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ABSTRACT: X-ray absorption spectroscopy (XAS) provides element-specific
information on local structures but is rarely used to follow macroscopic phase trans-
formations. Here, we show that non-normalized transmission XAS spectra can be
used to track phase-change kinetics in systems undergoing a single density-changing
transformation. Using crystallization of the UiO-66 metal—organic framework
(MOF) consisting of [Zr,0,(OH),]'** oxo-clusters as nodes and terephthalate
linkers as a representative example, we demonstrate that changes in X-ray attenua-
tion in Zr K-edge XAS spectra quantitatively mirror the evolution of crystalline
material measured independently by in situ X-ray diffraction (XRD), enabling deter-
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Non-normalized X-ray attenuation is equivalent to X-ray diffraction

mination of the extent of solid formation without diffraction measurements. Kinetic

analysis based solely on non-normalized X-ray attenuation yields a nucleation-growth mechanism identical to that obtained from mul-
tivariate curve resolution-alternating least squares (MCR-ALS) analysis of the full XAS dataset. Both approaches are consistent with
the Gualtieri model of crystal formation and give identical activation energies for nucleation (80 + 7 kJ mol™") and crystal growth
(64 + S k] mol™"). This approach links atomic-scale changes with macroscopic phase evolution and extends XAS to real-time mon-

itoring of density-changing processes, including crystallization.

1. INTRODUCTION

The synthesis of solid materials proceeds through complex
sequences of chemical and structural transformations that dic-
tate the resulting composition, morphology, and functional
properties."”” During nucleation and crystal growth, atomic or
molecular precursors condense and reorganize into extended
frameworks, establishing both local coordination environments
and long-range periodicity.>* The kinetics and mechanisms of
these transformations determine crystal size, defect density,
and distribution of active sites in different materials, including
zeolites, metal—organic frameworks,®~* quantum dots,” and
metal halide perovskites,® thereby controlling their catalytic,
sorption or electronic properties. However, the intermediate
stages of synthesis, which are the subject of extensive investiga-
tion, vary across material systems and often involve the forma-
tion of soluble or amorphous species that are transient,
disordered, and highly sensitive to the reaction environment,
making their direct observation challenging.”'® Elucidating the
mechanistic relationship between local chemical rearrange-
ments and the onset of crystallization requires time-resolved
methods capable of simultaneously probing short- and long-
range order under realistic synthesis conditions.''~"*

X-ray diffraction (XRD) remains the principal method for
investigating crystallization phenomena because it directly
probes long-range order and provides quantitative information
on phase composition and crystallite size. Time-resolved in situ
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XRD studies reveal nucleation and growth kinetics across
diverse systems, such as zeolites,"* metal oxides,">'¢ and
metal—organic frameworks (MOFs).'”'® Yet, the XRD tech-
nique is inherently insensitive to local atomic and electronic
environments, and when crystalline domains are nanometric
or poorly ordered, diffraction peaks broaden and weaken,
obscuring early-stage events and making it difficult to correlate
emerging long-range order with concurrent chemical transfor-
mations. Moreover, XRD alone cannot resolve changes in oxi-
dation state and coordination geometry that often precede
nucleation.’””° Complementary techniques, such as Fourier-
transform infrared spectroscopy (FTIR)*** and Raman
spectroscopy,”” are widely used to probe MOF synthesis, partic-
ularly at early stages. Equally, a combination of XRD and differ-
ential scanning calorimetry (DSC) can be used to characterize
the final MOF product.** However, these methods are not
element-specific and often require acquisition conditions that
differ from those of synthesis, limiting their applicability for true
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in situ measurements and direct correlation with crystallization
processes.

X-ray absorption spectroscopy (XAS) complements XRD by
probing the local atomic and electronic environment around
specific elements without requiring periodicity and under
synthesis-relevant conditions. The near-edge region (XANES)
provides information on oxidation state and coordination sym-
metry,”* while the extended region (EXAFS) yields quantitative
metrics of interatomic distances and coordination numbers
within the first and sometimes higher coordination shells.”**’
These capabilities make XAS particularly valuable for tracking
changes in element speciation, bond lengths, and oxidation
states during nucleation and early growth.”® However, because
XAS is inherently local in nature, it cannot directly quantify
long-range ordering and macroscopic crystallinity.

The complementarity of XRD and XAS has motivated
numerous efforts to acquire both datasets under identical condi-
tions””** because it enables correlative analysis of chemical and
structural evolution. However, the two methods require distinct
photon-energy configurations: XRD typically employs a fixed
high energy for scattering, whereas XAS acquisition involves
continuous monochromator motion across a wide energy range
near the X-ray absorption edge of the element of interest, and
therefore, true simultaneous measurements with resolution in
time domain of seconds is available only at specialized synchro-
tron beamlines.*' ~3°

These limitations have motivated the development of strate-
gies that extract both chemical and structural information from
a single experimental technique. In transmission XAS, the X-ray
absorption is proportional to the number of atoms in the X-ray
beam path, weighted by their attenuation coefficients.** Away
from the absorption edge, these coeflicients vary only weakly
with energy, and changes in the transmitted intensity therefore
primarily reflect variations in the amount of condensed matter
within the beam spot, rather than changes in electronic struc-
ture.*® As a result, X-ray absorption can sensitively probe phase
transformations that alter the number of atoms in the beam
path. Related concepts have previously been used to follow
the crystallization of barium titanate.’” Recently, Lomachenko
et al. proposed quantifying adsorbed species by monitoring
absorption changes in the non-resonant X-ray attenuation in
the pre-edge region of XAS spectra.’® The desorption of water
from solid material decreases number of atoms in the beam
path and therefore leads to decrease in X-ray absorption.

Here, we introduce an approach that exploits the X-ray atten-
uation data extracted directly from non-normalized XAS to
monitor macroscopic phase transformations (specifically, crys-
tallization from true solution). When X-ray attenuation is dom-
inated by X-ray absorption and contributions from elastic
scattering are minor, temporal variations in the measured
X-ray attenuation are proportional to the volumetric fractions
of atoms in the beam path, which are, in turn, reflected by the
amount of newly formed phase in the case of a single phase
transformation. Measurements performed under resonant
absorption conditions increase the relative contribution of
absorption compared to elastic scattering, thereby strengthen-
ing the proportionality between X-ray attenuation and phase
fraction. This allows to construct a time-resolved metric that
tracks the progress of the phase transformation from a single
transmission or fluorescence XAS measurement. While demon-
strated here for the crystallization of the Zr-based metal—
organic framework, the method is general and does not require
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the emerging phase to be crystalline; any transformation involv-
ing a density contrast between phases, such as amorphous con-
densation, gelation, or solid-state conversion, would produce a
comparable change in X-ray attenuation provided absorption
effects dominate over elastic scattering. This strategy bridges
the gap between local and long-range probes without requiring
reference standards, structural models, or separate diffraction
experiments. The method allows for a simultaneous monitoring
of the evolution of local coordination and long-range order to
establish a versatile, accessible approach for in situ studies of
nucleation and growth.

2. MATERIALS AND METHODS
2.1. Synthesis of Material

UiO-66 was synthesized from solutions prepared by dissolving 0.750 g
of anhydrous zirconium chloride (Sigma Aldrich, 99%, freshly opened
bottle) and 0.738 g of terephthalic acid (Sigma Aldrich, 99%) in 90 mL
of N,N-dimethylformamide (DMF). 3.0 mL of 37 wt % aqueous hydro-
chloric acid (Merck, 99.5%) was added as a modulator for synthesis.

2.2. Zr K-Edge X-ray Absorption Spectroscopy (XAS)

Zirconium K-edge X-ray absorption spectroscopy (XAS) measure-
ments were performed at the SuperXAS beamline of the Swiss Light
Source (Switzerland).* The polychromatic X-ray beam was collimated
using a rhodium-coated mirror to suppress higher-order harmonics,
and subsequently monochromatized using a Si(111) channel-cut
monochromator operating in quick-XAS mode at a frequency of
1 Hz. An energy range of 17800 to 19200 eV was selected to record
the Zr K-edge XAS spectra. The monochromatic beam was focused
to a spot size of 1500 X 400 pm using a toroidal rhodium-coated mir-
ror. Spectra were acquired in transmission mode using 15 cm long ion-
ization chamber detectors filled with a 1:1 N,:Ar gas mixture at 2 bar.
Simultaneously, a reference spectrum of zirconium metal foil was col-
lected for energy calibration.

In situ XAS spectra during crystallization were acquired using a
custom-designed cell installed between the first and second ionization
chambers and operated via remote control (Scheme S1). For each
experiment, the synthetic mixture was loaded into a soda lime glass
capillary (2.0 mm outer diameter, 10 pm wall thickness, ~70 mm
length) and sealed using a propane/oxygen flame. The in situ cell
was equipped with integrated heating elements, a Cr/Al thermocouple
for temperature control, and a manual goniometer head (Huber) for
precise alignment of the capillary in the X-ray beam. To compensate
for heterogeneity in the reaction mixture, the capillary was continu-
ously spun during the experiment. Following alignment, spinning was
initiated, and the temperature was ramped to the target value at a rate
of 10 K:min~" while time-resolved XAS spectra were recorded. Data
acquisition was terminated once the spectra stabilized, indicating com-
pletion of the crystallization process.

The acquired XAS spectra were averaged to increase the signal-to-
noise ratio using the ProXAS software (60 spectra were averaged).40
The evolution of X-ray attenuation as a function of time was quantified
using metrics extracted from different spectral regions, including the
pre-edge, post-edge, and edge-step at E,. Average absorbance values
were calculated within defined pre-edge (17750—17850 eV) and
post-edge (18800—19000 eV) windows, while the edge-step was deter-
mined from the difference between fitted post-edge and pre-edge base-
lines at E, = 17998 keV. Pre-edge baselines were fit with a linear
function, and post-edge baselines were described by an A + BE™>
dependence. Multivariate analysis of the normalized time-resolved
XAS data by multivariate curve resolution with alternating least squares
(MCR-ALS) was carried out using ProXAS software.** The analysis
was carried out under non-negativity constraints applied to time-
dependent concentration profiles, and with the additional constraint,
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the sum of component concentrations at each time point was equal
to unity.

2.3. X-ray Diffraction (XRD)

Time-resolved X-ray diffraction (XRD) measurements were performed
at the Materials Science beamline of the Swiss Light Source
(Switzerland) using 25.2 keV radiation.”"** The in situ cell and sample
preparation protocols were identical to those described in the XAS sec-
tion. Diffraction patterns were recorded using a PILATUS 6 M detec-
tor positioned 1.00 m from the capillary. After beam focusing and
alignment, the capillary was set to rotate continuously and heated to
the target temperature at a rate of 10 K-min~". Upon reaching the
desired temperature, time-resolved XRD patterns were collected
approximately every 2 min until crystallization of UiO-66 was com-
plete. The evolution of crystallinity as a function of time was quantified
from XRD data by integrating the area under the characteristic Bragg
peaks and normalizing the resulting intensity with respect to its maxi-
mum value. For fitting the crystallization curves using the Gualtieri
model (vide infra), the nucleation parameter n’ was fixed at 1.5, in
accordance with previous reports.'**°

3. RESULTS AND DISCUSSION

Figure 1A,B shows the evolution of normalized Zr K-edge X-ray
absorption near edge spectra (XANES) and Fourier transform

(FT) of Extended X-ray Absorption Fine structure (EXAFS)
spectra, respectively, during the synthesis of UiO-66. The syn-
thetic solution initially contains dissolved zirconium chloride
complexes, which are first converted into zirconium aqua spe-
cies and subsequently transformed into [Zr,O,(OH),] clusters
— identical in structure to the secondary building units (SBUs)
in the UiO-66 structure. These nodes then coordinate with ter-
ephthalic acid to assemble the final UiO-66 MOF structure.'*°
The changes observed in the normalized Zr K-edge XANES and
EXAFS spectra reflect the progressive evolution of the local
coordination environment around Zr atoms.

Beyond changes in local coordination geometry reflected in
the normalized XANES and EXAFS spectra, the absolute atten-
uation of the X-ray beam also evolves during crystallization. The
measured X-ray attenuation contains contributions from
absorption and elastic scattering. Absorption arises from inter-
actions of the X-ray beam with individual atoms® and, for a
fixed length path in a multiphase system, follow a linear mixing
rule with respect to volumetric phase fractions (Section S2.1 of
the Supporting Information). In contrast, elastic X-ray scatter-
ing includes coherent Bragg diffraction and small-angle scatter-
ing, both of which depend on crystallite size, long-range order,
and electron density contras; these effects do not scale linearly
with phase fractions.*®
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Figure 1. Zr K-edge X-ray absorption spectroscopy data obtained during UiO-66 synthesis at 363 K: (A) normalized Zr K-edge XANES spectra,
(B) magnitude of the Fourier-transformed k>-weighted EXAFS spectra (the Fourier transform was performed over a k-range of 3—15 A™"),
(C) non-normalized Zr K-edge absorption spectra illustrating the pre-edge and post-edge background definitions, averaging windows, and the edge
step evaluated at E,, and (D) temporal evolution of relative pre-edge average attenuation (blue), post-edge average attenuation (orange), and edge

step height (green).
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Figure 1C show the evolution of the non-normalized attenua-
tion during UiO-66 synthesis at 363 K (data for 353 and 373 K
are shown in Figure S2, Supporting Information). In the pre-edge
region, attenuation reflects non-resonant absorption from all con-
stituent elements together with elastic scattering losses. Since both
contributions may be comparable in magnitude, the relative influ-
ence of scattering cannot be a priori excluded. At energies above
the absorption edge, however, the resonant Zr absorption increases
sharply, amplifying the absorption term relative to pre-edge value
and relative to elastic scattering, which typically varies smoothly
with photon energy within this range. Due to resonant absorption,
the post-edge region exhibits a larger absolute attenuation and
improved signal to noise ratio for detecting changes in Zr density.

Another metric is obtained from the absorption edge step,
evaluated at the edge energy by extrapolating smooth baselines
fitted to the total attenuation on either side of the edge
(Figure 1C, derivation in Section S2.1.4 of the Supporting
Information). Since elastic-scattering contributions vary
smoothly across the narrow energy interval spanning the edge,
they largely cancel out in the step height, leaving predominantly
the resonant discontinuity associated with Zr absorption.
Consequently, the edge step is directly proportional to the vol-
umetric Zr atomic density within the probed region.

Figure 1D shows the evolution of the normalized changes eval-
uated from attenuation in the pre-edge region, post-edge region,
and absorption edge step, all calculated using eq 1, versus crystal-
lization time. All metrics exhibit similar behavior suggesting that
elastic scattering contributions are small under the present condi-
tions and that attenuation changes are dominated by absorption.
Notably, the attenuation changes from post-edge region displays
much higher signal to noise ratio compared to the pre-edge met-
ric, presumably due to much more effective resonant absorption
compared to non-resonant one. Given the fixed probed volume
and major contribution of absorption to the total attenuation,
the normalized absorption change therefore provides a direct
measure of crystallinity (for detailed derivation, refer to
Section S2.1 in the Supporting Information):

where M(t) represents the attenuation average in pre-edge or
post-edge regions or the edge step height and a(t) is the volumet-
ric fraction of crystalline UiO-66 relative to sample after complete
crystallization. The smoother evolution of the post-edge signal is
consistent with Zr resonant absorption being the dominant atten-
uation mechanism in this region, providing a sharp contrast
against the more weakly varying scattering background.

To validate that the observed changes in the X-ray attenua-
tion originate from the formation of the UiO-66 phase — and
to demonstrate the capability of this approach to track the
emergence of new crystalline phases — UiO-66 crystallization
was independently studied by in situ time-resolved X-ray dif-
fraction (XRD). Figure 2A shows the temporal evolution of
X-ray diffractograms, revealing the progressive appearance and
growth of Bragg reflections characteristic of UiO-66, with the
most intense (111) and (002) diffraction peaks located at 20
values of 2.35° and 2.71°, respectively. The extent of solid for-
mation, calculated from the integrated intensity of these two
peaks and plotted as a function of crystallization time in
Figure 2B, exhibits a sigmoidal profile similar to extent of solid
formation calculated from X-ray attenuation, however, they are
not perfectly coincident. These two metrics can differ because
they reflect distinct physical observables. X-ray absorption is
sensitive to the total number of Zr atoms in the beam path, irre-
spective of its degree of crystallinity, whereas XRD probes only
coherently ordered domains that contribute to Bragg diffrac-
tion. As a result, attenuation can track changes in Zr density
associated with the formation of amorphous or weakly ordered
intermediates that do not yet contribute significantly to diffrac-
tion. In addition, Bragg intensities depend not only on the
amount of crystalline material, but also on crystallite size, coher-
ence length, structural disorder, and interference effects,*® and
therefore do not, a priori, scale strictly linearly with volumetric
phase fraction during nucleation and growth. Minor differences
between the datasets may also arise from the fact that XAS and
XRD measurements were performed in separate experiments,
where small variations in temperature or synthesis conditions
cannot be fully excluded. Nevertheless, the metrics evaluated
from X-ray diffraction and from X-ray attenuation exhibit an
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Figure 2. (A) Time-resolved XRD data acquired during the synthesis of UiO-66 at 363 K. XRD patterns are offset for visual purposes. (B) The
extent of solid formation during UiO-66 synthesis at 363 K calculated from XRD data (black diamonds) and X-ray attenuation in post-edge region

using eq 1 (red squares).
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Figure 3. The results of the MCR-ALS analysis of the Zr K-edge time-resolved datasets of UiO-66 synthesis: XANES (A) and FT EXAFS (B) spectra
corresponding to PC1, PC2, and PC3 and the temporal evolution of the different components during the crystallization at 363 K (C).

predominantly governed by resonant Zr absorption and that
scattering contributions remain secondary. Consequently,
X-ray attenuation provides a robust and sensitive tool for mon-
itoring the kinetics of phase transformations, complementary to
diffraction-based measurements.

Notably, this approach requires no additional data acquisition
and can be readily applied to any well-collected transmission,
and, potentially, fluorescent XAS dataset. As all XAS measure-
ments are obtained within a single experiment, the temporal evo-
lution observed in XANES and EXAFS can be directly correlated
with crystallization kinetics extracted from the X-ray attenuation.
This integration circumvents potential discrepancies arising from
differences in experimental conditions when comparing indepen-
dently collected XAS and XRD data, typically coming from differ-
ent beamlines. We demonstrate the versatility of this method by
applying it to monitor the crystallization of the UiO-66 MOF.

First, conventional Zr K-edge XANES and Fourier-
transformed (FT) EXAFS spectra collected during UiO-66 crys-
tallization were analyzed. The time-resolved, normalized XAS
datasets were deconvoluted into linearly independent spectral
components using multivariate curve resolution-alternating least
squares (MCR-ALS) analysis.**> Three linearly independent
components are required to describe the evolution of the XAS
spectra during UiO-66 crystallization (Figure 3A), denoted as
Principal Components 1, 2, and 3 (PC1, PC2, and PC3, respec-
tively), consistent with previous reports (Figures S3 and S4,
Supporting Information).'”?® The Zr K-edge FT EXAFS

spectrum of PCI1 features a single intense peak at approximately
2 A radial distance (not phase-corrected), characteristic of zirco-
nium chloroterephthalate species.”® As synthesis progresses, PC1
gradually transforms into PC2 (Figure 4C), accompanied by a
reduction in the intensity of the FT EXAFS peak reflecting the
substitution of chloride ligands by oxygen atoms. PC2 is attrib-
uted to hydrolyzed zirconium-oxo complexes, including mono-
meric and oligomeric intermediates formed during hydrolysis.
With further crystallization time, PC2 transitions into PC3. The
Zr K-edge XANES and EXAFS spectra of PC3 closely resemble
those of UiO-66, indicating that PC3 corresponds to
[Zr;0,(OH),] clusters structurally identical to the secondary
building units (SBUs) of the UiO-66 metal-organic framework
(Figure S2). Notably, the PC3 spectra obtained at different syn-
thesis temperatures are indistinguishable (Figures S5 and S6,
Table S1, Supporting Information), indicating that the local struc-
ture of the formed UiO-66 is invariant with temperature.

Since the PC3 component corresponds to the secondary
building units (SBUs) of the UiO-66 crystal structure, its tem-
poral evolution was compared to the kinetics of UiO-66 phase
formation determined from the X-ray attenuation. Figure 4A,B
show the extent of solid formation, as determined from the
X-ray attenuation and the fraction of PC3, respectively, at differ-
ent temperatures. All profiles exhibit a characteristic S-shaped
curve with an induction period. These profiles are indicative
of a two-stage crystallization mechanism involving distinct
nucleation and crystal growth processes.
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Figure 4. (A) Temporal evolution of the extent of solid formation for UiO-66 crystallization at different temperatures calculated from the X-ray
attenuation using eq 1 and (B) the fraction of the PC3 component. Solid lines represent fits using the Gualtieri crystallization model (eq 2).
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Table 1. Optimized Kinetic Parameters Obtained from Fitting the Extent of Solid Formation as a Function of Reaction Time
Using the Gualtieri Model for UiO-66 Synthesis”

X-ray attenuation data

PC3 temporal evolution

sample parameter 353 K 363 K 373 K 353K 363 K 373 K
Koo' 10%, min ™" 6.2(4) 13.3(9) 19.2(13) 7.9(5) 13.8(10) 26.8(15)
Ky eteation 10, min ™" 6.7(4) 15.7(9) 29.8(15) 16(1) 27(2) 67(3)

“Parameters were determined based on the X-ray attenuation and the temporal evolution of the PC3 component.

For UiO-66 synthesized from zirconium tetrachloride and
terephthalic acid in DMF with water and HCI as modulators,
nucleation corresponds to the hydrolysis of zirconium chloride
and zirconium chloroterephthalate complexes into zirconium-—
oxo species. The subsequent crystal growth step involves the
condensation of monomeric and oligomeric zirconium—oxo
complexes into SBUs with the [Zr,O,(OH),] structure charac-
teristic of UiO-66 and their assembling with terephthalate linkers
from the solution. To quantitatively describe the crystallization
kinetics, the Gualtieri model*® was applied, allowing extraction
of kinetic parameters associated with both nucleation and growth
stages. According to this model, the time-dependent evolution of
extent of solid formation, «, is expressed as:

1

0= —=
1+e 7

(1—e” (kwh-t)“) (2)

where t represents the reaction time, k4, is the rate constant
for crystal growth, a is the reciprocal of the nucleation rate con-
stant (Kuuceation =~ ), b reflects the variance in the nucleation
probability distribution, and n corresponds to the dimensionality
of the crystal growth process. The model accurately captures the
observed crystallization kinetics, with fitted curves shown in
Figure 4 closely matching the experimental data. The best-fit
kinetic parameters are summarized in Table 1.

A comparison of kinetic parameters determined from the
X-ray attenuation and the PC3 fractions reveals several note-
worthy observations (Figure S, Table 1). Crystal growth rate
constants obtained from both methods are in close agreement
across all reaction temperatures (Figure SA). In contrast, the
nucleation rate constants derived from the PC3 fraction are
approximately two times higher than those obtained from

X-ray attenuation (Figure SB). This discrepancy arises because
the two techniques probe different stages of structural evolution
and, effectively, the formation of different detectable products.

The formation of PC3 species corresponds to the assembly of
monomeric zirconium—oxo species into [Zr,0,(OH),] nodes'**
and thus reflects the formation of SBUs at the molecular or unit-
cell level. These species can be detected even when present as small
and weakly ordered clusters. In contrast, changes in X-ray attenua-
tion require the arrangement of clusters with linkers in quantities
that induces sufficiently different density along the beam path,
which occurs only after a critical extent of UiO-66 phase synthesis
process has been achieved. As a result, attenuation responds to a
later stage of the transformation, when clusters have assembled into
larger, spatially extended domains. This difference introduces an
effective detection threshold in attenuation-based metrics, such
that the emergence of the new phase is observed only after a suf-
ficient amount of organized material has formed. Consequently,
the profile for the extent of solid formation derived from X-ray
attenuation appears temporally delayed relative to PC3 evolution
(Figure S7, Supporting Information) and more closely aligns with
traditional XRD results (Figure 2B). Importantly, the crystal
growth kinetics are captured similarly by both PC3 evolution
and X-ray attenuation, leading to nearly identical crystal growth
rate constants because crystal growth reflects the rate of new
phase accumulation once nuclei are already formed.

Despite the differences in absolute rate constants for nucle-
ation growth, Arrhenius analysis shows agreement between
apparent activation energies obtained by two methods: both yield
identical activation energies for nucleation (80 + 7 kJ-mol™") and
for crystal growth (64 + S kJ-mol "), within experimental uncer-
tainty. Notably, reported activation energies are close to those
reported for UiO-66 synthesis earlier'® or for Zr-fum MOF,
where the same [Zr,O,(OH),] nodes make up the SBU.*’

101
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Figure S. Arrhenius plots for crystal growth (A) and nucleation (B) rate constants extracted from the X-ray attenuation (blue circles) and PC3 tem-
poral evolution (red diamonds) data using the Gualtieri model fit. Dotted lines show exponential regressions.

1979

https://doi.org/10.1021/acsmaterialslett.6c00237
ACS Materials Lett. 2026, 8, 1974—1981

920z Jequisidag L uo Josn YNIAOW 1A 1ANLS 1193A AINN Aq 4pd'¥/€200-9202-2/€66.L0279/7L6 L/ L/8/ypd-a1one/je0|we/Bi10 soe"sqnd wouy papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.6c00237/suppl_file/tz6c00237_si_001.docx
http://www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.6c00237

ACS Materials Letters

www.acsmaterialsletters.org

4. CONCLUSIONS

In conclusion, we show that quantification of the X-ray atten-
uation provides a powerful approach for tracking macroscopic
phase transformations, including but not limited to crystalliza-
tion, using standard transmission XAS data. This method
requires no additional data acquisition and can be applied ret-
roactively to any properly collected dataset. For a single-phase
transformation occurring within a constant probed sample
volume and under conditions where X-ray absorption domi-
nates over elastic scattering, changes in X-ray attenuation
directly reflect the extent of phase transformation and there-
fore complement conventional XANES and EXAFS analyses
that focus on local atomic structure. Importantly, it serves as
a functional analogue to XRD for detecting crystallization, with
the key advantage of being acquired under identical experi-
mental conditions, eliminating inconsistencies associated with
separate measurements and potentially being applicable to
the formation of non-crystalline phases. Applied to the crystal-
lization of the UiO-66 metal—organic framework, this
approach reliably captured both chemical and structural trans-
formations, opening new possibilities for in situ characteriza-
tion of dynamic material processes.
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