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ABSTRACT: Understanding polymorphism in metal—organic frameworks
(MOFs) provides opportunities to unravel the process of MOF
crystallization, and it enables the elucidation of structure—property
relationships of compositionally identical crystals. Here, we present the
modulator- and temperature-mediated polymorphic transformation of the
kinetic product from Zrs-based MOF synthesis, EHU-30, to the
thermodynamic product, UiO-66. The partial dissolution—recrystallization
process was demonstrated by a combination of in situ powder X-ray
diffraction (PXRD) and in situ "H NMR spectroscopy where EHU-30 was
heated in the presence of a monotopic acid modulator, acetic acid. Density
functional theory (DFT) calculations show that the EHU-30 polymorph is

UiO-66

thermodynamic

Polymorphic transformation from
one [Zr,0,(OH),]"** MOF to another

less stable because the bent linkers have higher Gibbs free energy compared to linear linkers in the thermodynamic product,

Ui0-66.

etal—organic frameworks (MOFs), which self-
Massemble from organic linkers and metal clusters

(or metal ions), are an exciting class of materials
with unparalleled structural versatility. Researchers may tune
these frameworks down to the atomic level, enabling
systematic modulation and investigation that are impossible
with many other solid-state materials.' ™ Like zeolites, these
high-symmetry networks exhibit complex topologies; however,
MOFs display a range of other dynamic properties, such as
breathing and negative gas adsorption.” "> Although the
number of reported MOFs is steadily increasing, with over
90 000 MOF structures in Cambridge Structural Database,'®
the effort towards designing new MOFs with desired
topologies focused on designing new linkers and the
exploration of polymorphism in MOFs are rare.'”~>* While
the theoretical construct for examining polymorphism exists,
the discovery and interconversion between MOF polymorphs
has been largely neglected due to interest in the intuitive
thermodynamic assembly process.”” Correspondingly, studies
that monitor any aspect of the MOF assembly process in situ
are rare.

In general, two types of polymorphic transformations have
been widely recognized: (i) single-crystal-to-single-crystal
transformation where the crystal integrity and the long-range
structural order are maintained through the transformation
process and (ii) dissolution—recrystallization transformation
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where the components of the crystals reassemble to form a
different phase crystal.’® Metastable kinetic products have been
studied to convert into the stable thermodynamic form by
applying the appropriate stimuli such as temperature, pressure,
light, solvation, and guest molecule removal or exchange.”' ~*°
For example, the 8-connected ZrsOg node with tetratopic
linkers has been utilized to form different polymorphs by
controlling the dihedral angle between the carboxylate bound
phenyl and central pyrene, porphyrin, or benzene plane, and
conversion of the metastable products to the more stable
products was possible by altering the reaction condi-
tions.”"***”~*" Similarly, conformational differences of ditopic
linkers in the Zr-based MOFs have resulted in MOFs with
different topologies.* These examples highlight that chemical
space can be largely expanded if we consider that multitopic
linkers are flexible species, rather than rigid pillars, and, in turn,
should provide access to a diverse family of compositionally
similar scaffolds.
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UiO-66, first reported in 2008,** is one of the most studied
MOFs due to its ease of synthesis, exceptional stability, and its
ability to be both pre- and postsynthetically function-
alized."*~*® While there are many reports of defect engineering
in UiO-66, resulting in different topologies with different
nominal stoichiometries,"”’~* there is only one reported
polymorph of UiO-66, EHU-30.>" Similar to UiO-66, EHU-
30 has 12-connected Zrg nodes but rather crystallizes in a hex
topology as opposed to a fcu topology. The structural
dissimilarity arises from three distorted linkers per formula
unit, shown schematically in Figure 1.
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Figure 1. Schematic reaction energy profile and structure of kinetic
product EHU-30 and thermodynamic product UiO-66 (C, black;
H, pink; O, red; Zr, green).

Herein, we monitor in situ powder X-ray diffraction (PXRD)
and in situ "H NMR spectroscopy to determine the structural
conversion process of the modulator- and temperature-
mediated polymorphic transformation from a kinetic product,
EHU-30, to the thermodynamic product, UiO-66" (where
UiO-66" is transformed EHU-30) (Figure 1). Scanning
electron microscopy (SEM), thermogravimetric analysis
(TGA), and gas adsorption isotherms complement the in situ
measurements to reveal the necessity of both heat and acetic
acid to convert EHU-30 to UiO-66". Furthermore, density
functional theory (DFT) is applied to identify the driving force
of this transformation by comparing the linkers in UiO-66" and
the distorted linkers of EHU-30.

EHU-30 was synthesized based on the original reported
scheme (see the Supporting Information for details).”® Unlike
the synthetic conditions for UiO-66 formation where
concentration of the reaction solution is kept low,”"** EHU-
30 was synthesized from a concentrated solution of
methacrylic acid modulator; kinetic access to the first known
metastable polymorph of UiO-66 was gained through an excess
of modulator, which encourages prenucleation of the zirconia
clusters.”® The methacrylate node modulators template the
less-stable polymorph connectivity and are replaced by
benzene-1,4-dicarboxylic acid (BDC) over time.

Conversion to UiO-66’ was accomplished by heating a
solution of EHU-30 and acetic acid in N,N-dimethylformamide
(DMF). Comparing the PXRD patterns of samples trans-
formed at different temperatures and volumetric ratios of
DMEF/acetic acid revealed both a temperature- and concen-
tration-dependent path. Firstly, EHU-30 was suspended in
DMF:acetic acid (DMF:acetic acid = 2:1, 3:1, or 5:1 v:v) and
heated in the oven (80, 100, or 120 °C) for 20 h. Under all
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conditions, the transformation of EHU-30 to the thermody-
namic product UiO-66" was observed. PXRD patterns of each
product suggest that higher temperatures and lower reaction
concentrations favor UiO-66" formation (Figure S1-3),
consistent with the typical UiO-66 synthetic conditions.*
Complete conversion of EHU-30 to UiO-66" was achieved at
100 °C in DMF:acetic acid = S:1 w:v (Figure 2).
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Figure 2. PXRD patterns (measured with Cu-radiation) of as-
synthesized EHU-30 and UiO-66’ in mixed DMF/acetic acid
solution (5:1 v:v, 100 °C, 20 h in oven) compared with simulated
EHU-30 and UiO-66.

Unincorporated starting materials were removed by soaking
the as-synthesized EHU-30 material in new batches of DMF
for 3 days, until no further methacrylic acid or BDC was
detected in the supernatant fluid by '"H NMR (Figure S4a).
The composition of each species was analyzed by '"H NMR
spectra of the digested parent EHU-30 and UiO-66" in 1 M
NaOD solution. The EHU-30 spectrum showed that
approximately 17% of coordinated species were the meth-
acrylic acid modulator rather than the BDC linker (Figure
SSa). No methacrylate peaks were observed in the 'H NMR of
digested UiO-66', indicating complete exchange of methacry-
late for acetate during the transformation (Figure SSb).
Acetate peaks, however, were observed. In either case, the
presence of a modulator indicates missing linker type defects in
both structures.

Analysis of ground state materials provides ample structural
information; however, we sought to explore the relationship
between polymorphs by examining intermediate species as
well. PXRD experiments were therefore performed in situ. The
reaction conditions from the oven were mimicked in a sealed
capillary, and time-resolved in situ PXRD patterns were
collected to follow the reaction; measurements were taken
every S min for 12 h. The PXRD data showed the gradual
disappearance of EHU-30 peaks (20 = 5.4°, 6.9°, and 9.4°),
with a concomitant increase in UiO-66" peaks (20 = 7.4° and
8.5°). Upon further analysis, the transformation process can be
divided into three regions. The first region is the induction
period; in the first 2 h no noticeable changes occur in the
PXRD patterns. Both UiO-66 and EHU-30 feature strong
bonds between Zr(IV) ions in the cluster and the carboxylate
motif of BDC. An activation barrier must be overcome for the
conversion process to occur (Figure S6). The transformation
begins in the second region, from 2 to 6 h, during which three
major EHU-30 peaks (26 = 5.4°, 6.9°, and 9.4°) decrease, and
two major peaks for the targeted, fcu topology of UiO-66
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Figure 3. In situ powder X-ray diffraction (measured with Cu-radiation) of EHU-30 at each reaction in 5:1 viv DMF/acetic acid solutions at
100 °C over 12 h. (a) 3D graphics, (b) contour plot of the major peaks region 20 = 5—10°, and (c) 2D graphics compared with simulated

PXRD patterns of EHU-30 and UiO-66.

emerge (20 = 7.4° and 8.5°). In the third region, after 6 h,
EHU-30 peaks in the PXRD pattern are nearly absent, while
the intensity of UiO-66" peaks continues to gradually increase.
At the end of 12 h, the final PXRD pattern is in good
agreement with simulated UiO-66, indicating the successful
polymorphic transformation of EHU-30 to its thermodynamic
minimum (Figure 3c). The scanning electron microscopy
(SEM) images of EHU-30 and UiO-66' showed a similar
morphology with a similar particle size (Figure S8).

In order to differentiate between the dissolution—recrystal-
lization process and a single crystal transformation, in situ 'H
NMR spectra were collected under the same reaction
conditions. The initial "H NMR of EHU-30 (6 mg) suspended
in DMF-d;, (0.5 mL) did not show signals from BDC or
methacrylic acid, supporting the complete removal of
unreacted species from our modified washing procedure. A
small amount (2 uL) of N-methyl-2-pyrrolidone (NMP) was
added as an internal standard along with acetic acid-d, (0.1
mL). The reaction was allowed to proceed at 100 °C, and in
situ "H NMR spectra were collected every 10 min for 12 h
(Figure 4b). Ex situ "H NMR spectra were then collected until
the system equilibrated, every 3 h up to 36 h (Figure 4c). Both
BDC and methacrylic acid were observed in the first spectrum
after acetic acid-d, addition (Figure S4b), which can be
attributed to the displacement of dangling species on the
crystal surface. Importantly, this also shows that acetic acid is
involved in the decoordination of both BDC and methacrylate
from the node. The relative concentrations of methacrylic acid
and BDC (Figure 4c) showed a steep initial increase of
methacrylic acid that reached equilibrium in ~3 h. The facile
removal of coordinated methacrylates indicates that they are
replaced by acetic acid, and the plateau in final concentration
shows that dissolved methacrylic acid neither participates in
building the UiO-66" phase nor is included in the
thermodynamic product; this is supported by the absence of
methacrylic acid peaks in the '"H NMR spectra of digested
UiO-66" product after the reaction.

The concentration of dissolved BDC, however, initially
increased in concentration, for ~6 h, and then decreased in
concentration as the reaction proceeded. The correlation
between methacrylic acid and BDC signals indicates
dissolution of linkers in EHU-30, followed by consumption
of the free BDC linkers in solution and formation of UiO-66,
confirming that dissolution—recrystallization is an active
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component of the transformation. Coupled with the PXRD
and incomplete dissolution of EHU-30, this result indicates a
partial dissolution and recrystallization. The rate of meth-
acrylate release is expected to be faster than BDC*~ because of
the different energetic contribution of entropy when removing
a monotopic or ditopic ligand. Notably, the BDC concen-
tration in the equilibrated system is higher after the
transformation is complete. The UiO-66" phase, which
incorporates acetic acid rather than methacrylic acid, is
therefore more defective than the parent EHU-30 phase.
Polymorphic transformations may provide a strategy to
increase the concentration of missing linker defects, i.e.,
coordinatively unsaturated metal sites.

Importantly, both samples demonstrated permanent poros-
ity; thus, the structural integrity of the crystal was maintained.
N, physisorption isotherms were collected at 77 K (Figure S7).
EHU-30 and UiO-66 both exhibited steep initial uptake at low
pressures, which indicates microporosity, consistent with the
expected topology. Surface areas were calculated with the BET
equation; EHU-30 and UiO-66" were found to have apparent
BET surface areas of 920 and 1070 m?/g, respectively. Despite
a hi§her geometric surface area that was estimated for EHU-
30,"" the observed higher surface area in UiO-66’ can be
attributed to the defects present in the structure. Notably, we
did not observe complete dissolution of EHU-30; complete
disassembly of the parent framework may not be necessary to
assemble UiO-66’. Both EHU-30 and UiO-66" have six,
coplanar linkers oriented in the same hexagonal net. The
polymorphs differ in both the conformation and connectivity
of the other six linkers. In UiO-66, they are connected to six
different nodes such that all 12 linkers are equivalent at a
pristine node. In the case of EHU-30, however, the other six
linkers are split between only two nodes resulting in a
significant amount of strain.

To assess the relative conformational stability of linkers in
each MOF, density functional theory (DFT) was employed to
determine the energetic penalty for linker distortion in EHU-
30. The difference in energy between the bent and linear
conformations was found through linker models extracted from
the bulk optimized structures of EHU-30 and UiO-66’ in order
to isolate the effect of linker distortion (Figure S). The
difference in Gibbs free energy, a measure of strain, was found
to be ~3.0 kcal/mol. In conjunction with the incomplete
dissolution of EHU-30 observed in situ, we hypothesized that
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Figure 4. (a) Final in situ 'H NMR measurement of EHU-30
collected after 12 h (DMF, N,N-dimethylformamide; NMP, N-
methyl-2-pyrrolidone; MA, methacrylic acid; BDC, 1,4-benzene-
dicarboxylic acid). (b) In situ "H NMR measurements of EHU-30
every 10 min at 100 °C for 12 h. (c) Relative concentration of
dissolved methacrylic acid and BDC via combined in situ (RT, 12
h) and ex situ (12—36 h) 'H NMR results of EHU-30. Error bars
represent standard deviation in three different batches of
measurements.

the population of disconnected linkers observed by NMR was
dominated by the formerly bent linkers, which disconnect from
the node and reorganize to form the more stable UiO-66 fcu
topology. The computed densities of states are further
presented for each polymorph, to demonstrate that both
polymorphs are expected to have similar photophysical
properties, with their optical gap governed by a ligand-to-
ligand transitions occurring in the UV.

As mentioned earlier, in EHU-30 about 17% of BDC?>~
positions are occupied by methacrylate, which is completely
leached into the solution during the phase transformation.
With knowledge of the final methacrylic acid concentration in
the solution, we estimated the amount of BDC in the solution
to be ~12% after 6 h (Figure 4c). However, this does not
necessarily mean that only 12% of the linkers are involved in
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Figure S. Band edge diagram and theoretical density of states for
EHU-30 and UiO-66 demonstrating a subtle difference in frontier
band characteristics. A depiction of the bent and linear linkers is
additionally presented to illustrate the strain energy stored in the
BDC units of EHU-30.

phase transformation, since this 12% only represents free BDC
in solution. Mono-coordinated BDC linkers still will not show
up in solution NMR. Additionally, the bond breaking/forming
time scale can also be faster than the NMR spectra collection
time. These results were in line with the in situ PXRD results,
since it showed the coexistence of both phases.

In summary, we showed the modulator- and temperature-
mediated polymorphic transformation of a kinetic MOF
product, EHU-30, into its thermodynamic form, UiO-66.
The rate of EHU-30 conversion showed a positive correlation
with temperature and an inverse correlation with reaction
concentration; the conversion conditions are closely related to
the synthetic conditions of UiO-66. By monitoring reaction
progress with in situ PXRD and '"H NMR, and probing the
energetic relationship between EHU-30 and UiO-66" with
DFT, it was found that EHU-30 undergoes a partial
dissolution—recrystallization process driven by the rearrange-
ment of linkers to release strain. Therefore, efforts to
understand the relationship between kinetic and thermody-
namic MOF products and characterizing the intermediate
phases of transitions between them will inform the general
design of synthetic parameters to target certain phases, which
includes the formation of intrinsic defects as well as
connectivity.
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