0, = 51.8 x 106
K1) which details the distance between Al-O columns connected
by ortho-substituted carboxylates around the benzene-1,2,4,5-tetra-
carboxylate linkers. Above 230 °C, negligible change in the unit
cell volume is observed (aw = —1.66 x 10° K1, taken at 230 °C),
possibly demonstrating a maximum unit cell volume—and by ex-
tension, pore size—under the experimental conditions. Decompo-
sition of the sample is evident from the peak intensity reduction
toward the end of the experiment (Figure S9); data at 310 °C is
therefore omitted from the calculations.

The unit cell expansion of MIL-118  within
(MIL-118)0.5(agZIF-62)0.5 is also observed to undergo three distinct
regions of change. The first region is analogous to the isolated ma-
terial, where unit cell contraction occurs during the conversion to
the MIL-118B phase, ending at 110 °C. After 110 °C, the thermal
behaviour of the encapsulated MIL-118B diverges from the iso-
lated sample; rather than steadily expanding, a slight decrease in
the unit cell volume is observed from 110-250 °C (o = —5.00 x
10-°K"!, taken at 110 °C). At 250 °C, MIL-118B begins expanding
at a similar rate (o» = 36.6 x 10°K"!, taken at 250 °C) to the ex-
panding region of the isolated crystalline material. The temperature
at which MIL-118B begins to expand within agZIF-62 is broadly
comparable to the softening point of a,ZIF-62, as demonstrated in
the thermomechanical analysis in Figure 4. This thermal behavior
may be caused by the suppression of MIL-118 expansion by the
rigid glass matrix, which permits the material to expand as it sof-
tens.

The "rigid" UL-MOF-1 framework was observed to expand line-
arly across the 30-310 °C temperature range in this experiment via
a single mode of expansion (Figure 3b, Table S5,6). A single value
of the volumetric CTE (av) of UL-MOF-1 from 30-310 °C was
therefore calculated to be 118 x 10-°K-! which is dominated by ex-
pansion along the b and ¢ axes (18.3 x 10° K-! and 90.2 x 10 K'!



respectively). Connectivity along the bc plane aligns with the
planes of the Li-O sheets that make up UL-MOF-1. Li—Li distances
in this plane must, therefore, increase as the area expands. The ex-
pansivity along the a axis is almost negligible (1 x 10 K1), which
describes the distance between nearest lithium atoms on adjacent
Li—O sheets and is limited by the length of the connecting 2,6-NDC
linkers. These results are in accordance with a study carried out on
a sodium analogue of UL-MOF-1, which details a decrease in the
unit cell § angle and an increase in the volumetric and b parame-
ters.?

The expansion mode of UL-MOF-1 within
(UL-MOF-1)0.5(agZIF-62)0.5 is identical to the isolated crystalline
material; however, av over the same temperature range was reduced
by 12.4%, to 103 x 10-°K-! in the glass. It is apparent that expansion
suppression by the agZIF-62 matrix is present even for MOF CGC
systems containing "rigid" crystalline MOFs.

A sample of MIL-53-np was prepared through the calcination of
MIL-53-as (See Methods). Upon reducing atmospheric pressure in
the experimental setup, MIL-53-np underwent expansion to the
MIL-53-Ip phase, according to previous studies.?3 Incomplete con-
version at this stage was evidenced by the presence of small Bragg
peaks corresponding to MIL-53-np present in the PXRD pattern
recorded at 30 °C, but were no longer present by 70 °C. Refinement
of the patterns from 70-310 °C indicated no change within the er-
ror. The near-zero net thermal expansion of MIL-53-lp over this
range is broadly consistent with the < 0.3% volumetric expansion
of MIL-53-1p observed in a previous study, where no pressure re-
duction was applied.?® This expansivity behavior is also observed
for a sample of (MIL-53)0.25(agZIF-62)0.75, which was present in the
MIL-53-1p phase as a result of the fabrication method (Figure 3c).

Previous studies have demonstrated that the retention of
MIL-53-1p in the MOF CGC is not a result of the azZIF-62 hydro-
phobicity, suppressing the water-driven narrowing of the pores.?’
Whilst linker penetration into the pores of the crystalline MOF re-
mains a possibility for the retention of MIL-53-Ip in the composite,
this work supports an alternative explanation for the disparity in
behaviour between MIL-53 and MIL-118 based upon the volume
expansion of the crystalline materials.

The melting and glass transition temperatures of ZIF-62 are far
greater than those required to convert MIL-53 or MIL-118 to their
respective high-temperature phases. Therefore, in the process of
forming a MOF CGC, ZIF-62 melts and subsequently flows. At this
temperature, MIL-53 and MIL-118 are present in their high-tem-
perature phases. The relatively high vitrification temperature of
ZIF-62 (Tg>293 °C) means that when the glass is formed, the high-
temperature phases of MIL-53 and MIL-118 are still present. This,
therefore, excludes the possibility that the difference in behavior is
simply due to the temperature of transitions.

Therefore, we propose the volume expansion as the reason why
MIL-118 reverts to the low-temperature phase where MIL-53 does
not. The transition from the high- to low- temperature phases of
both MIL-53 and MIL-118 is accompanied by considerable volu-
metric change. However, it has been shown here that significant
expansion of these crystalline materials is hindered within the glass
phase. A possibility for why MIL-53 remains in the MIL-53-lp
phase is due to the substantial uniaxial expansion (17.02 %) upon
cooling to the MIL-53-np phase (Table S7). Whilst a perpendicular
40.59 % contraction is also observed in the narrowing of the MIL-
53 pores, the glass which has solidified around the MIL-53-1p phase
may not be able to accommodate the expansion. However, in the
case of MIL-118, the largest uniaxial expansion towards the MIL-
118C phase is only 7.08 % (Table S7). This difference in uniaxial
expansion upon transition to the low-temperature phase may be the
cause of the resultant phase behaviour divergence in the MOF
CGCs. Thus, the presence of MIL-53-1p at room temperature in the
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Figure 4. Thermomechanical  Analysis (TMA) of

(MIL-53)0.25(agZ1F-62)0.75, (MIL-118)0.5(agZIF-62)oss, and
(UL-MOF-1)0.5(agZIF-62)0.5. Including guideline for the largest re-
ported T of agZIF-62.13

MOF CGC may be a result of physical obstruction by the denser
MOF glass matrix.

Bulk Measurements Complementary to the study of the crys-
talline MOFs within the composite, the thermal expansion of the
bulk composites was recorded using thermomechanical analysis
(TMA). This method involves the application of a very small force
(0.05 N in this case) to the surface of a material and measures the
change in material length upon heating. Such an analysis provides
a one-dimensional change in length, L, over the temperature, T;
quantifying the change, AL/AT provides a length variant of the
CTE, ar. Samples of agZIF-62, (MIL-53)0.25(agZIF-62)0.75,
(MIL-118)0.5(agZIF-62)0.5, and (UL-MOF-1)0.5(agZIF-62)0.5 were
thus probed using TMA. Experimental data are recorded in abso-
lute length, so for meaningful comparison of material expansivity,
data reported here are in percentage dimension change to account
for differences in initial length (Figure 4).

A pure sample of agZIF-62 is observed to exhibit the largest ther-
mal expansivity (aL = 32.11 x 10°K!) of the measured materials,
following previously reported data (35 x 10-°K-").?! Predictably, the
sample of (UL-MOF-1)o.5(agZIF-62)0.5 with the largest volumetric
expansion also exhibits the largest thermal expansion of the meas-
ured composites (aL = 27.59 x 109K, 143-306 °C). A smaller
expansion of (MIL-53)0.25(agZIF-62)0.75 (o = 14.22 x 106 K1,
111-177 °C) is likely due to the very small expansion of the MIL-
53-lp phase inside the composite, and a larger contributing volume
of ZIF-62 compared to that in (UL-MOF-1)0.5(agZIF-62)0.5. The in-
itial sharp decrease in length in the (MIL-118)0.5(agZIF-62)0.5 is as-
cribed to the temperature-induced phase change of MIL-118 from
MIL-118C to MIL-118B as observed in VT-PXRD. After this
phase change, a small thermal expansion (ar =8.79 x 10°K"!, 128—
270 °C) is observed, arising from the combination of the negative
thermal expansion from composited MIL-188B and the positive
thermal expansion of axZIF-62.

The density of each metal-organic framework (agZIF-62 = ~1.57
gem>, MIL-118B = 1.696 gem, UL-MOF-1 = 1.606 gem, and
MIL-53-1p = 0.9797 gem3)!12224 js accounted for by assuming that
the contribution of each material to the predicted CTE is equivalent
to its vol%. An "isotropic" value of 1-dimensional expansivity, cal-
culated by the average over the three mutually perpendicular coor-
dinate axes (as determined by VT-PXRD), may represent the crys-
talline MOF contribution to the 1-D bulk expansivity. Averaging
these isotropic values with the measured value of agZIF-62,
weighted by their volume contributions, provides a predicted ex-
pansivity of a non-interacting system.



Table 2. Calculated and measured 1-D expansion of the MOF CGCs studied herein.

Weighted Combination of ~ Weighted Combination of

Aligned Crystalline Orientation

Sample Isolated MO_]: C_clomponcnts Components within the Minimum Value Maximum Value Mca_l(sur_c]d
(10°K™) MOF CGC (105K (105K (10°K™)
(10°K™
agZIF-62 - - - - 32.11
(MIL-53)0.25(agZIF-62)0.75 21.18 21.54 19.47 23.35 14.22
(MIL-118)0.5(agZIF-62)0.5 22.37 15.87 14.70 17.67 8.79
(UL-MOF-1)o.5(aeZIF-62)o.5 36.19 33.44 16.65 60.84 27.59

The calculated value of (UL-MOF-1)0.5(agZIF-62)0.5 using data
from the encapsulated UL-MOF-1 is nearer to the measured value
than using the isolated crystalline UL-MOF-1 data. Samples of
(MIL-53)025(agZIF-62)0.75s and (MIL-118)0.5(agZIF-62)05, how-
ever, show an appreciable reduction in expansivity compared to the
calculated values. Whilst crystalline expansion values are reliably
calculated from VT-PXRD refinements, these calculations assume
that no substantial preferred crystalline orientation is induced dur-
ing the synthesis of the MOF CGCs. The range of av value bound-
aries under extreme orientation conditions are hence calculated by
substituting the averaged, "isotropic" CTE value for the minimum
and maximum linear CTE values of each crystalline material
within the composite (Table 2).

The range of possible (UL-MOF-1)0.5(agZIF-62)0.5 CTE values is
relatively vast. However, the predicted and measured values remain
broadly comparable, signifying no great degree of preferred orien-
tation. In contrast, for the composites with "flexible" crystalline
MOFs, (MIL-53)025(agZIF-62)0.75 and (MIL-118)0.5(agZIF-62)05,
the near-zero CTE values along each crystallographic axis acutely
narrow the range of values in extreme conditions. Notably, for
these samples, the measured data remain considerably out of the
predicted range. While preferential orientation may affect the
measured data, it does not fully account for the disparity in pre-
dicted and measured values, even accounting for the minimum ex-
pansivity of the flexible crystalline MOF. Two further compound-
ing factors may be (i) a discrepancy between the expansion of
agZIF-62 in the pure and composite samples and (ii) macrostruc-
tural features, such as interfacial void spaces, that cause deviation
in recorded values. If the former is true, a reduction in expansivity
of agZIF-62 may indicate interacting behavior between the
agZIF-62 and the composited crystalline MOF.

CONCLUSION

In this work, the effect on the unit cell expansion of three crystalline
MOFs, when suspended within an agZIF-62 matrix, was analyzed
using refinements of VT-PXRD data. Bulk expansivity measure-
ments were then recorded for agZIF-62 and all three MOF CGCs
using TMA. Having determined the expansivity of the encapsulated
crystalline materials and an isolated sample of a.ZIF-62, the one-
dimensional bulk expansivity of the MOF CGCs was approximated
using a weighted average of the component materials. Comparison
of these values with recorded data for the MOF CGCs was per-
formed to validate the approximation and speculate on possible
MOF-agMOF interactions.

When encapsulated within agZIF-62, the unit cell volume thermal
expansivity of UL-MOF-1 behaves similarly to the pure crystalline
material but is reduced by 12.4%. In contrast, samples of
(MIL-53)0.25(agZIF-62)0.75 and (MIL-118)0.5(agZIF-62)0.5 display
near-zero volumetric thermal expansion of the crystalline MOFs.
As a result, the aperture size of these flexible frameworks remains
relatively stable within a,ZIF-62 compared to their isolated crys-
talline materials. The fixture of these apertures may be key to the
reliability of host-guest interactions for systems utilizing MIL-53
or MIL-118 over the measured temperature ranges.

The experiments herein support an argument that the degree of
expansion of the flexible crystalline component upon returning to

the low-temperature phase determines whether the high-tempera-
ture phase is present in the room-temperature composite. There-
fore, it is proposed that metastable high-temperature phases of flex-
ible systems with significant uniaxial expansion on cooling may be
retained within a MOF CGC.

Furthermore, bulk expansivity approximations using a combina-
tion of VT-PXRD and TMA data were shown to greatly overesti-
mate values for samples of (MIL-53)0.25(agZIF-62)0.75 and
(MIL-118)0.5(agZIF-62)0.5, which may be a result of MOF-agMOF
chemical interactions. The development of bulk property predic-
tions presents an opportunity to produce zero thermal expansion
MOF CGCs by offsetting the expansivity of the glass through the
incorporation of MOFs with negative thermal expansivities.*® Such
materials may be useful for applications such as glass-deposited
electronics and settings in which large temperature swings may be
expected.

METHODS

Synthesis of MIL-53. The same synthetic procedure as reported
in references 2? and activation from '® was followed. Specifically,
aluminum nitrate nonahydrate (26 g, 6.93 x 102 mol) and tereph-
thalic acid (5.76 g, 4.96 x 102 mol) were dissolved in water (100
ml) and placed into a Teflon-lined autoclave and placed in an oven
at 220 °C for 72 hrs. The resulting powder was washed with deion-
ized water (3 x 30 ml) and dried in a vacuum oven at 150 °C for 24
hrs. MIL-53 was activated by heating at 330 °C for 72 hrs, and then
to 450 °C for 6 mins before cooling to room temperature (RT).

Synthesis of ZIF-62. The same synthetic procedure as reported
in references ' and '® was followed. Specifically, zinc nitrate hex-
ahydrate (1.65 g, 5.54 x 10-3 mol) and imidazole (8.91 g, 0.13 mol)
were added to a 200 mL screw-top jar, dissolved in N,N-dimethyl-
formamide (DMF, 75 mL) and stirred for 1 hr. Once complete dis-
solution was achieved, benzimidazole (1.55 g, 1.31 x 102 mol) was
added and heated to 130 °C for 48 hrs. The product was allowed to
cool to room temperature and crystals were separated by vacuum-
assisted filtration and washed with DMF (40 mL) and dichloro-
methane (DCM, 40 mL) before being dried in the oven at 60 °C
overnight.

Synthesis of MIL-118. The same synthetic procedure as reported
in references 23 and '° was followed. Specifically, aluminum nitrate
nonahydrate (150 mg, 7.04 x 10 mol) and benzene-1,2,4,5-tetra-
carboxylic acid (50 mg, 1.97 x 10 mol) were added to a Teflon
lined autoclave before adding water (5 mL). The autoclave was
sealed and placed into a 210 °C preheated oven for 24 hrs. The
product of this was isolated by replacing the liquid with water (20
mL) and centrifuging (2500 rpm, 10 mins) twice. The resultant
white powder was placed in a 70 °C preheated oven overnight.

Synthesis of ULMOF-1. The same synthetic procedure as re-
ported in references 2* and '® was followed. Specifically, lithium
nitrate (0.345 g, 5.00 x 103 mol), naphthalene-2,6-dicarboxylic
acid (0.565 g, 2.61 x 107 mol), ammonium fluoride (38 mg), and
DMF (15 mL) were added to Teflon lined autoclave and placed in
a 180 °C preheated oven and held for 5 days. Upon cooling, the
reaction mixture was transferred to a centrifuge tube and the liquid
was replaced with ethanol (20 mL). The sample was stirred for 5
mins before centrifuging (3000 rpm, 5 mins) to collect a white pow-
der which was dried in an oven at 60 °C overnight.



Synthesis of MOF CGC materials. The same synthetic proce-
dure as reported in reference '® was followed. Specifically, ZIF-62
and the corresponding crystalline material were ball-milled to-
gether using a Retsch MM400 instrument, in appropriate wt% ra-
tios using a 7 mm diameter stainless steel ball for 15 min, at a fre-
quency of 30 Hz. The mixed powder was pressed in a 13-mm-di-
ameter dye at 0.74 GPa for 1 min. The pellet was then clamped
between glass slides, heated to 450 °C in a tube furnace at a rate of
20 °C/min under an Ar atmosphere, and held for 15 min before be-
ing allowed to cool to RT.

Thermomechanical Analysis. Data were taken on a small por-
tion of each of the as-synthesized composite monolith materials on
a TA Instruments Q400 thermomechanical materials analyzer
(TMA). The experiment was performed with a force of 0.05 N and
protected by N2 gas.

Variable Temperature Powder X-ray Diffraction. Each mate-
rial was mixed with ~10% by volume of silicon powder (Si) and
ground together using a mortar and pestle. Data were collected us-
ing a Bruker D8 Advance equipped with an MRI high-temperature
chamber and a Vantec detector, using Cu Ka radiation (A = 1.5418
A) under vacuum (8.5 x 10-3 mbar). Prior to running the experi-
ments, height adjustments were performed to optimize the full-
width at half-maximum (FWHM) value of the (111) silicon stand-
ard reflection at ca. 28.45° 20. Samples were heated in 20 °C incre-
ments from 30 °C to an appropriate end temperature. Diffraction
patterns at 20 values of 5-40° were recorded at each increment with
a time/step of 0.6s over 0.04° steps.

PXRD Data Refinement. Data were analyzed with TOPAS ac-
ademic (V6) software.3!32 Reported thermal expansion data for Si
provided an accurate calculation of unit cell parameters for the Si
standard.’® Using these values, peak position was corrected for
sample displacement across sample series. XRD data were refined
sequentially using the reported crystallographic information files of
MIL-118B, MIL-53-Ip, or UL-MOF-1; atomic positions were in-
cluded but were constrained in the refinements.?>>* To account for
the diffuse scattering from a,ZIF-62 in the MOF CGCs, a broad
Gaussian peak was added and permitted to refine sequentially. Sub-
sequent refinements in the series were performed using the final
values for the previous pattern as initial values. A Pearson VII func-
tion and an 8%-order Chebychev polynomial background were used
to model the peak shape and the background, respectively. Scale
factors, unit cell parameters, 8™-order spherical harmonics for pre-
ferred orientation corrections were refined individually for all
scans.
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