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ABSTRACT: Crystalline materials undergo valuable phase

transformations, and the energetic processes that underlie

these transformations can be fully characterized through a

combination of thermodynamic and kinetic studies. Here, we

report the first complete reaction energy landscape of metal— =

organic framework (MOF) interpenetration, specifically in the t’ﬂﬂ B %
. . . ransformation

phase transformation of NU-1200 to its doubly interpenetrated ) K

counterpart, STA-26. We characterized the thermodynamics of

this phase transformation by pairing experiments with density N U'12 00

functional theory (DFT) calculations. This analysis revealed that

factors such as the increase in crystal density likely drive Zr- and

Hf-NU-1200 to STA-26 interpenetration, while other chemical

interactions such as steric repulsions prevent Th-NU-1200 from

interpenetrating. Using time-resolved in situ X-ray diffraction, we monitored phase transformation reaction profiles and

extracted quantitative kinetic information using the Avrami-Erofe’ev model. As a result, we obtained activation energies for the

Zr- and Hf-NU-1200 transformations to Zr- and Hf-STA-26, respectively, revealing slower phase change kinetics for MOFs

with stronger bonds. Finally, we paired the kinetic data with experimental observations to classify the mechanistic model of

this phase transformation as partial dissolution. We anticipate that this thermodynamic, kinetic, and mechanistic

understanding will broadly inform further studies on the energetics of crystallization.

In all fields of chemistry, the energetic principles of revelations about how chemical interactions within the system

thermodynamics and kinetics characterize transformations lead to the observed product.

from one state, phase, or isomer to another."”” Thermody- Energetically characterizing phase transformations thus

namics concerns itself with the relative stabilities of the starting carries profound implications for rational design of chemical

and ending states on a potential energy surface. The free structures and control of physicochemical properties in
. . : 6,7 1089

energy difference between these states (AG) describes whether systems ranging from molecules™" to materials.”” For example,

the phase transformation is endergonic (uphill) or exergonic ligand rearrangements in sodium nitroprusside provide insight

(downhill). While equilibrium and its surrounding effects lie at into its medicinal usage for hypertension;'”'" phase trans-

the heart of thermodynamics, kinetics addresses the pathway to formations in crystalline solids like perovskites and layered

reach equilibrium. How much energy does the system require metal oxides affect their performance in optical applications,

to break bonds in the first phase and form bonds in the thermoelectricity, and superconductivity (Scheme 1).%"7*

second? The activation energy (E,), which identifies the barrier

to reaching the transition state and eventual equilibrium Received: June 4, 2023

(Scheme 1), answers these kinetic questions.’ Although Accepted: August 2, 2023

thermodynamics and kinetics stand distinctly apart, their
implications intimately couple."” Pairing the two comple-
mentary concepts unearths the complete picture of the phase
transformation occurring and can provide deeper mechanistic
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Scheme 1. Kinetics and Thermodynamics of Phase
Transformations”
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“(a) Metastable MS, isomer of sodium nitroprusside with an oxygen-
bound ambidentate N—O ligand. (b) Exergonic phase transformation
from a less stable to a more stable state. (c) Ground state GS isomer
of sodium nitroprusside with a nitrogen-bound ambidentate N—O
ligand. (d) Less stable cubic a phase of perovskite CsPbBr;. (e) More
stable orthorhombic y phase of perovskite CsPbBr;. (f) Less stable
MOF NU-1200 and (g) its more stable interpenetrated phase, STA-
26.

While less explored than their molecular or classical solid-
state counterparts, porous crystalline solids such as metal—
organic frameworks (MOFs)'>' also benefit from thermody-
namic and kinetic characterization of their phase trans-
formations.'”** Comprised of self-assembled metal nodes
and organic linkers, MOFs reticulate into three-dimensional
porous networks (Scheme 1f, g). These frameworks, while
crystalline, often behave dynamically,”'~*’ resulting in phase
changes and associated variations in performance. For example,
the structural response of MOFs to mechanical stress affects
their postsynthetic processing for commercialization,”**
flexibility upon adsorption of carbon dioxide and methane
influences gas adsorption and storage,”* > and MOF trans-
formations into denser interpenetrated phases impact catalytic
activity and gas storage and separations.””

MOF phase transformations are often thermodynamically
characterized:**~** researchers study the relative stabilities of
starting and ending phases, develop synthetic methods to
traverse the potential energy surface between the two, and
quantify their differing performances. However, many ques-
tions remain regarding the kinetic processes’> "' behind these
transformations.

In this study, we pair thermodynamics and kinetics to
generate a complete energy map of a MOF interpenetration
phase change for the first time. We selected the transformation
of NU-1200 to its doubly interpenetrated counterpart, STA-26,
as our model system for several reasons.*>* First, NU-1200 is
known to be chemically stable.** Second, NU-1200 can be
synthesized as various isostructural analogues (Zr-, Hf-, Th-,
etc.) where the metal ions possess different atomic radii, d vs f
electrons, and M-O bond energies.”” Comparing the differ-
ences in interpenetration across these isostructural MOFs
allows us to assess how metal differences affect inter-
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penetration while controlling for the topological and structural
similarities between MOFs. Third, the synthetic conditions
required to transform NU-1200 to STA-26 are tunable,
allowing us to test how specific variables such as temperature
affect interpenetration kinetics.*®

Using in situ time-resolved X-ray diffraction and the Avrami-
Erofe’ev model, we monitor phase transformation reaction
profiles to extract quantitative kinetic information on inter-
penetration. Additionally, we confirm that this method of
kinetic analysis is sensitive enough to experimentally reveal
energetic differences between MOFs with similar metal—
oxygen bond energies (AHf,_o = 182 kcal mol™!, and
AHf o = 189 kcal mol™'). Coupling collected kinetic
information with density functional theory (DFT) thermody-
namics calculations, we generate a complete map of the NU-
1200 to STA-26 transformation on the reaction energy
landscape. Finally, we link thermodynamic and kinetic
parameters with experimental observations to propose a
mechanistic model for this transformation using Avrami
exponent values (these range from 0.85 to 1.6 with error
values of 0.02—0.1). This report fundamentally investigates the
energetics of MOF phase transformations and provides a
deeper understanding of interpenetration, influential in
applications including gas adsorption, gas separation, and
catalysis.”’ More generally, this study contributes to the
rational design of synthetically plausible nanostructures with
desirable and controlled chemical properties.

Thermodynamics of NU-1200 to STA-26 Phase Trans-
formation. NU-1200 was first reported in 2016 as a MOF
structure consisting of 8-connected Zrg(p;—OH),(u3-O),-
(OH),(OH,), nodes and 3-connected 4,4',4"-(2,4,6-trime-
thylbenzene-1,3,5-triyl)tribenzoic acid (TMTB) linkers
(Schemes 2a and S1, Figures $1-52).%* Zr-NU-1200 can
also crystallize in the analogous Hf- and Th-based structures.*’
In 2018, reports of its doubly interpenetrated counterpart,
STA-26, surfaced,”” and in 2021, we demonstrated that the Zr-
NU-1200 phase can post-synthetically transform to the Zr-
STA-26 phase upon the introduction of heat, formic acid, and
N,N'-dimethylformamide (DMF) (Scheme 2b).* Since new
linker and node sources are not introduced to the system
during the phase transformation, structural components of
NU-1200 must contribute to the formation of STA-26 through
breaking and forming of chemical bonds. Interpenetration
converts the mesoporous Zr-NU-1200 structure with 14 A
sodalite cages and 20 A channels to the microporous Zr-STA-
26 framework comprised of two identical lattices. In STA-26,
sodalite cages of the second lattice reside in the channels of the
first lattice, introducing Im3m centering to the original Pm3m
Zr-NU-1200 crystal symmetry. Apart from these structural
distinctions, the topology persists across both phases, and the
cubic unit cell parameters remain very similar (a = b = ¢ =
28.33 A in Zr-NU-1200, and a = b = ¢ = 28.16 A in Zr-STA-
26).

We characterized the thermodynamics of this phase
transformation by determining whether the NU-1200 analogs
interpenetrate, calculating their relative phase stabilities,
comparing the energetic favorability of their interpenetration,
and understanding the driving force behind their penchant or
failure to interpenetrate.”’ As described previously, pristine Zr-
NU-1200 (Figures SS and S17) converts to Zr-STA-26 (Figure
S20a) when exposed to interpenetration conditions,® and
nitrogen physisorption experiments demonstrate how its two
large pores disappear over time and microporous STA-26
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Scheme 2. NU-1200 to STA-26 Phase Transformation”
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“(a) Structures of 4,4’,4"-(2,4,6-trimethylbenzene-1,3,5-triyl)tribenzoic acid (TMTB) linker, Zr¢(;—OH),(u5-0),(OH),(OH,), node, and their
equivalent visual representations in (b). (b) Transformation of NU-1200 to STA-26. (c) Reaction coordinate diagram of the NU-1200 to STA-26
phase transformation. Diagram not drawn to scale.
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Figure 1. Interpenetration of Zr- and Hf-NU-1200. (a) Zr-NU-1200 and (d) Hf-NU-1200 MOF structures. (b) Nitrogen isotherms and (c)
pore size distributions monitoring the interpenetration of Zr-NU-1200 to Zr-STA-26. (e) Nitrogen isotherms and (f) pore size distributions
monitoring the interpenetration of Hf-NU-1200 to Hf-STA-26.
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Figure 2. Kinetic analysis of time-resolved diffraction data. (a) Stacked PXRDs enlarged to show the intensity change in the (111) and (c)
{200) Bragg features in the transformation of Zr-NU-1200 to Zr-STA-26 at 90 °C over time. (b) 3-dimensional contour plot of the first four
Bragg features in the transformation of Zr-NU-1200 to Zr-STA-26 at 90 °C. (d) Crystallization curve of Zr-NU-1200 converting to Zr-STA-
26 at 90 °C. (e) Extracted Avrami-Erofe’ev rate constants as a function of temperature. (f) Arrhenius plots for Zr- and Hf-STA-26

formations.

appears (Figure la-c, Table S3). We attribute the slight
increase in uptake, surface area, and pore volume at 255 min to
an increase in Zr-STA-26 crystallinity upon its full formation
(Supporting Information section 5.3.1). Next, using density
functional theory (DFT), we calculated the total energies of
the two phases, which showed Zr-STA-26 to be 3.69 kcal
mol™! more stable than Zr-NU-1200 (Figures 1c, S112—S113,
Supporting Files). This data suggests that the Zr-NU-1200 to
Zr-STA-26 phase change may be driven by the system’s ability
to access a more stable thermodynamic minimum.

We find that pristine Hf-NU-1200 (Figures SS and S17) also
experiences conversion to Hf-STA-26 under analogous inter-
penetration conditions (Figure S20b). Nitrogen isotherms
reveal a general trend of decreasing uptake, BET surface area,
pore volume, and pore width over time (Figure 1d-f, Table
S3). Similar to Zr-STA-26, this trend reverses from 180 to 360
min due to an increase in Hf-STA-26 crystallinity upon its full
formation (Figure S22, Supporting Information section 5.3.2).
Additionally, we attribute the slight increase in uptake, BET
surface area, and pore volume after 40 min to defects
introduced to the NU-1200 structure by the interpenetration
conditions (Figure S21, Supporting Information section 5.3.2).
Like its Zr-based analogue, DFT calculations also show Hf-
STA-26 as 3.69 kcal mol™" more stable than Hf-NU-1200 with
a similar density of states (Figures lc, S112—S113, Supporting
Files), once again suggesting that the phase change may be
driven by the system’s ability to access a more stable
thermodynamic minimum.

Unlike its Zr- and Hf- counterparts, Th-NU-1200 (Figure
SSa) did not interpenetrate under our attempted conditions, as
shown by PXRD and sorption experiments (Figures S15, S17—
18, Table S3, Supporting Information section S.1.4). SEM
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images of Th-NU-1200 before and after interpenetration
attempts revealed that the particles became etched and their
edges rounded, suggesting decomposition (Figure S19).
Interestingly, DFT calculations still showed Th-STA-26 as
3.69 kcal mol™' more stable than Th-NU-1200 with similar
density of states to its Zr- and Hf- analogs (Figures S112—
S113, Supporting Files).

Thus, the Zr-, Hf-, and Th- systems possess nearly identical
total energies and similar density of states, work functions, and
band gaps (Figure S112), yet they behave differently. Since all
three systems chemically differ only by the node identity, these
data suggest that the energetic similarities are motivated by
common denominators between all MOF analogs, while their
behavioral differences may be driven by node identity.
Specifically, similar energetic data suggest that the majority
of electronic properties are driven by parallels such as ligand
chemistry and topology. Additionally, we hypothesize that the
driving force for interpenetration in all cases arises from the
doubling of the MOF density as NU-1200 transforms to STA-
26. Indeed, crystal density has been shown to influence the
thermodynamics of crystalline systems dramatically.”**

Conversely, since the observed lack of interpenetration in
Th-NU-1200 is likely driven by the MOF nodes, we
hypothesized that the Thg cluster nodes may possess additional
moieties that hinder interpenetration. We first tested if Thg
nodes were coordinated to additional formate groups (from
modulator decomposition), which could sterically prevent
interpenetration. MOF digestion and subsequent NMR
experiments proved that fewer formate groups were bound
to the Thy node than to the Zrgs or Hfg nodes, voiding this
hypothesis (Figures S6—S12, Table S2). Next, we examined
the Thg cluster which can be composed of six nine-coordinated
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Th(IV) ions. Unlike the Zr, or Hf; node clusters, each Th(IV)
ion in the Thy node cluster coordinates to an additional water
molecule, such that the node formula becomes Thg(u;—
OH),(u;-0),(OH),(OH,),,.*” With this in mind, we
hypothesized that the extra H,O molecules on the Thg node
may engage in additional hydrogen bonding interactions with
water molecules within the MOF pores in which the Zr and Hf
analogues do not engage in. This extra network of hydrogen-
bonded water would increase the effective node size and
sterically hinder a second network from interpenetrating.
Thermogravimetric analysis/gas chromatography—mass spec-
trometry (TGA/GC-MS) supported this hypothesis, revealing
a continuous and significant release of H,O (hydrogen-bonded
H,0) from activated Th-NU-1200 until decomposition where
a large H,O release occurred (coordinated H,0) (Figure S24).

Thus, these data demonstrate that while factors such as the
increase in crystal density likely drive NU-1200 to STA-26
interpenetration, these factors can be countered by other
chemical interactions like steric repulsions. Taken together,
these data define the thermodynamic aspects of the NU-1200/
STA-26 system at equilibrium.

Kinetics of NU-1200 to STA-26 Phase Transformation.
With the aim of mapping the complete NU-1200 to STA-26
reaction energy landscape, we next investigated the kinetics of
its nonequilibrium transformation. How much energy is
required to surmount the activation barrier to reach the
high-energy transition state? Does the activation energy
required to break and form bonds differ between the Zr and
Hf systems, which possess similar metal—oxygen bond
energies? To answer these questions, we implemented in situ
time-resolved X-ray diffraction to monitor reaction profiles as a
function of temperature. By collecting quantitative kinetic
information from single Bragg features with changing
intensities, rate constants and activation energies of the
phase transformation can be extracted.”®>">!

Due to the inversion symmetry introduced by centering of
the new lattice in STA-26, diffraction peak locations remain
constant throughout the phase transformation, while peak
intensities change (Figure S20). Intensity changes can be most
clearly observed in the first four primary reflections where the
(100) and (111) Bragg features (corresponding to the peaks at
3.00°20 and 5.31°26), respectively, in the Zr system and peaks
at 3.12 and 5.43°20, respectively, in the Hf system) decay in
intensity, while the (110) and (200) Bragg features
(corresponding to the peaks at 4.32 and 6.14°26), respectively,
in the Zr system and peaks at 4.44 and 6.27°20, respectively, in
the Hf system) grow in intensity. Thus, the disappearance of
the NU-1200 phase can be monitored by the decay of the
(100) and (111) reflection intensities, and the emergence of
the STA-26 phase can be monitored by the increase of the
(110) and (200) reflection intensities. While the two Bragg
features corresponding to a single phase should, in principle,
provide the same kinetic information, we monitored both
reflections per phase to ensure internal consistency.

We exposed 2 ym MOF particles to a DMF:FA ratio of 2.5
(Figures S3—S4, Table S1) and tracked the changing reaction
profiles of both phases for the Zr and Hf systems at
temperatures ranging from 80 to 140 °C (Figure S25).
Baseline-corrected representative data for the conversion of Zr-
NU-1200 to Zr-STA-26 at 90 °C can be found in Figure 2b,
and its most intense Bragg reflections at (111) and (200)
showing NU-1200 decay (Figure 2a) and STA-26 growth
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(Figure 2c), respectively, are highlighted (Figures $26—S104,
Table SS).

To quantify the changes in reaction profiles, we calculated
the integrated intensities of the primary Bragg features as a
function of time (Figure S104). Next, we plotted the
normalized peak intensities () against the reduced time (t—
t,), defined as the reaction time (t) minus the induction time
(ty), to form crystallization curves (Figures 2d, S26—103). The
crystallization curves were then parametrized using the Avrami-
Erofe’ev equation,” >* a widely applied expression to model
the kinetics of crystallization in various materials (eq
1).%557%% We note that the Avrami-Erofe’ev model does not
distinguish between nucleation and growth steps and was
originally constructed based on solid state reactions as opposed
to solvothermal reactions.’

a=1— exp{—(k(t — t))"} (1)

By modeling the extent of crystallization (@) as a function of
the reduced time (t—t,), the rate constant (k) and mechanistic
crystallization information (n) can be extracted from the
sigmoidal curves.””* Using a least-squares fit to the Avrami-
Erofe’ev model, we extracted rate constants for the NU-1200
disappearance and STA-26 growth in both the Zr and Hf
systems (Figures $26—S103, Table S6). Additionally, we
verified the Avrami-Erofe’ev sigmoidal fits using its linear
equivalent, the Sharp-Hancock equation (eq 2), where n is
derived from the slope of the fit line, and n In(k) is derived
from the y-intercept (Figures $26—S103, Table $6).%*

In[—In(1 — @)] = n1n(t — t;) + nIn(k) (2)

Both sigmoidal and linear fittings produced comparable
results (Table S6), but we employed the Avrami-Erofe’ev
fitting values for further analysis due to their lower error. Since
kinetic information for NU-1200 decay extracted from the
(100) and (111) Bragg feature crystallization curves also
proved similar, further studies were carried out using the (111)
Bragg feature crystallization curve because of the higher signal-
to-noise ratio and cleaner data. Likewise, the (200) reflection
was selected over the (110) for STA-26 growth.

The extracted kinetic information provides correlations
between the NU-1200 disappearance and STA-26 emergence
for both Zr and Hf systems. As temperature levels elevate, the
reaction kinetic energy rises, and the rates of transformation of
both phases subsequently increase (Figures 2e and S10S).
Although their transformations proceed on concurrent time
scales (Figure 2d), STA-26 growth rates consistently lag
behind NU-1200 decay rates by an average factor of one-half
(Figure 2e, Table S6). This implies that STA-26 growth
depends on NU-1200 decay. Indeed, since interpenetration
occurs in the absence of new linker and node sources (Scheme
2b), structural components from the first phase must
contribute to the second. Related further discussion can be
found in the following section.

With quantitative kinetic information in hand, we calculated
the activation energies using the Arrhenius equation (Figure
2f). Consistent with their metal—oxygen bond energies
(AHf,_o = 182 kcal mol™, AHfpyr o = 189 kcal mol™),
Hf- and Zr-STA-26 formations call for 27.9 and 25.2 kcal
mol ™!, respectively (Scheme 2¢, Table S7). The stronger Hf—
O bonds require larger amounts of energy to break and reform
than their slightly weaker Zr—O counterparts, resulting in
slower kinetics of transformation. Although the Hf and Zr
MOFs possess similar metal—oxygen bond energies, this
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Figure 3. Mechanistic model of phase transformation. (a) Two possible models for phase transformation. (b) PXRD of (c) Zr-NU-1200
crystals converting to (d) Zr-STA-26 crystals. (e) Avrami exponent values at different temperatures, (f) particle sizes, and (g) formic acid
concentrations. For (e)-(g), orange panels (bottom) indicate the zero-order region, salmon panels (middle) denote the first-order region,

and green panels (top) mark higher-order regions.

kinetic analysis is sensitive enough to experimentally reveal
energetic differences between the two systems. Thus, by
pairing thermodynamic and kinetic data, we map the full
reaction energy landscape of interpenetration in a MOF system
for the first time (Scheme 2c).

Mechanistic Model of NU-1200 to STA-26 Phase
Transformation. Determining the reaction energy profile can
also produce a mechanistic understanding of how chemical
interactions within the NU-1200/STA-26 system lead to the
observed interpenetrated product. We first characterized the
conditions that affect phase transformation and then generated
a mechanistic model for conversion.

We hypothesized that conversion of the initial NU-1200
particles likely occurs first from the peripheries and then
extends to the core. If this is true, the particle size should
influence the rate of transformation, with larger particles
transforming slower than smaller particles. We tested the effect
of particle size on the conversion rate by comparing the phase
transformations of 600 nm, 2 ym, and 4 ym Zr- and Hf-NU-
1200 particles using time-resolved in situ PXRD (Figures S3—
S11,S13—S14, S16, Tables S1—S3). Extracted Avrami-Erofe’ev
rate constants (units of min™') show a decrease in the
conversion rate at larger particle sizes and support the concept
of phase transformation from particle exterior to core (Figures
S106 and 108, Tables S5—S6).

In order for the transformation to occur, heat and formic
acid must be present. Kinetic differences at increasing
temperatures reveal that heat is a source of activation for
conversion. If formic acid is also a source of conversion
activation, then it thus follows that higher concentrations of
formic acid should increase the conversion rate. Time-resolved
in situ PXRD experiments and extracted Avrami-Erofe’ev rate
constants demonstrated that this hypothesized trend held true
(Figures S107—108, Tables S5—S6).
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To gather deeper insight into the mechanistic model of
phase transformation, we investigated the sequential method of
conversion. Because interpenetration transpires in the absence
of new linker and node sources, it follows that linker and node
components from the first NU-1200 phase comprise the
structure of the second STA-26 phase. Indeed, as discussed
above, correlating conversion rates implies that STA-26 growth
depends on NU-1200 decay (Figure 2e). Thus, the phase
transformation likely occurs following one of two simplified
models: 1) Complete dissolution of NU-1200 into its linker
and node building blocks followed by nucleation and growth of
new STA-26 particles. 2) Portions of the NU-1200 particles
dissolve and produce free linker and node monomers. These
monomers then assemble into a second interpenetrated lattice,
transforming the NU-1200 particles to STA-26, and nucleation
of new particles does not occur (Figure 3a). Since the
dissolution and growth stages in model 1 could overlap
temporally, correlating NU-1200 decay and STA-26 growth
rates from time-resolved in situ PXRD does not provide
enough information to distinguish the two models. Instead, we
differentiate the conversion models using further experimental
observations combined with energetic information.

One major distinction between the two models is the factor
of new particle nucleation. If complete dissolution occurs
(model 1), the original NU-1200 particles disappear, and new
particles nucleate; if partial dissolution occurs (model 2), the
original NU-1200 particle framework remains largely intact. To
differentiate the two conversion models, we grew large ~100
um Zr-NU-1200 single crystals (Figure 3c) and exposed them
to interpenetration conditions. If phase transformation follows
model 1, we expect the NU-1200 crystals to transform into a
STA-26 powder. Conversely, if phase transformation follows
model 2, then we expect the NU-1200 crystals to transform
into STA-26 crystals of the same morphology and size. After
the conversion completed, we observed retained crystal size
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(~100 pm) and morphology, supporting the partial dissolution
model (Figure 3d). Bulk PXRD measurements of the same
crystal batch before and after exposure to interpenetration
conditions confirm that the phase transformation did, in fact,
occur (Figure 3b).

Complementary SEM images tracking particle size and
morphology during conversion also support the partial
dissolution model (Figure S$23). While the Zr-NU-1200
particles initiate their interpenetration journey as pristine,
cubic crystals (Figure S23a), they first become damaged by
etching (Figure S23b-c) but maintain their cubic morphology
until conversion completion (S23d-e). This data strengthens
the case for partial dissolution since the particle size
distribution is maintained and pristine new nucleated particles
are not observed.

Finally, we returned to the Avrami-Erofe’ev kinetic model
(eq 1) to gather information about the sequential method of
NU-1200 to STA-26 conversion. As mentioned above, the
Avrami exponent, n, provides information about the mecha-
nistic nature of crystallization. Values between 0.54 and 0.62
suggest a zero-order, diffusion-controlled mechanism; a first-
order, phase-boundary-controlled mechanism is indicated by
values of 1.00—1.24; values between 2.00—3.00 designate a
mechanism controlled by nucleation and growth.”®* Thus, in
our system of interest, zero-order n values support model 1,
while first-order #n values strengthen model 2. We extracted
Avrami exponents from sigmoidal crystallization curves of
STA-26 growth at different temperatures (Figure 3e), particle
sizes (Figure 3f), and formic acid concentrations (Figure 3g).
In all cases, n values follow a first-order mechanism and remain
similar for both the Zr and Hf systems. This data not only
suggests that phase-boundary growth dominates but also
indicates that the transformation mechanism is not affected by
metal identity, temperature, particle size, or acid conditions
(Figures S109—S111, Table S6). Taken together, these
findings support our proposed model 2 of partial dissolution.

In conclusion, we report the first complete energy map of
MOF interpenetration on a reaction energy landscape.
Specifically, we monitor the phase transformation of NU-
1200 to its doubly interpenetrated counterpart, STA-26 by
pairing thermodynamic and kinetic data. Our DFT calculations
show that the STA-26 frameworks are 3.69 kcal mol™' more
stable than their NU-1200 counterparts with a similar density
of states and electronic properties. While Zr-NU-1200 and Hf-
NU-1200 interpenetrated to their STA-26 counterparts (likely
driven by the increase in crystal density), Th-NU-1200
remained noninterpenetrated likely due to sterics. We
implement Avrami-Erofe’ev modeling of time-resolved in situ
X-ray diffraction to quantify rate constants and activation
energies for the Zr- and Hf-NU-1200 transformations to Zr-
and Hf-STA-26, respectively. Observed differences in the
activation energies of this transformation of Zr and Hf systems
(25.2 and 27.9 kcal mol ™/, respectively), consistent with their
metal—oxygen bond energies (AHf,,_o = 182 kcal mol™},
AHfyo = 189 kcal mol™"), reveal slower phase change
kinetics for MOFs with stronger bonds. Additionally, this
kinetic analysis is sensitive enough to experimentally reveal
energetic differences between the two systems with similar
metal—oxygen bond dissociation energies. Finally, we paired
kinetic data with experimental observations to classify the
mechanistic model of this phase transformation as partial
dissolution. This study provides insight into MOF inter-
penetration, and the methodology used in this study can easily
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be applied to other crystalline systems with parallel energetic
similarities. More generally, we anticipate that this kinetic and
mechanistic understanding will broadly inform further studies
of the energetics of crystallization.
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