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Time dependence of water-induced phase transition in nano- and
microcrystalline Eu**-doped MOF-76(Y): different luminescence
responses with memory effect

This striking cover visualizes the water-induced phase transition
from the 3D Eu-doped MOF-76(Y) to the 1D Y:Eu-BTC structure.
Two morphologies, “bean-shaped” nanocrystals and “needle-like”
nanocrystals along with two structures involved in the phase
transition are included at two sides of a water fluid limit.
Furthermore, it emphasizes the distinct luminescence responses
represented by different reddish tonalities emerging from the
particles and structures, being underlying the memory effect
crucial for sensing and technological applications, as detailed in
the manuscript “Time Dependence of Water-Induced Phase
Transition in Nano- and Microcrystalline Eu®-Doped MOF-76(Y):
Different Luminescence Response with Memory Effect”.
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MOF-76 compounds were solvothermally synthesized, producing micrometer-sized needle-like crystals,
while bean-shaped nanoparticles were successfully obtained by modifying the synthesis conditions and
using sodium acetate as a modulator. The water-induced transition of MOF-76(Y,_4Eu,) x = 0, 0.05 in nano
and microcrystalline forms was studied and followed by PXRD, FTIR, SEM, and TEM. The phase transition
involves changing the 3D MOF-76 (tetragonal) structure to a 1D Ln-BTC (monoclinic) structure upon water
exposure. The influence of particle size, mechanic stress (ultrasound treatment), and thermal activation on
the kinetics of the structural and morphological transformation was studied. Besides, the changes in
photophysical properties resulting from the phase transition are also analyzed. Photophysical properties of
MOF-76(Y¢.95EUp 05) were studied before and after water exposure, revealing efficient UV absorption and
characteristic Eu®*" emissions for all samples. Although the emission spectra of the samples synthesized in
nanometric and micrometric forms exhibit the same peaks and almost the same intensity, the
corresponding spectra of the compounds upon water immersion are different, indicating a likely memory
effect in transformed MOF-76 compounds regarding the initial particle size of each one. This research
provides valuable insights into the material stability and phase behavior with a MOF-76 structure under
different operating conditions. These results are critical for their practical applications in sensing and other
technological fields.
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of crystal structures, the most outstanding fields of applications
for these materials include gas adsorption/separation
properties,>® catalytic* and photocatalytic’  behaviours,
chemical* and biochemical® sensing, and controlled drug

1. Introduction

Metal-organic frameworks (MOFs) have emerged as
interesting materials derived from 2D or 3D coordination

networks that exhibit varied applications. After over two
decades of research, along with a deep understanding of their
building unit connectivity, the number of MOF structures has
grown to 100 000+ in the CSD subset." In such a large number

“Facultad de Quimica, Bioguimica y Farmacia, Universidad Nacional de San Luis,
Instituto de Investigaciones en Tecnologia Quimica (INTEQUI-CONICET), San Luis,
Argentina. E-mail: mchernin@email. unsl.edu.ar

b INQUIMAE-DQIAQF, Facultad de Ciencias Exactas Y Naturales, Universidad de
Buenos Aires, Ciudad Universitaria, Pab. II (1428), Buenos Aires, Argentina

¢ Instituto de Desarrollo Tecnolégico para la Industria Quimica (CONICET, UNL),
Facultad de Ingenieria Quimica, Universidad Nacional del Litoral (UNL), Giiemes
3450, Santiago del Estero 2829, 3000 Santa Fe, Argentina

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5¢e00198f

1 Current position of Dr. Zulma L. Moreno Botello at Consiglio Nazionale delle
Ricerche, Istituto di Tecnologie Avanzate per 1'Energia “Nicola Giordano”, CNR-
ITAE, via Salita Santa Lucia Sopra Contesse 5, 98126, Messina, Italy.

4470 | CrystEngComm, 2025, 27, 4470-4487

release.” All the properties present in these curious materials are
derived from the combination of selected metal ions and
organic linkers that bind in a self-assembled process, leading to
a specific MOF architecture. If the chemical composition or the
crystal structure changes, the physicochemical properties of
MOFs (frequently) change® as well since the composition-
structure-properties are correlated. Some chemical compositions
embedded in a particular crystal structure or “phase” are more
appropriate for some applications than others. For example,
selecting some lanthanide ions and aromatic organic linkers to
develop luminescent MOFs can lead to the formation of
successful emission materials.” The application of luminescent
MOFs based as supramolecular sensors’ is a research field that
has attracted a lot of attention in the scientific community, and
several lanthanide-MOF structures were synthesized and
evaluated as novel platforms for chemical or physical
(temperature) sensing.'®**

This journal is © The Royal Society of Chemistry 2025
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Within this large subset of luminescent MOFs, the so-
called MOF-76 stands out, whose structure was first reported
by O. M. Yaghi et al'® as one example of a 3D MOFs
containing rod-shaped secondary building units (SBUs). The
authors used Tb*" jon as a metal node and 1,3,5-
benzenedicarboxylic acid (BTC) as a ligand. Later, several
lanthanides (Ln*" = Nd**,*® Eu*","*"® Gd**,'® Tb*","*'® and
Ho®",") and rare earth (Y*') ions have been employed as
metal centres in the MOF-76 structure. The members based
on Eu*' 182 and TH3', 1719202225727 haye received more
attention due to their strong red and green emissions,
respectively, allowing the exploration of the performance of
these materials as luminescence sensors.'*!%1%21,22,26-31

Similar to other archetypical MOFs, synthesis conditions
to obtain nanocrystalline solids with the MOF-76 structure
have been explored.*>**2”3! These efforts have been driven
to improve or enlarge the resultant applications, such as
building homogeneous thin films for luminescent sensing
devices. Importantly, in addition to particle size,>"°
dimensionality,””*' and composition,** the phase of MOFs;
that is, the particular ordered arrangement of building
blocks, is also a key parameter to tune the performances of
MOFs. Notably, different phases of MOFs can exhibit
different linker connectivity and lanthanide symmetry sites,
which could also modify the luminescent performances of
MOFs."** In this sense, it is important to remark that as in
other cases of metal-ligand systems, structures other than
MOF-76 can be obtained by combining the same Ln*" ions
and the BTC linker and changing the synthesis conditions.
Thus, an isostructural family of 1D coordination polymer
based on Ln*" ions and BTC ligand has been reported®**°~>°
and the member based on Eu®" has also been widely studied
as a luminescence sensor of picric acid,** dipicolinic acid,*
and so on. Unfortunately, both materials i.e. the 3D MOF-76
and the polymer 1D-coordination are frequently indistinctly
referred to as LnBTC, which is not only unclear but also
inconvenient since the luminescence property strongly
depends on the crystal structure.®

Knowledge of the structural stability of a specific
phase is crucial for shortening the way between
fundamental studies and applications. Although the
research about phase transformation is essential,® the
huge number® of reported MOF architectures do not
correlate appropriately with phase stability studies. In this
sense, even though the phase transition of the MOF-76
structures into the 1D coordination polymer driven by
water has already been reported,®® i) the kinetics involved
in this process depending on the particle size of
synthesized MOF-76 and ii) the differences in the
properties of the transformed phase
concerning the particle size of their precursors have not
been investigated yet. Regarding the cost of lanthanide
ions as well as the existence of concentration quenching
issues, if the whole emissive matrix is made completely
by the emissive lanthanide ion itself; a common strategy
in the development and studying of luminescent materials

luminescence
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involves the use of a non-emissive host matrix (for
example an Y*'-based MOF) and diluting the emitter Ln*"
ions (i.e., Eu’" or Tb®") as dopants."”*>*® This allows for
high-intensity luminescence emission by using small
amounts of expensive lanthanide emitter ions. These
premises have driven our interests in studying the water
stability and phase transition of both the MOF-76(Y)
material as well as the MOF-76(Y,o5Euqs) doped one.
Furthermore, the last material allowed us to evaluate and
determine how the water-induced phase transition impacts
the luminescence properties. A comparison of the stability
of different particle-sized solids exhibiting the MOF-76
structure is analysed in the present work when such
samples are in contact with water, ethanol, or methanol.
These solvents are selected since they are the most
frequently used to dissolve analytes for their
determination by luminescence sensing.'***** Moreover,
the incidence of incorporating ultrasound during the
contact time with solvents and the effect of thermal
activation of the synthesized solids (micro- and
nanocrystalline versions) before the immersion in different
solvents are also investigated. Throughout the whole
experimental study, the influence of particle size,
mechanic forces, and thermal activation on the kinetics
of the structural transformation from (3D) MOF-76(Y) —
(1D) LnBTC in water is demonstrated for the first time
for this metal-organic system. Furthermore, the variations
in the luminescence of MOF-76(Y:Eu) phases before and
after the phase transition with nano and micro sized
particles as starting materials are evaluated and
discussed.

2. Experimental section
2.1 Reactants and solvents

Powder precursors: yttrium(m) oxide (99.99%) and trimesic
acid H3BTC (95%) were from Sigma-Aldrich. Europium/(m)
oxide (99.9%) was from Alfa Aesar. Sodium acetate trihydrate
(99.99%) was from Merck. Solvents: anhydrous N,N-
dimethylformamide (DMF) (99.8%), ethanol (99.5%) and
anhydrous (99.8%) were from Biopack. Nitric acid (65%) was
from Cicarelli.

2.2 Synthesis of microcrystalline MOF-76(Y) and MOF-
76(Yo.95EU0.05)

The microcrystalline solids were synthesized following this
procedure: yttrium(m) oxide (to obtain 0.15 mmol of
Y(NO3);) and H3BTC (0.195 mmol) were combined in a 100
mL glass autoclave flask with a mixture of DMF (3 mL),
ethanol (3 mL), distilled H,O (2.4 mL) and nitric acid (0.1
mL) and heated at 80 °C for 24 hours. The solid product
named MOF-76(Y)_m was collected by vacuum filtration,
washed several times with 40 mL of a 1:1 DMF/ethanol
mixture, and dried under atmospheric conditions before
characterization. The europium doped compound was named
MOF-76(Y.95EUg05)_m and was synthesized using a similar
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procedure, except that yttrium(m) oxide (to obtain 0.1425
mmol Y(NO3);) and europium(ui) oxide Eu(NOj); (to obtain
0.0075 mmol) were included into the reactant mixture, with
the remaining reaction parameters kept unchanged.

2.3 Synthesis of nanocrystalline MOF-76(Y) and MOF-
76(Yo.95EUy.05)

The nanocrystalline version of these MOFs was obtained by
modifying a previously reported synthesis route.*’ In this
procedure, 0.15 mmol of Y(NO;); (obtained by dissolving
yttrium(m) oxide in nitric acid) and 0.39 mmol of sodium
acetate were dissolved in distilled water (2.4 mL) to form
solution 1, which was put in a 100 mL glass autoclave flask.
H;BTC (0.195 mmol) was dissolved in DMF (3 mL), resulting
in solution 2. Solution 2 was added to the solution 1 flask
without stirring and a white precipitate immediately
appeared. The resultant suspension was heated at 80 °C for 5
hours. The product was labelled MOF-76(Y)_n and was
collected by centrifugation, washed several times with a 1:1
DMF/ethanol mixture, and dried in the air before
characterization. The europium-doped compound named
MOF-76(Y,.95Eug.05)_1n was synthesized by a similar procedure,
except for adding 0.1425 mmol Y(NO;); and 0.0075 mmol
Eu(NO3); into the reactant mixture, with the remaining
reaction parameters kept unchanged. The formation of the
sample structures was monitored using powder X-ray
diffraction (PXRD). The crystal size and morphology were
evaluated using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).

2.4 Stability test of micro and nanocrystalline MOF-76 solids

Both microcrystalline- and nanocrystalline MOF-76(Y)
compounds were left in contact with solvents (ethanol,
methanol, and water) with and without ultrasound to
examine the structural stability of MOF-76 in these
conditions under different contact times.

2.4.1 Stability assays of MOF-76(Y)_m. Ten mg of MOF-
76(Y)_m was left in contact with 1 mL of deionized water for
15 and 60 min at room temperature. This protocol was also
performed with ethanol and methanol instead of water, and
the same procedures were replicated with the three solvents
using an ultrasound bath (Cole-Parmer Model 8846-80, 60
Hz) keeping the contact times in each solvent constant. After
that, the supernatant solvents were extracted, and the solids
were dried under atmospheric conditions for further XRD
powder analysis.

2.4.2 Stability of MOF-76(Y)_n. The same method
described in section 2.4.1 was applied to study the MOF-76(Y)
_n compound in different solvents. However, the contact
times used for this material were 5 and 15 min.

2.4.3 Stability of thermally activated MOF-76(Y)_m and
MOF-76(Y)_n. MOF-76(Y)_m and MOF-76(Y)_n compounds
were thermally activated at 400 °C for 1 hour in an air
atmosphere (heating ramp: 1 °C min", cooling ramp: 5 °C
min'). Ten mg of each material was put in contact with 1

4472 | CrystEngComm, 2025, 27, 4470-4487
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mL of deionized water for 5, 15, and 60 min for the
nanocrystalline material, and for 15 and 60 min for the
microcrystalline compound. Finally, the material was
separated from the solvent, dried under atmospheric
conditions, and analyzed by powder XRD.

2.5 Preparation of transited MOF-76(Y, ¢sEu 5)_m-T and
MOF-76(Y, o5EUy o5)_n-T phases for luminescence study

One hundred and fifty mg of MOF-76(Y(.o5EUp05) M was
sonicated in 5 mL of deionized water for 60 min at room
temperature. After that, the supernatant solvents were
extracted, and the solids were dried under atmospheric
conditions. The solid was labelled MOF-76(Y,.5Eug.05)_m-T
and analysed by powder XRD analysis. The same procedure
was carried out with the MOF-76(Y, 05Eu0.05) n to obtain
theMOF-76(Y0.95Eu0.05)_n-T material, but the sonication
time was 15 min. In these notations, “T” means “transited
phase,” regarding the
transformation.

water-induced structural

2.6 Characterization techniques

Powder X-ray diffraction (PXRD) patterns of solids were
collected with a Rigaku Ultima IV type II diffractometer using
Cu-Ka (A = 1.5418 A) radiation in the 26 range of 5-40°, in
continuous mode, with increments of 0.02° and a scan speed
of 3°min~". Infrared spectra (FTIR) were measured using KBr
pellets from 4000 to 225 cm " using a Nicolet Protégé 460
spectrometer with 64 scans and a spectral resolution of 4
em™". The morphology of the samples was inspected using a
scanning electron LEO1450VP microscope (LABMEM-UNSL).
High resolution (HRTEM) and high angle annular dark field
scanning transmission (HAADF-STEM) images of compounds
MOF-76(Y)_n and MOF-76(Y,.5Euo.05)_n, as well as those of
the transited samples obtained by water ultrasonic treatment,
were registered using a JEOL-2100 Plus microscope (INTEC-
UNL) operated at an acceleration voltage of 200 kV. This
analysis allowed us to determine the average size of
synthesized nanoparticles and characterize the
morphological change upon water/ultrasonic treatment. The
structural resolution of the equipment in the TEM mode
was 0.19 nm with Scherzer defocus conditions, while the
probe used in STEM was 0.5 nm. This analysis allowed us
to determine the average size of synthesized nanoparticles
and characterize the morphological change upon water/
ultrasonic treatment. Energy dispersive analysis by X-rays
(EDX) was applied to obtain Y*'/Eu®* mapping in TEM
images of MOF-76(Y, ¢5Eu, 05)_n nanoparticles.

In both the SEM and TEM techniques, colloidal ethanolic
and water suspensions obtained by the ultrasound treatment
described above were dropped onto the sample holder and
allowed to evaporate. Luminescence excitation and emission
spectra were measured on a PTI Quanta Master QM-4
spectrofluorometer. The excitation and emission spectra were
measured in a front-face arrangement under the same
conditions of thickness and slit widths.

This journal is © The Royal Society of Chemistry 2025
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3. Results and discussion

3.1 Structure and morphology of MOF-76(Y)_m, MOF-
76(Yo.05EUg,05)_m, MOF-76(Y)_n and MOF-76(Y, 95Eu, o5)_n

Micro-sized MOF-76(Y)_m crystals and nano-sized MOF-76(Y)
_n with the formula [YBTC(H,O)](DMF) were obtained via
solvothermal synthesis as described in experimental section
2.2. The characterization by powder X-ray diffraction (PXRD)
allowed us to confirm the formation of the three-dimensional
(3D) MOF-76 structure (S.G. P4;), which was in good agreement
with the corresponding MOF-76 (Ho) simulated pattern (COD
1426949) (Fig. 1(a)-(c)). Besides, MOF-76(Y( o5EUg5)_m,
MOF-76(Y)_n and MOF-76(Y,.05EUg.05)_n was also successfully
synthesized (Fig. 1(a) and (b)). FTIR spectra of the four obtained
materials are displayed in Fig. S1 (see ESIT).

According to the structural features of the single crystal
XRD data (COD 1426949), each asymmetric unit contains one
rare earth cation (Ln**), one BTC® ligand, one coordinated
water molecule, and one DMF molecule located in the
cavities.>® The Ln’" cations are hepta-coordinated with six
oxygen atoms derived from six carboxylate groups of BTC*”
linkers and one oxygen from a terminal water molecule,
giving a distorted pentagonal bipyramid coordination
geometry (Fig. 2(a))."”*

The building blocks form a 3D framework in which Ln**
ions are connected via carboxylate groups and arranged in

(c) —— MOF-76(Yy sEug 5)_m
— MOF-76(Y gsEug o5)_N

Intensity[a.u.]

75 80 85 90 95 10,0
20[°]

Intensity [a.u.]

(b) —'MOF-7%(Y)_m

——— MOF-76(Y)_n

~ Intensity[a.u.]

5 80 85 90 95 10,0

Intensity [a.u.]

T T T T T T T T T N
(a) —— Simulated (COD 1426949)

Intensity [a.u.]

LY GOV Y N

5 10 15 20 25 30 35 40
20[°]
Fig. 1 Diffraction patterns of (a) Simulated MOF-76(Ho), (b) MOF-

76(Y)_m and MOF-76(Y)_n, and (c) MOF-76(Yg9s5EuUgos)_m and
MOF-76(Y0.95EUg.05)_N.
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one-dimensional left-handed helical chains propagating
along the c-axis (Fig. 2(b))."”** Considering the connectivity
of the Ln*' and BTC?", the framework can be described as
six-connected nodes (Fig. 2(c)) and the whole network
contains 1D channels running parallel to the [001] direction
(Fig. 2(d))."”

Moreover, the observed pattern in the MOF-76(Y, o5Eug o5)_m
diffractogram confirmed that the compound is isostructural
after the introduction of 5% molar of europium in the same
reaction conditions as those employed for MOF-76(Y)_m
(Fig. 1(b) and (c)). Additionally, the PXRD patterns of MOF-76(Y)
_n and MOF-76(Y.05EUq05)_n compounds (Fig. 1(b) and (c))
show the broadening of the peaks and a remarkable decrease in
intensity compared with the diffractograms of microcrystalline
solids, indicating a noticeable particle size diminution by
changing the synthesis conditions.

Scanning electron microscopy (SEM) images showed the
growth of needle-shaped microcrystals of MOF-76(Y)_m that
are several hundred nm in length when the synthesis
conditions are described in experimental section 2.2
(Fig. 3(a)). This characterization determined that the crystal
morphology is maintained with the europium doped MOF-
76(Yo.05Eug.05)_m compound (Fig. 3(d)).

The SEM analysis of the MOF-76(Y)_n solid at the lowest
magnification verified that the grains were formed by a
cumulus of small nanoparticles (Fig. 3(b)), and higher
magnification determined that these aggregates showed a
homogeneous distribution of bean-shaped nanoparticles in
the MOF-76(Y)_n compound’®'®?* (Fig. 3(c)). A similar
morphology could be observed for the doped MOF-
76(Yo.05Eug.05)_n material (Fig. 3(e) and (f)). As expected, this
radical change in morphology and size is due to the function
of sodium acetate as a crystal growth modulator.'®?*?
Nonetheless, Brunckova et al.**> previously obtained quite
uniform rod-like nanocrystals with lengths of 110-850 nm
and widths of 20-400 nm of bimetallic MOF-76 (Eu, Gd),
MOF-76 (Eu, Gd) and MOF-76 (Eu, Tb) compounds using
sodium acetate modulated synthesis at 60 °C for 48 h. Thus,
each synthesis variable has a primary role in modulating
crystal growth in MOF materials. Regarding the synthesis
conditions employed here, using a mixture of only DMF/water
(without ethanol)'® also seems to influence the crystal size.

The water present in the synthesis acts as both reactant
and solvent, promoting the nucleation and crystal growth
processes. Additionally, the smaller the number of hydroxyl
groups in the solvent mixture, the greater the possibility of
crystals sharing them and forming spheres instead of rods.*”
Finally, the decrease in reaction time from 24 to 5 hours also
impacts crystal size and morphology, reducing the
opportunity for continued growth for the crystal nucleus.

3.2 Stability test of micro and nanocrystalline MOF-76 solids
in different solvents

Based on the previously stated, supramolecular sensing
applications of luminescent MOFs require knowing exactly

CrystEngComm, 2025, 27, 4470-4487 | 4473
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Fig. 2 (a) Coordination environment of Ln®* ions in the MOF-76 structure. (b) Helical chains propagating along the c-axis. (c) View of the structure
along the b-axis shows the six-connected nodes on BTC linkers in detail. (d) MOF-76 3D-structure showing cavities propagating along the c axis.

DMF molecules were omitted for clarity.

Fig. 3 SEM images of (a) MOF-76(Y)_m needle-shape microcrystals. (b) Panoramic view of MOF-76(Y)_n modulated by adding sodium acetate. (c)
MOF-76(Y)_n showing the nanoparticles in detail. (d) MOF-76(Y( 95Eug o5)—m needle-shape microcrystals. (€) MOF-76(Yq 95Eug 05)_n modulated. (f)

MOF-76(Y ¢ 95Eug g5)_n nanoparticle.

what structure or MOF phase is being used as a sensor and
that such a phase is stable under the experimental conditions
of the analyte determination. Concerning the MOF-76
structure, there is ambiguous information on its structural

4474 | CrystEngComm, 2025, 27, 4470-4487

stability in water. For example, J. D. Xiao et al.*® evidenced

the structural transformation of MOF-76(Tb) into 1D
coordination polymer when they were investigating the
synthesis of nano MOF-76(Tb) by applying ultrasound; thus,

This journal is © The Royal Society of Chemistry 2025
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the phase transition was detected indirectly during the
evaluation of the synthesis reactions products. In this
study, they realized that MOF-76 or 1D coordination
polymer were obtained as products by applying “short” or
“long” ultrasound times, respectively during the synthesis
reaction. T. W. Duan et al.®** reported that by immersing 5
mg of a microcrystalline sample of MOF-76(YgoEuy4) in
water for 24 h, they obtained the corresponding 1D
coordination polymer. On the contrary, Y. Yang et al>*
have used MOF-76(Tby o¢Eu04) to detect analytes in water
medium, claiming that this phase with MOF-76 structure
is stable. However, the experimental conditions for these
stability tests are not described. Furthermore, Y. Yang
et al. provide evidence that such structural stability is
derived from experiments that involve immersing the
MOF-76 phase in Eu®*" aqueous solutions of different
concentrations and measuring the detected Eu’'/Tb*"
concentration ratio by ICP. Such a methodology could
apport evidence about a solid that lixiviates; however it
does not consider the rearrangement that the lanthanide
ions can suffer in the solid state during a phase
transition. With this background in mind, a series of
experiments were designed to consider the influence of
several variables, such as solvent, particle size, the
assistance of ultrasound, contact time, and activation
treatment to perform a deep study on the structural
stability of MOF-76(Y).

3.2.1 Stability study evaluated by PXRD. To investigate the
structure stability, nanocrystalline MOF-76(Y)_n was put in
contact with ethanol and sonicated during different periods
(between 5 and 60 min). The PXRD patterns of this sample
did not generate changes after these treatments, as shown in
Fig. S2(a);f The same behavior could be observed when the
compound was treated in methanol (Fig. S2(b)f).
Nevertheless, a different fact occurred when MOF-76(Y)_n
was sonicated in water. Additional reflections could be
distinguished in the PXRD pattern after 5 min of ultrasound
treatment in an aqueous medium (Fig. 4(a.1)). By applying
eqn (1) and (2), it is possible to calculate that ~62.16% of
reflections belong to one different crystalline phase after 5
min of treatment, identified as isostructural to that reported
as CCDC 290771, LaBTC 1D coordination polymer,>%*6749:3%:56

A
%Phasernpre = —251C€ 100 1)
Ar
At = Amor-76 T ALngrc (2)

where %Phasey prc is the percentage of the 1D coordination
polymer LnBTC formed at a certain time, Ay is the total peak
area calculated for 5-40° PXRD patterns, Ap,prc is the total
LnBTC peak area and Ayior.76 iS the total MOF-76 peak area.
Considering the % converted from MOF-76(Y)_n to the
1D coordination polymer at 5 minutes of ultrasonic
treatment in water, it is possible to estimate that the
structural transformation rate in these experimental
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Fig. 4 MOF-76(Y)_n in water: (a.1) sonicated, (b.1) non-sonicated.
MOF-76(Y)_m in water: (a.2) sonicated, (b.2) non-sonicated. All
samples were not thermally activated for this experiment. The asterisk
symbol over the peaks indicates the reflection of the 1D LnBTC-
compound.

conditions is 12.4 % min™" (Fig. 5(a)). According to this
estimation, it can be deduced that about 8 minutes were
necessary to complete the phase transition in the applied
experimental setup. As a result, no peaks can be observed
in the tetragonal MOF-76 structure in the PXRD with a
longer ultrasonic treatment (15 min), and all reflections
match well with the crystallographic information of the
CCDC 290771 LaBTC phase. On the other hand, the phase
change also occurs if MOF-76(Y)_n is immersed in water
without ultrasonic treatment, verifying that it is completed
in a longer time (60 min), suggesting a slower structural
transformation rate of about 1.7 % min " (Fig. 4(b.1) and
5(a)). Additionally, the tetragonal structure remains when
nano-MOF-76 is immersed in ethanol or methanol without
sonication treatment (Fig. S3(a) and (b)f).

Microcrystalline MOF-76(Y)_m compound treated with
ultrasound in ethanol and methanol was stable, which
agreed with that observed for MOF-76(Y)_n. The resultant
PXRD patterns are shown in Supplementary Information (Fig.
S2(c) and (d)t). On the contrary, when MOF-76(Y)_m is
immersed in water, ~52.70% of the initial material transited
to the LnBTC phase after 15 min of contact time, giving this
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Fig. 5 LnBTC percentage in each test for: (a) MOF-76(Y)_n and (b) MOF-76(Y)_m.

step a transition rate of 3.51 % min~". Even though no PXRD
was measured between 15 and 60 minutes of immersion in
water, about ~30 minutes could be enough to complete the
structural transformation according to the estimated
transition rate. The 100% phase transition was verified by
measuring the PXRD after 60 min of contact time in water
(Fig. 4(a.2) and 5(b)). These results indicate that the
microcrystalline MOF-76(Y) material needs more time to
complete the phase transition than the nanometric-sized
version, showing greater stability in these experimental
conditions. In the same way, the phase transition occurred at
a slower rate when MOF-76(Y)_m was immersed in water
without the assistance of ultrasound action, and after 60 min
of contact time, a mixture of compounds with ~52.52% of
LnBTC could be observed (Fig. 4(b.2) and (5(b)). Additionally,

microcrystalline MOF-76 exhibits stability when exposed to
ethanol or methanol (Fig. S3(c) and (d)f). Likewise, the
difference in the phase transition time between nano and
microcrystalline MOF-76(Y) could be because their surface-to-
volume ratio dramatically increases as the size of materials
decreases to the nanometer scale, which may change the
phase transition conditions.’” The nano-size particles usually
show better exposure to active sites and shorter diffusion
distances, facilitating the interaction with molecules by
coordination, resulting in a structural rearrangement.’®”° In
the same way, ultrasound treatment can generate high
temperatures at a localized level and violent pressure
changes.®® These conditions can promote the phase
transition. Therefore, all previous tests reveal that the phase
transition from tetragonal MOF-76 to monoclinic LnBTC

Fig. 6 (a) Coordination environment of Ln®* ions in the LnBTC structure. (b) 1D ribbon-like structure along the a axis. (c) View of the carboxylate

groups of coordination modes. (d) LnBTC framework.
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occurs much faster than previously reported (24 hours),*
regardless of crystallite size. The resultant product of the
structural transition is a compound that exhibits a general
formula LnBTC[H,O]s** and are white solids insoluble in
water when Ln = Y*" and Eu*' (as 5 mmol% dopant). Unlike
MOF-76, Ln*" ions are nine-fold coordinated in the LnBTC
structure; the coordination sphere consists of three oxygen
atoms from three carboxylate groups of the BTC ligands and
six water ligands, forming a tricapped trigonal prismatic
geometry (Fig. 6(a))."®"” Fig. 6(b) shows the structure
displaying parallel 1D ribbon-like molecular motifs along the
a axis.”” As shown in Fig. 6(c), the three carboxylate groups of
the BTC ligand exhibit different connectivity in this structure;
one of them is unidentate, the second one is bidentate, and
the third one is a free carboxylate group that stands without
forming coordination bonds.?” Finally, the combination of
non-covalent interactions such as hydrogen-bonding and n-n
stacking determine the formation of the 1D coordination
polymer structure (Fig. 6(d)).*”*®

3.2.2 Structural transformation observed by TEM, SEM,
and FTIR analysis.. As seen in Fig. 3, nanoparticles obtained
from synthesis with a modulating agent crystallized in a big
cumulus of material that should be disaggregated for better
morphological characterization. To this aim, MOF-76(Y)_n
and MOF-76(Y,.95Eup5)_ n was immersed in an absolute
ethanol medium under ultrasound treatment. MOF-76
materials form  white-colored suspensions in this
environment, and do not change the crystal structure as
described above. TEM analysis of the sonicated samples
revealed that synthesized MOF-76(Y)_n has bean-shaped
nanoparticles with a length of 88 + 4 nm and width of 66 + 3
nm (Fig. 7(a)). Meanwhile, MOF-76(Y,.95EU.05) 1
nanocrystals are 77 + 4 nm long and 62 + 4 nm wide
(Fig. 7(b)). The size of the nanocrystals of the modulated
materials is in the same order of magnitude as those

— 200.0nm \\ — 200.0nm

NN TS
X5

Fig. 7 TEM images of (a) MOF-76(Y)_n sonicated for 5 min in EtOH. (b)
MOF-76(Yg.95Eug os)_n sonicated for 5 min in EtOH. (c) MOF-76(Y)_n
sonicated for 15 min in H,O. (d) MOF-76(Yq 95Eug o5)_n sonicated for 15
min in H,O0.
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Fig. 8 STEM-HAADF image, point EDS spectrum, and calculated
elemental composition of (a) one nanoparticle in MOF-76(Y 95Eug os)_n
compound, and (b) MOF-76(Yq.95Eug os)_n sonicated for 15 min in H,O.
*Copper signal comes from the TEM grid.

reported by other authors,'®?* but the nanoparticles are
somewhat smaller in the present case. On the other hand,
there is a radical morphological change in the bean-shaped
nanoparticles of MOF-76(Y)_.n and MOF-76(Y.95EU0.05)_1
transforming in rod-shaped microparticles of 2.5 + 1.1 pm
and 2.9 + 0.8 um, respectively (Fig. 7(c) and (d)) when
immersed in water and treated with ultrasound. The
elemental composition of the MOF-76(Y(95EUg05) 1
compound was studied using STEM-EDS (Fig. 8(a) and S37).
Chemical mapping of a separated nanocrystal of the material
revealed the presence of yttrium and europium
homogeneously distributed into the nanoparticle, with an
elemental ratio closer to the nominal composition. A
complementary characterization by SEM allowed us to
observe that the morphology of nano and micro- sized
compounds remained unchanged after contact with
methanol or ethanol, even when ultrasound was also
implemented (Fig. S5(a-d)f). On the contrary, some
differences appear when the MOF-76 nano- and
microcrystalline phases are in contact with water, with or
without ultrasound assistance. In the case of MOF-76(Y)_n,
the initial nanocrystals favored homogeneous nucleation and
more uniform crystal growth; consequently, the Ln-BTC grew
in an ordered rod shape (Fig. S5(f)1). When originally ground
rods of MOF-76(Y)_m was sonicated in water, the formation
of a heterogeneous rod agglomerate was evidenced (Fig.
S5(h)t). On the other hand, when ultrasound was not used
cumulus of particles in sea urchin-shape were formed
regardless of the initial particle size and morphology (Fig.
S5(e) and (g)t). Likewise, Fig. 8(b) presents a STEM-HAADF
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Fig. 9 FTIR spectra of the synthesized MOF-76(Yo95EUgos)_n (orange)
compound and after sonication for 15 min in HO (MOF-76(Yq osEUg 05)_n-T,
black), MOF-76(Yo9sEupos)-m (purple) material and after sonication
treatment for 60 min in HO (MOF-76(Y(9sEugos)_m-T, pink), (a) from
4000-2900 cm™* and (b) from 2000-1250 cm ™.

image of the MOF-76(Y,.95Eu.05)_n sample sonicated for 15
min in H,0. The chemical composition is maintained after
the 1D transformation. Additionally, Fig. S61 shows STEM-
EDS line scanning profiles, where the Eu/Y ratio is in the
same range as the nominal composition.

A sample of MOF-76(Y, 95EUy 05)_n recovered after sonication
in H,O for 15 min was also analyzed by FTIR spectroscopy to
evaluate the incidence of the structural transformation on the
compound's vibrational behavior (see Fig. 9). For example, the
bands located between 3700-3250 cm ™ related to the
asymmetric and symmetric O-H stretching vibration of water
molecules change from a wide band centered at ca. 3410 cm™
for MOF-76(Y)_n to a stronger and sharper band containing
three components at 3490, 3410 and 3340 cm " ***” for the
sample recovered after the ultrasound treatment in water. Such
change is consistent with the presence of the transited structure
consisting of six coordination water molecules exhibiting a
complex H-bond network. At the same time, there is only one
coordination water molecule in the initial compound.
Additionally, the MOF-76 structure crystallizes with DMF
molecules occluded in the pore framework; the stretching of the
carbonyl group of DMF is evident in the spectrum of the initial
sample at ca. 1670 cm™*,"* while it is absent in the spectrum of
the transited sample since the 1D coordination polymer does
not contain this kind of solvent in its crystal structure.

Moreover, the changes in the 1700-1350 cm™' range can
be associated with the variations in the coordination modes/
interactions that suffer the OCO groups of the BTC linker;
from bidentate for the three OCO groups in the MOF-76

4478 | CrystEngComm, 2025, 27, 4470-4487
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structure to one bidentate and one monodentate
coordination geometry, leaving only the remaining OCO
groups involved in H-bond interactions.'®'’***%1 These
changes in the selected spectral zones represent the most
marked differences that involve functional groups strongly
affected by the phase transition, and they are equivalent in
the transited phase MOF-76(Y,.95Eug.5)_m-T after 60 min of
sonication in H,O (Fig. 9).

3.2.3 Enhancement of structural stability of MOF-76
nanoparticles by activation. A common practice in the MOF
study involves performing material activation, i.e., the guest
molecules removal from the framework while maintaining its
structural integrity.®> In the current MOF-76 material, such
guest species are water and DMF molecules. In this work, the
activation process was carried out by heating the synthesized
sample at 400 °C for 1 h. Thermogravimetric analyses of
MOF-76(Y)_n and MOF-76(Y)_m measurements were made
before and after the activation process (particularly DMF,
whose elimination from the metal-organic frameworks is
often challenging) to confirm the complete evacuation of
guests. As can be seen in Fig. S7,f a plateau between 80 °C to
350 °C verifies the proper activation of the structure after the
activation, with only physiosorbed water molecules
remaining, which are lost at very low temperatures."”” A
comparison between the FTIR spectra of the synthesized
material and the activated one (Fig. S7f) reveals the
disappearance of some bands, specifically at ~1661 cm™"
(v(C=0)),”* and at 1253 and 1061 cm " corresponding to the
(C-N)®*®* stretching modes. In the same way, additional
bands can be identified after the activation. First, at 1263
and 1215 cm™* (C-H in-plane bending vibrations), 1084 and
1043 cm ™ (in plane C-C stretching vibrations), and 877 cm™
(C-H in-plane) corresponding to the H;BTC linker."””*> All
the above changes can be interpreted based on the successful
DMTF solvent removal.

To investigate if the thermal activation process has any
influence on the structural transformation from the 3D MOF-
76 structure to the 1D LnBTC coordination polymer,
additional experiments with activated MOF-76(Y)_n sample
were performed. The material was immersed in water and
sonicated for different purposes. The FTIR spectra of the
activated compound after 5, 15, and 60 min show no changes
(Fig. S7t), which is consistent with the results of the PXRD
analysis of this sample in the same period (Fig. 10(a.1)).
According to the PXRD analysis for a longer contact time in
ultrasonic treatment, the phase transition starts to occur,
and the 1D coordination polymer structure can only be
detected at 180 min.

Likewise, ~54.86% of MOF-76(Y)_n compound was still
present after 960 min in water without sonication (Fig. 10(b.1)).
On the contrary, no obvious improvement was observed in
terms of water resistance after activation of MOF-76(Y)_m
(Fig. 10(a.2) and 9(b.2)) using the same conditions, and the
transformation to LnBTC occurred with a similar
transformation rate to that of the non-activated soaked
material (Fig. 5(b)). A careful observation of the activated
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Fig. 10 MOF-76(Y)_n in water: (a.1) sonicated, (b.1) non-sonicated. MOF-76(Y)_m in water: (a.2) sonicated, (b.2) non-sonicated. All the samples
were thermally activated for this experiment. The asterisk symbol over the peaks indicates the reflections of the LnBTC-compound.

C)

samples of MOF-76(Y)_n and MOF-76(Y, ¢sEUg o5)_n materials
by SEM (Fig. 11) allowed us to realize that nanoparticles tend
to sinter with each other when high temperatures are applied,
which reduces their surface energy. Therefore, the structural
stability of the activated phase MOF-76(Y)_n is greatly
increased compared with the non-activated ones.***’

3.3 Photoluminescence of MOF-76(Y, ¢5Eu, ¢5)_m and MOF-
76(Yo.05EU.05)_N

A series of luminescence measurements were carried out to
investigate how the particle size of the Eu®" doped versions

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 SEM images of materials after activation: (a) MOF-76(Y)_n as-synthesized form, (b) MOF-76(Yq osEug 05)_n as-synthesized form, (c) MOF-76(Y)_n
after thermal activation, and (d) MOF-76(Yq ¢5Eug os)_n after thermal activation.

of MOF-76(Y) affect the corresponding luminescence
properties before and after the phase transition in water.

The luminescence tests were performed at room
temperature, and the excitation and emission spectra were
recorded for MOF-76(Y( o5Eug o5)_m and MOF-76(Y, o5Eug 05)_N
in the solid state. The excitation and emission
photoluminescence spectra of materials are displayed in
Fig. 12. As can be seen as a first evaluation, the spectra of the
materials are almost identical in the quantity and positions of
the bands, both in the excitation and emission spectra. This
confirms that the synthesized materials with different particle

sizes and isostructural to the MOF-76 phase exhibit the same
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Fig. 12 Excitation (Agmi = 611 nm) (a) and emission spectra (lg,e = 290 nm) (b) of microcrystalline MOF-76(Yq 95Eug os)_m compound and

nanocrystalline MOF-76(Y 95Eug 0s)_n material.

luminescence behavior. Only slightly lower intensity emission
is observed for MOF-76(Y o5EUq ¢5)_1.

The excitation spectrum of MOF-76(Yg o5EUg05)_m and
MOF-76(Yy.95Eug.05)_n are dominated by a wide band between
250 and 325 nm, suggesting that the material can efficiently
transfer the excitation energy to sensitize the emission of the
lanthanide ions."® The band is composed of two maxima: the
band at ca 290 nm corresponds to the m-n* electronic
transitions of the linker (BTC),** and the other one is
assigned to the Eu®'-O”" charge-transfer (CT) band.>® The
bands located at 393, 465 and 360 nm can be assigned to the
"Foq — °Le, 'Fy — °D, and 'F, — °D, transitions of Eu*',
respectively.

The emission spectra show the expected five characteristic
narrow bands corresponding to the °D, — "F; (=0, 1, 2, 3,
4) transitions of Eu®* ions.>”*° The intra 4f-f energy levels of
Eu’" are strongly shielded by the 5s> and 5p® shells and their
position is not affected by the crystal field. However, the
nature and transition probabilities among these states,
together with the splitting of these bands, strongly depend
on the symmetry of the site where the lanthanide ions are
located. The forbidden electric-dipole *D, — F, transition is
a single band due to the non-degeneracy of "F, and °D, levels
(2] + 1 =1 for J = 0) and its intensity is typically extremely
weak or even undetectable. When allowed, this band is
always a single peak for a given symmetry site in a crystal. If
the Eu®" ions locate in different non-equivalent sites, a D, —
’F, band should be observed for each site. Therefore, its
profile and FWHM (full width at half maximum) can give
information on the environment of the Eu*" ions.®® The °D,
— ’F, band corresponds to a magnetic dipole transition
being allowed when the local symmetry of the Eu®" site
presents a center of inversion®® and its intensity is almost
independent of the local environment around Eu®*" ions as
expected.” On the contrary, D, — ’F, is known as a
hypersensitive band arising from an electric dipole transition
and is always present when a center of inversion is absent®®

4480 | CrystEngComm, 2025, 27, 4470-4487

(as in the case of the P4; S.G corresponding to the MOF-76
crystal structure). This band is responsible for the brilliant-
red emission of the Eu** doped materials.?® The D, — “F;
transition exhibits a mixed magnetic and electric dipole
character® and does not offer much structural information.
D, — ’F4, as in the case of J = 2, is an electric dipole
transition only allowed by a low symmetry.®® The intensity
ratio I’py — gy /1°po — “p1 (°Dy — "Fy to °Dy — 'Fy) is widely
employed to compare the strength of hypersensitive transitions
in different Eu®* compounds,® and it can roughly reveal the
relative amounts of symmetric and asymmetric Eu®* ions
sites.®® Therefore, the ratio is strongly dependent on the local
symmetry of the Eu®" ions and it is often used to detect the
local environments probe®® because the higher the ratio, the
farther away ion is from a centrosymmetric geometry
luminescent center.® In the case of MOF-76(Y, 