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ABSTRACT: The incorporation of multiple metal atoms in
multivariate metal−organic frameworks is typically carried out
through a one-pot synthesis procedure that involves the
simultaneous reaction of the selected elements with the organic
linkers. In order to attain control over the distribution of the
elements and to be able to produce materials with controllable
metal combinations, it is required to understand the synthetic and
crystallization processes. In this work, we have completed a study
with the RPF-4 MOF family, which is made of various rare-earth
elements, to investigate and determine how the different initial
combinations of metal cations result in different atomic
distributions in the obtained materials. Thus, we have found that
for equimolar combinations involving lanthanum and another rare-earth element, such as ytterbium, gadolinium, or dysprosium, a
compositional segregation takes place in the products, resulting in crystals with different compositions. On the contrary, binary
combinations of ytterbium, gadolinium, erbium, and dysprosium result in homogeneous distributions. This dissimilar behavior is
ascribed to differences in the crystallization pathways through which the MOF is formed. Along with the synthetic and crystallization
study and considering the structural features of this MOF family, we also disclose here a comprehensive characterization of the
magnetic properties of the compounds and the heat capacity behavior under different external magnetic fields.

■ INTRODUCTION
Multivariate metal−organic frameworks (MTV-MOFs) are a
class of MOFs that incorporate in the same structure multiple
different functional groups1−3 or various metal elements,4,5

which occupy topologically equivalent positions in the
framework without altering the network connectivity. In the
case of multi-metal MTV-MOFs, different metal elements are
distributed in such a way that the connectivity of the inorganic
secondary building unit (SBU) of the MOF remains unaltered.
Multi-metal MTV-MOFs are typically synthesized through the
one-pot addition of the selected metal salts along with the
organic linkers under conditions that allow the incorporation
of the selected metal elements into the MOF backbone.
Following this approach, a number of compounds have been
synthesized with combinations of different numbers of metal
elements, resulting in a modification or enhancement of the
properties of the MOF, such as catalytic activity,6−12 gas
sorption,13,14 biological activity/drug delivery,15,16 magnet-
ism,17 energy storage,18−21 or optical activity.22−24

Among the different types of MOF families, those based on
rod-shaped SBUs are particularly interesting for the formation

of multi-metal MTV compounds because the metal cations are
located in close vicinity through carboxylate bridges.25,26 This
results in a high density of metal sites accessible through the
MOF pores and provides the ability to form different atomic
sequences by adjusting the metal cation combinations (Figure
1). MOF-74 is a representative example of a rod-shaped MOF.
It was among the first ones to be reported in the multi-metal
MTV form,27,28 and more recently, Yaghi et al. were able to
map out different possible atomic sequences that are formed in
multi-metal MTV-MOF-74 with the use of atom probe
tomography, finding different types of arrangements depending
on the employed reaction temperature.29 Nevertheless, with
few exceptions,30−34 the majority of mixed-metal MTV-MOFs
are composed of binary combinations of metal elements, and
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during their synthesis, it is assumed that the employed cations
will be reacting in a similar way with the organic linkers.
However, it is possible that during the MTV-MOF formation
process, competing reactions take place simultaneously,
potentially leading to the segregation of the metal cations,
with the appearance of mixtures of different crystalline
phases.35 In other cases, the different cations employed for
the synthesis of a multi-metal MTV-MOF might behave
differently and react at different rates with the organic linkers,
for example, resulting in domain formations or core−shell type
distributions.36−39

In our on-going investigation on multi-metal MOFs, we have
studied the influence of the initial combination of different
metal elements on the formation of different types of atomic
sequences in an MOF family comprising a rod-shaped SBU.
Thus, in previously reported works, we found that the initial
metal combination not only results in the formation of
different types of elemental sequences, and we also found that
the crystallization mechanism might not be the same for
different combinations of metal elements.40−43 Recently, we
have turned our attention to another highly related MOF
family based on the same (4,4′-hexafluoroisopropylidene)bis-
(benzoic acid) organic linker and rare-earth cations (Figure 2).
In contrast to the previous example with transition-metal
elements, this MOF family (first reported as RPF-4, rare-earth
polymeric framework-4) can be obtained in a single-metal form
with an array of lanthanide ions, which go from La to Yb.44

Lanthanide ions have a flexible coordination sphere due to
their relative large size, and lanthanide-based MOFs containing
rod-shaped SBUs have garnered additional interest due to the
possible presence of one-dimensional magnetic interactions
between the metal centers that are disposed at short distances,
bridged by carboxylic groups.45−47 In the case of the RPF-4
structural type, the inorganic SBU comprises LnO9 polyhedra
that share faces via three μ-O atoms, resulting in rare-earth
cations at very short distances (e.g., La−La = 3.895 Å). Bearing
these structural considerations in mind, in the present work,
we have completed a comprehensive magnetic characterization
of this MOF series, including single-metal and binary

combinations, with interest in possible long-range magnetic
order or magnetocaloric effects.

From the synthetic perspective, the selection of RPF-4
allows us to further investigate the role of the initial metal
combinations in the MOF crystallization process. Thus, we
have studied the incorporation rates of the selected rare-earth
cations, finding that although the resulting MOF topology
remains unaltered, their formation follows different crystal-
lization pathways, which are governed by the metal ions
present in the synthesis medium. Most importantly, we found
that certain combinations result in a competitive formation of
isoreticular crystals with well-differentiated metal ratios in a
same reaction batch (Scheme 1), even though the overall
output appears to be homogeneous. Nonetheless, the
introduction of different metal cations at desired ratios is
accomplished for a number of rare-earth combinations, as
evidenced by multiple of techniques, including neutron powder
diffraction (NPD). These findings illustrate the relevance of

Figure 1. Combination of different metal cations results in multi-
metal MTV MOFs as well as in the competitive formation of crystals
with different metal combinations.

Figure 2. Crystal structure of RPF-4 consists of rod-shaped SBUs
made of rare-earth cations connected by the organic linker H2hfipbb.

Scheme 1. Depending on the Element of Choice, the
Combination of Different Metal Cations in the RPF-4
Family Results in Multi-Metal MTV MOFs as Well as in the
Competitive Formation of Crystals with Different Metal
Combinations
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understanding the crystallization process of multi-metal MTV-
MOFs to acquire a higher control of the formation of atomic
sequences.

■ EXPERIMENTAL DETAILS
All reagents and solvents employed were commercially available and
used as rece ived without fur ther pur ificat ion: 4 ,4 ′ -
(hexafluoroisopropylidene)bis(benzoic acid) (H2hfipbb) (>98%,
TCI); lanthanum nitrate hexahydrate, La(NO3)3 × 6H2O (99.9%,
Alfa Aesar); cerium nitrate hexahydrate, Ce(NO3)3 × 6H2O (99%,
Aldrich); gadolinium nitrate hexahydrate, Gd(NO3)3 × 6H2O (99.9%,
Strem Chemicals); dysprosium nitrate hexahydrate, Dy(NO3)3 ×
6H2O (99.9%, Strem Chemicals); holmium nitrate hydrate, Ho-
(NO3)3 × nH2O (99.9%, Strem Chemicals); erbium nitrate
pentahydrate (99.99%, Alfa Aesar), Er(NO3)3 × 5H2O ; ytterbium
nitrate pentahydrate, Yb(NO3)3 × 5H2O (99.9%, Strem Chemicals);
ethanol absolute (Scharlau); and acetone (99.6%, Labkem).
Synthesis of Single-Metal MOFs. 0.115 mmol of Ln(NO3)3 ×

nH2O (Ln = La, Ce, Gd, Dy, Ho, Er, and Yb) and 0.176 mmol of
H2hfipbb were dissolved in a solvent mixture of 7.5 mL of absolute
ethanol and 5 mL of water. The mixture was placed in a 50 mL
Teflon-lined steel autoclave and heated overnight in an oven at 160
°C. After cooling to room temperature, the crystals were filtered and
washed with water and acetone.
Synthesis of Multi-Metal MTV-MOFs. All the multi-metal

samples were obtained following the same synthetic strategy as for the
single-metal MOFs. The amount of metal salt was adjusted according
to every combination. All the quantities of metal salts used in all of the
synthesis are listed in Table S1. To illustrate how each combination
was obtained, an example is given as follows: for the synthesis of the
La−Yb 1:9 combination, La(NO3)3 × 6H2O (0.0115 mmol, 4.98
mg), Yb(NO3)3 × 5H2O (0.1035 mmol, 46.53 mg), and H2hfipbb
(0.176 mmol, 70.45 mg) were dissolved in 7.5 mL of absolute ethanol
and 5 mL of water. The mixture was placed in a Teflon-lined steel
autoclave and heated overnight in an oven at 160 °C. After cooling to
room temperature, the crystals were filtered and washed with water
and acetone.
Powder X-ray Diffraction. Powder X-ray Diffraction (PXRD)

patterns were collected with a Bruker D8 DaVinci diffractometer
equipped with a Ni-filtered CuKα radiation tube (Kα1 = 1.5406 Å,
Kα2 = 1.5444 Å, and Kα1/Kα2 = 0.5) operated at a voltage of 40 kV
and at a current of 40 mA. Each experiment was recorded with an
exposure time of 0.1 s per step and a step size of 0.02°. The samples
were prepared by placing a small amount of a suspension of crystals in
acetone on a glass sample carrier, forming a thin layer in the center.

Scanning Electron Microscopy and Energy-Dispersive X-ray
Spectroscopy. Scanning electron microscopy (SEM) studies were
conducted at the Materials Science Institute of Madrid, with a FE-
SEM FEI Nova NANOSEM 230 microscope equipped with an
Everhard-Thornley ETD detector and an operating voltage between 5
and 15 kV. Some of the studies were occasionally performed at the
Interdepartmental Research Service (Sidi) from the Universidad
Autońoma de Madrid (Spain) with a Hitachi S-3000 N microscope
equipped with a Bruker Quantax EDS XFlash 6I30 analyzer. The
samples were prepared by placing the crystals on a double-sided
adhesive conductive carbon tape that was attached to a flat aluminum
sample holder, which was metallized with a gold layer of 127.5 Å with
a Leica EM ACE200 sputter. EDS microanalysis were performed with
an EDAX Apollo 10−300 mm detector. Several points of the crystals
were recorded, generally from the basal planes and the body of the
crystal. The ratio between the metals was calculated following the
formula:

ratio M1
atomic %M1

atomic %M1 atomic %M2
10=

+
×

Total-Reflection X-ray Fluorescence. Total-reflection X-ray
fluorescence (TXRF) spectrometry analysis was performed at the
Interdepartmental Research Service (Sidi) from the Universidad
Autońoma de Madrid (Spain) with a Bruker S2 PicoFox spectrometer
equipped with a Peltier-cooled XFlash Silicon Drift detector operated
at a voltage of 50 kV and a current of 600 μA.
Neutron Powder Diffraction. NPD data were acquired with

D1B instrument of the Institut Laue Langevin (France). For the room
temperature measurements, samples were contained in 5 mm
cylindrical vanadium cans, while for the sub-kelvin experiments, a 6
mm cylindrical copper container was used. All data sets were recorded
with a monochromatic neutron wavelength of 2.5260 Å. The peak
broadening contribution of the instrument was determined for the
refinement of the standard Na2Ca3Al2F14. The main contribution of
parasitic diffraction peaks arising from the environment of the sample
is removed by a radial oscillating collimator.
Magnetization Measurements. DC magnetization measure-

ments were performed using a SQUID magnetometer MPMS-5 S
from Quantum Design (San Diego, USA) in a temperature range
from 1.8 to 400 K and a range of magnetic fields up to 5 T. The AC
magnetic susceptibility measurements were performed on a multi-
purpose platform (physical property measurement system, PPMS)
from Quantum Design (San Diego, USA) in a temperature range
from 1.8 to 400 K, with an excitation modulate field of 1−10 Oe in
amplitude and the frequency range from 10 Hz to 10 kHz. Also, we

Figure 3. SEM images of the single-metal RPF-4 samples.
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were able to measure the AC susceptibility under a superimposed DC
field in the range from 0 to 9 T.
Thermal Measurements. The heat capacity measurements were

performed in the PPMS platform (mentioned above) with the heat
pulse method. The sample was attached (with Apiezon N-grease) to a
small sapphire plate, which has a calibrated heater and a Cernox
thermometer in the bottom part. By a heat pulse and the
measurement of the temperature relaxation, the heat capacity is
calculated under the approach of one or two relaxation times. A
previous measurement of the heat capacity produced by the grease
addenda was made before each measurement. The temperature range
covered in these measurements was from 1.8 to 300 K, and the
applied external magnetic field extended from 0 to 9 T.

■ RESULTS AND DISCUSSION
The first step of our study was to synthesize and characterize
various samples of single-metal RPF-4 with an array of
lanthanide ions of different atomic radii (La3+, Ce3+, Nd3+,
Eu3+, Gd3+, Tb3+, Dy3+, Ho3+, Er3+, and Yb3+). PXRD
measurements (Figure S1) confirmed that all single-metal
samples display the same crystal structure, which belongs to
the orthorhombic Pnan space group, and it consists of rod-
shaped SBUs with nine-coordinated Ln3+ cations connected
through the organic linkers to create channels that run parallel
to the SBUs along the crystallographic a axis (Figure 2).

Subsequently, we completed the SEM study for the samples
to examine their crystal morphologies in order to establish
whether MOF synthesis with each cation follows the same
crystallization mechanism, finding differences in the morpho-
logical features depending on the selected metal cation. Figure
3 shows SEM images of the single-metal samples, where it can
be seen that the crystals of La-RPF-4 exhibit an uneven texture
with the presence of holes. In contrast, samples corresponding
to RPF-4 synthesized with any of the other cations showed
smooth crystals with well-defined faces and no obvious defects.
The presence of hollow crystals, with holes in their inner part
indicates that the crystallization of La-RPF-4 follows an
Ostwald ripening mechanism48,49 based on initial nucleation
events and subsequent dissolution of the inner part of the
crystal, followed by growing of the external faces. This is
indicative of a different crystallization pathway for La-RPF-4
versus the other members of the family, resulting in particular
morphologies with the presence of visible indents, cracks, and

holes in the crystals. We previously observed a similar
mechanism in the growing of related MTV Zn−Co samples,41

where the initial nucleation was ascribed to the formation of
nuclei with only zinc in the SBUs, which were later re-dissolved
to continue growing with the incorporation of both metal
elements. However, we did not observe a similar behavior for
the single-metal MOFs.

Binary combinations: Upon evidencing the differences in the
crystallization process along the various single-metal RPF-4
samples, we continued our study with binary combinations of
rare-earth elements to evaluate how they possibly impact the
formation of the resulting multi-metal MTV-MOFs and the
incorporation of the different elements into the frameworks.
For all metal combinations, we selected three different initial
molar ratios, 1:9, 1:1, and 9:1, while keeping constant the
metal/linker ratio and the amount of solvent. These metal
ratios were selected to investigate the different scenarios where
either one of the elements is in a significantly higher
concentration than the second one and possibly directing the
MOF initial formation, or both of them are in the same
concentration, which can lead to an incorporation competition
during the crystallization. PXRD patterns of all the samples
demonstrated that in all cases, the same RPF-4 was formed as a
pure crystalline phase (Figures S2−S8). We then proceeded
with the SEM study, including the elemental composition
analysis of the crystals with EDS measurements. Accordingly,
for each sample, multiple microanalyses were made in several
areas of various individual specimens throughout both the
basal plane and the body of the crystals. Our starting point was
the combination of lanthanum and ytterbium to investigate the
adaptability of the structure to withstand the incorporation of
elements with differently enough atomic radius. Synthesis
reactions carried out with a La−Yb 9:1 initial ratio showed the
formation of crystals with features equivalent to the ones
observed for single-metal La-RPF-4, such as inner holes and
rough surfaces (Figure 4). EDS analysis demonstrated that
ytterbium is incorporated into the crystals in the same ratio as
the input. Conversely, for reactions carried out with La−Yb 1:9
ratios, the morphology of the crystals corresponds to the one
observed for Yb-RPF-4, exhibiting well-defined smooth faces.
These observations indicate that MTV systems can be
synthesized with these two cations, avoiding the formation of

Figure 4. SEM images of crystals corresponding to LaYb−RPF-4 combinations; (a) La−Yb 1:9; (b) La−Yb 1:1; and (c) La−Yb 9:1.
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individual single-metal phases. It is also implied that the
crystallization is governed by the element present in a higher
amount while allowing the introduction of the second one at a
small concentration. However, when increasing the amount of
ytterbium in reactions with La−Yb 8:2 7:3 or 6:4 initial ratios,
the EDS analyses consistently showed that the resulting MOF
stoichiometries did not follow the same trend as that of the
input. Instead, the output ratios were close to the same 9:1
values (see Figure 5). This compositional bias was also

observed for the corresponding reactions where ytterbium was
added in a higher amount, namely, La−Yb 2:8, 3:7, and 4:6. In
all cases, the morphological features of the crystals were
equivalent to the ones displayed by the corresponding single-
metal samples. Thus, for those reactions where a higher
amount of lanthanum was added, the crystals clearly showed
the presence of inner holes, while for those where ytterbium
was in a higher concentration, all crystals were smooth with

flawless faces. Most interestingly, the experiment carried out
with an equimolar La−Yb starting ratio showed co-existence of
both types of crystals with different features and compositional
outputs. Thus, although the overall bulk composition obtained
by TXRF analysis indicated a La−Yb 4:6 average output, the
SEM study demonstrated that the formation of an MTV-MOF
with a 1:1 ratio was not accomplished, and instead, crystals rich
in lanthanum were formed along with others rich in ytterbium.
Crystals with different features were clearly observed, in line
with their distinct compositions.

On viewing these results, we wondered whether combina-
tions of other rare-earth elements with closer atomic numbers
would result in similar outputs or, on the contrary, it would be
possible to obtain multi-metal MTV-MOFs with equimolar
combinations. Therefore, we completed the corresponding
synthesis experiments for La−Ce systems, with initial ratios of
1:9, 1:1, and 9:1. Similarly to the previous case, when one of
the metal elements was in excess with respect to the other one,
the resulting outputs were in harmony with that initially added.
On the contrary, the experiment carried out with an equimolar
combination showed that it is feasible to obtain crystals with a
1:1 ratio of La−Ce. Moreover, a homogeneous distribution of
the cations was now apparent, as shown by the EDS
microanalysis results, which were consistently found to be
1:1, within the experimental error. Regarding the morphology
of the crystals, there was no obvious presence of holes or
cracks on the surface.

Moving on to combinations of lanthanum with another rare-
earth element further apart in the series, we completed the
synthesis experiments with La−Gd and La−Dy combinations.
In both cases, the results for the non-equimolar initial mixtures
are congruent with the behavior observed for the previous
combinations. Slight differences in the morphology were
found, though. Thus, the samples prepared with lanthanum as
the cation in a higher concentration in the presence of
dysprosium or gadolinium displayed indents as the main
morphological defects. Concerning the equimolar ratio, in a
fashion similar to that of the La−Yb combination, there was a
coexistence of two types of crystals, and the distribution of the
metal elements was not homogeneous, as demonstrated by the
EDS analysis (Figure 6 and Table 1). Thus, for La−Gd, the

Figure 5. Comparation between the input and the output metal ratio
(EDS values found in the samples) of all the combinations that were
synthesized in 1 day; the hollow hexagons indicate the composition of
the bulk according to TXRF results.

Figure 6. SEM images of crystals corresponding to equimolar RPF-4 combinations.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c01481
Chem. Mater. 2022, 34, 7029−7041

7033

https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01481?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01481?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01481?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01481?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01481?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01481?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01481?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01481?fig=fig6&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c01481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


average output ratio was found to be 3:7. However, an uneven
distribution of metal ratios among different crystals was
evident, finding a 4:6 distribution in some of the measure-
ments. Meanwhile, for La−Dy combinations, the average ratio
was found to be 6:4 according to TXRF bulk analysis, and now
the EDS observed ratios for individual crystals ranged over
La−Dy 8:2, 1:1, and 4:6.

Bearing these results in mind, it is clear that there is a
correlation among the distance between lanthanum and the
combined element in the series and the ability to prepare the
corresponding multi-metal MTV-MOFs with a homogeneous
distribution of crystals with the same compositions. Thus,
although MTV-MOFs are formed in all cases, a compositional
segregation is clearly generated for certain combinations, which
seems to be related to differences in the crystallization process,
as suggested by the clear changes in the features of the crystals.
In other binary combinations not involving lanthanum, we did
not observe this effect. Thus, when mixing ytterbium with
gadolinium or dysprosium in an equimolar amount, all the
crystals displayed a smooth and flawless surface. However,
while for Yb−Dy combinations, the output metal ratio was
found to be coincident with the initially added, a composi-
tional bias between input and output was observed for the Yb−
Gd 1:1 initial combination, where the average output was
found to be 3:7. Considering that there is no compositional
segregation between crystals, this bias is probably related to
kinetic effects, meaning that the incorporation rate of one of
the metal elements into the MOF is faster than that of the
other one.

To further investigate this point, we carried out synthesis
experiments with the same initial metal ratios and combina-
tions, but extending the reaction time from 1 day to 3 days. For
the La−Yb 1:9 and 9:1 binary combinations, no evident
changes were observed in crystal features or compositions, and

the obtained samples maintained the same metal ratios as
those initially added. For the sample prepared from an initial
equimolar amount of metals, we now found the presence of
crystals with new compositions not observed for the 1 day
prepared sample. While a compositional segregation was still
evident, crystals with an output metal ratio close to the input
one, such as La−Yb 6:4 and 1:1, were formed after a 3 day
synthesis (Table 1). A question arises whether these crystals
resulted from new nucleation events or as result of partial
redissolution and growing of those already formed after 1 day,
comparable to an in situ trans-metalation process. To
investigate this point, crystals of monometallic La- and Yb-
RPF-4 were placed under the same synthetic conditions in the
presence of the corresponding second element salt, finding
particular behaviors in each case. Thus, when adding ytterbium
nitrate to the La-RPF-4 crystals, the resulting samples contain
both elements in the expected ratios (Figure S11),
demonstrating that under these conditions, the trans-metal-
ation process takes place. This is also consistent with the
previous observations regarding the La-RPF-4 crystal features,
indicative of an Ostwald ripening process, which should
facilitate the insertion of ytterbium into the framework. As
opposed to this, we found that when lanthanum nitrate is
added to the Yb-RPF-4 sample, the insertion of lanthanum
happens only on the surface of the crystals. Thus, these Yb-
RPF-4 crystals appear to be covered with new particles, as
shown in Figure 7. The EDS analysis (Figure S12) confirms
the presence of lanthanum in these new particles, which were
not dissolved after washing the samples, ruling out the
possibility of them being lanthanum nitrate salt. Moreover,
the PXRD analysis (Figure S9) did not show the presence of
any other different crystalline phase, indicating that new RPF-4
nucleation is happening on the surface, possibly emerging from
a partial surface reconstruction process, similar to the one that

Table 1. Starting Molar Ratio of Each RPF-4 Combination and EDS and TXRF Data for the Output

metal ratio for 1 day synthesis Ln2(hfipbb)3 metal ratio for 3 day synthesis Ln2(hfipbb)3

combination initial molar ratio EDS average TXRF bulk EDS average TXRF bulk

La−Yb 1 9 La0.2Yb1.8 La0.2Yb1.8 La0.1Yb1.9

La0.6Yb1.4

1 1 La0.4Yb1.6 La0.8Yb1.2 La0.4Yb1.6 La1.0Yb1.0

La1.8Yb0.2 La1.2Yb0.8

9 1 La1.8Yb0.2 La1.8Yb0.2 La1.8Yb0.2

La−Ce 1 9 La0.2Ce1.8 La0.2Ce1.8 La0.2Ce1.8
1 1 La0.8Ce1.2 La1.0Ce1.0 La1.0Ce1.0 La1.0Ce1.0
9 1 La0.2Ce1.8 La0.2Ce1.8 La1.6Ce0.4

La−Gd 1 9 La0.2Gd1.8 La0.2Gd1.8 La0.2Gd1.8

1 1 La0.6Gd1.4 La0.6Gd1.4 La0.8Gd1.2 La1.0Gd1.0

La0.8Gd1.2 La1.4Gd0.6

9 1 La1.8Gd0.2 La1.8Gd0.2 La1.8Gd0.2

La−Dy 1 9 La0.2Dy1.8 La0.1Dy1.9 La0.2Dy1.8

1 1 La0.8Dy1.2 La0.6Dy1.4 La0.6Dy1.4 La0.8Dy1.2

La1.6Dy0.4 La1.6Dy0.4

9 1 La1.8Dy0.2 La1.8Dy0.2 La1.8Dy0.2

Yb−Gd 1 9 Yb0.2Gd1.8 Yb0.2Gd1.8 Yb0.2Gd1.8

1 1 Yb0.6Gd1.4 Yb1.0Gd1.0 Yb0.6Gd1.4 Yb1.0Gd1.0

Yb1.2Gd0.8

9 1 Yb1.8Gd0.2 Yb1.8Gd0.2 Yb1.8Gd0.2

Yb−Dy 1 9 Yb0.2Dy1.8 Yb0.2Dy1.8 Yb0.2Dy1.8

1 1 Yb1.0Dy1.0 Yb1.0Dy1.0 Yb1.0Dy1.0 Yb1.0Dy1.0

9 1 Yb1.8Dy0.2 Yb1.8Dy0.2 Yb1.8Dy0.2

Yb−Er 1 1 Yb1.0Er1.0 Yb1.0Er1.0
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we previously observed for other rare-earth MOF,50 but
excluding the possibility of a trans-metalation process along the
crystals.

Increasing the reaction time to 3 days did not seem to have
an obvious effect on the output metal ratios for combinations
of lanthanum with cerium or dysprosium or ytterbium with
dysprosium. For the La−Dy 1:1 initial combination, crystals
with a non-homogeneous compositional distribution with
comparable values to those of 1 day were observed. As for
La−Gd combinations, differences were found in the output
ratios for the samples prepared from the initial 1:1 input as
compared to the 1 day preparations. While compositional
segregation is still observed, the output ratio shows a larger
average lanthanum content. For the Yb−Gd 1:1 samples, the
increase in the reaction time to 3 days allows the obtaining of
crystals with the same input and output metal ratios,
eliminating the compositional bias seen for the 1 day prepared
samples, illustrating the important effect of incorporation
-kinetic rates of different metal elements on the obtaining of
MTV multi-metal MOFs.

On viewing these results, it appears evident that there is a
barrier for the formation of certain binary combinations. Thus,
the fact that equimolar mixtures of particular element
combinations result in the formation of crystals with different
compositions, such as the case of the La−Yb system, indicates
that there is a barrier in the formation of SBUs with atomic
sequences consisting of alternating lanthanum and ytterbium
atoms, leading to the obtaining of compositionally segregated
crystals. This compositional segregation is associated with
differences in the crystallization mechanism, involving partial
redissolution during the reaction. However, it is also possible
that the formation of certain binary combinations is energeti-
cally impeded. To further investigate this point, we completed
DFT-based calculations to compute the relative formation
energy of the lanthanide systems investigated here. Single-
metal compounds show a formation energy difference between
1.2 and 1.8 eV, except for Yb-RPF-4, which is the one with the
largest energy (Figure 8a). For a deeper understanding of the
formation of bimetal systems, we have selected La−Yb RPF-4.

To do this, we computed the formation energy of La-RPF-4
structures by replacing an increasing number (1 to 4) of La
metal sites in the unit cell by Yb ions. Conversely, we
computed the energy of Yb-RPF-4 where the metal sites are
replaced by La ions. In both cases, we found a linear trend but
with opposite results. While the introduction of La atoms in
Yb-RPF-4 leads to a stabilization of the structure, the inclusion
of Yb destabilizes the La-RPF-4 system (Figure 8b). These
calculations in comparison with experimental results (Figure 5
and Table 1) indicate that even when La-RPF-4 is the most
thermodynamically stable phase, kinetic factors play a crucial
role in the bimetal MTV-MOF formation. Nevertheless, these
results also evidence that different crystallization mechanisms
co-exist during the MOF synthesis, with thermodynamic
control for reactions with large amounts of lanthanum and
kinetic control for the case of ytterbium.

Furthermore, we also explored the possibility of modifying
the synthetic medium as a way of altering the MOF formation
kinetic factors and possibly leading to different metal
distributions. Our new solvent of choice was acetone because
the linker is highly soluble in it and due to its similar polarity to
ethanol and miscibility with water. As the combinations of La
with Yb and Gd in an ethanol/water mixture showed the most
distinct features, we selected the same combinations for the
acetone/water synthesis trials to verify whether the samples
would behave in the same way in a slightly different synthetic
medium. The results for the 9:1 and 1:9 binary combinations
of lanthanum with ytterbium or gadolinium were congruent
with the previous observations in a water/ethanol mixture. For
La−Yb and La−Gd 9:1 initial ratios, the driving force that
governs the distribution of the metals and the morphology of
the crystals is the presence of lanthanum. The crystals
displayed rough surfaces with defects and holes, and the
average output was 9:1 in both cases. Correspondingly,
synthetic reactions carried out with La−Yb and La−Gd 1:9
initial ratios showed the formation of crystals with defect-free
morphologies similar to the single-metal Yb and Gd samples
and with an average output composition of 1:9. However, for
the equimolar initial ratios of both combinations, we found
crystals that display a particular core−shell morphology in
which the exterior layer contained a higher amount of
lanthanum, while the inner core displayed an excess of the

Figure 7. SEM images of the crystals obtained by combining single-
metal La-RPF-4 and Yb(NO3)3 (a,b) or Yb-RPF-4 and La(NO3)3
(c,d).

Figure 8. Relative values of formation energy for (a) various single-
metal RPF-4 structures, referenced to La-RPF-4, and for (b) binary
La−Yb samples. Here, the calculations were computed by starting
from the corresponding single-metal structures and by replacing an
increasing number of metal atom sites.
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other metal. As for their aspect, the surface was not perfectly
smooth as different ranges of defects could be observed on the
bodies of the crystals, and these observations matched the
lanthanum-rich exterior (Figure 9). This indicates that during

the crystallization process, the initial nuclei that were formed
were rich in the smaller-sized metal, in this case ytterbium and
gadolinium, and the larger metal element, in this case
lanthanum, was incorporated in a later stage in the surrounding
growth. The compositional average output was found to be 7:3
for both combinations; therefore, there was an excess of
lanthanum in the bulk of the samples. This suggests that when
La-RPF-4 crystallizes over the already formed nuclei, it hinders
its growth with another element, and also it inhibits any
possible trans-metalation processes that could facilitate the
insertion of other metals in the exterior layers.

In order to get a more insightful view of the atomic
distribution within the SBUs, NPD experiments were
performed to obtain complementary information not accessible
with X-ray diffraction due to the similar atomic number of the
metal elements (Figures S13−S17). For these studies, we
selected the combination of Er and Yb, as the contrast between
their coherent scattering lengths (7.79 and 12.43 fm,
respectively) allows one element to be easily distinguished
from another. The experiments were performed at room
temperature, using a vanadium sample carrier (broad peak at
70−74°). The Rietveld refinements were carried out using the
Reflex module of the software Materials Studio 2019, and the
starting atomic coordinates were provided by the single-metal
reported structures. As expected, in the case of the samples
with 1:9 and 9:1 combinations, the refinements converged
when setting the chemical occupancy of the metal atoms to 0.1
and 0.9 for the corresponding elements. For the sample
prepared from an equimolar ratio, other possible scenarios
such as the formation of monometallic domains or cations
alternated in the same rod that would bring about symmetry
changes were ruled out, and a satisfactory fit was found for a
50% occupancy of each element at the same crystallographic
site. The SEM−EDS analysis for this sample, synthesized in a
reaction time of 3 days, showed no evidence of crystals with
defects (Figure 10). Moreover, the EDS microanalysis revealed
that the average output is in agreement with the initial

combination, and this was also confirmed by the results of the
TXRF bulk analysis (Table 1).
Magnetic Characterization. Considering the structural

features of the RPF-4 family comprising rod-shaped SBUs
made of lanthanide ions at short distances (from 3.6 to 3.9 Å),
the magnetic properties of the whole series of compounds were
also evaluated to investigate any possible long-range magnetic
interaction between the lanthanide cations as well as
differences in the magnetic behavior between single-metal
and multi-metal MTV-MOFs.

The magnetic susceptibility, measured with a moderate
applied field of 100 Oe, presents a paramagnetic behavior in
the range 1.8 to 300 K. Also, from the inverse magnetic
susceptibility, we were able to fit to a Curie Weiss linear law
behavior in many cases and calculate the paramagnetic
moment on the rare-earth atoms as well as the Curie constant
(Figure S19 for the magnetic susceptibility graph and Table 2).
In most of the cases, the measured paramagnetic moment per
rare-earth atom was close to the expected value, except in the
case of Eu-RPF-4, probably due to the well-known different
magnetic states of this particular ion. Some complementary
data on the temperature dependence of the inverse magnetic
susceptibility for different members of the series is also shown
in Figure S19. In addition, the magnetic field dependence at a
fixed temperature (1.8 K) of the magnetization (Figure 11a)
indicate a saturated moment, which depends on the rare-earth
ion. No member of the series presented a coercive field in the
M versus H curve. This behavior was probably related to the
polarization effect on the paramagnetic rare-earth atom under
the intense external applied magnetic field.

The sign of the magnetic interactions extracted from the
Curie Constant indicate not very strong values, mostly
antiferromagnetic (negative values). However, in two cases
(Tb and Dy), the data present rather weak ferromagnetic-like
interactions. We also measured the DC magnetic susceptibility
under very different applied magnetic fields in the range from 0
to 5 T (Figure 11b), in the temperature range from 2 to 25 K.
For the low magnetic field, we could suggest that a maximum
was present at a very low temperature (below 2 K), shifting to
a higher temperature when the applied magnetic field
increased, with a broad cusp-like maximum clearly visible
above 2 K. This behavior is not expected for a simple
paramagnetic ion under different magnetic fields and is
probably related to a certain type of magnetic interaction

Figure 9. SEM images of (a) equimolar LaYb-RPF-4 synthesized in
acetone/water and (b) equimolar LaGd-RPF-4 synthesized in
acetone/water.

Figure 10. SEM images of the Yb−Er 1:1 (3 day) combination.
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between the low-lying energy levels of the lanthanides, which
could be split by the crystal and the magnetic field.

In order to detangle the intrinsic magnetic behavior, we
performed measurements of the AC magnetic susceptibility

with a magnetic field amplitude of 1 Oe under a wide range of
frequencies (from 10 Hz to 10 kHz), with the possibility to
superimpose a significant external DC magnetic field. The AC
magnetic susceptibility measurements, with only the sinusoidal

Table 2. Curie Constant (K), Paramagnetic Moment (μB) per Formula Unit or per Rare-Earth Atom, Saturation Magnetization
(μB) at 1.8 K per Atom, and Expected (Theoretical) Effective Paramagnetic Moment (μB) per Rare-Earth Atom for the
Different Series of Rare-Earth Ions and Binary Combinationsa

Θ (K) PM (μB/f.u.) PM (μB/atom) MS (μB/atom) @1.8 K PM (μB)Efective TMax (K) from AC

Ce −5.0 2.8 2.0 0.9 2.5 0.4
Nd −58.0 5.3 3.7 1.2 3.6 0.2
Eu −192.0 4.8 3.4 0 0 1.2
Gd −9.0 15.8 11.0 7.0 7.9 0.5
Tb +15.0 13.0 9.2 6.0 9.8 3.7
Dy +0.5 11.3 8.0 8.0 10.5 0.6
Ho −22.4 16.7 11.8 6.0 10.6 0.6
Er −21.0 14.8 10.4 8.0 9.6 1.6
Yb −191.0 7.4 5.2 1.9 4.5 0.4
Yb−Gd −9.4 9.8 10.0b 9.1 2.7
Yb−Dy −4.9 11.5 8.0b 11.4 1.6

aAlso includes the extrapolated TMax from the AC magnetic susceptibility data. bMS (μB/f.u.).

Figure 11. (a) Magnetic Field dependence of the magnetization at 1.8 K for different compounds in the series; (b) temperature dependence of the
magnetic susceptibility at different measuring magnetic fields in the range of 0.1 to 5 T for Gd-RPF-4; (c) temperature dependence of the AC
magnetic susceptibility at a fixed frequency of 10 KHz and amplitude of 1 Oe for different external magnetic fields for Gd-RPF-4; (d) temperature
dependence, in the log scale, of the magnetic component of the specific heat for different members of the RPF-4 family.
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magnetic field, showed a clear paramagnetic behavior.
However, a maximum (broad cusp-like) was also observed
(Figure 11c) at a given temperature (TMax), which shifted to
higher values when a significant external magnetic field was
applied. This peak was clearly observed for external DC
magnetic fields higher than 0.5 T, up to almost 5 T. The field
dependence of this temperature maximum (TMax) followed a
linear behavior (Figure S20), from which we extrapolated a
TMax for a zero magnetic field as 0.53 K (in the case of Gd-
RPF4) as well as a slope in TMax in the order of 4.7 K/Tesla.
The summary of the TMax at a zero magnetic field in each case
is presented in Table 2; the value of TMax (0 T) was always
below our experimental accessible temperature range (above 2
K) except in the cases of Tb-RPF-4 and Yb-Gd-RPF-4.

In summary, the magnetic susceptibility (AC and DC)
under different external magnetic fields seemed to indicate a
complex magnetic behavior related to the interaction between
the lower energy crystal field levels associated with the
lanthanide ions. In order to clarify this point, we measured in
detail the specific heat (Cp) of the different members of the
series because the low temperature-specific heat is very
sensitive to the transitions between the low energy crystal
field levels in lanthanides (Schottky anomalies). In principle, at
low temperatures, the specific heat is composed of three
components: lattice vibrations (phonons), electronic compo-
nent (extremely weak in insulators), and the magnetic
contribution. To extract the magnetic component of the
specific heat, from the specific heat of each compound, we
subtracted the heat capacity obtained from the La-RPF-4
sample, which only presented the phonon contribution to the
specific heat but not the magnetic component related to the
magnetic moment and the crystal field level transition related
to the magnetic rare-earth ions. In all cases, we assumed that
the electronic component of the specific heat was extremely
weak due to the insulating character of the compounds. The
magnetic component of the specific heat versus temperature in
the range below 20 K is shown in Figure 11d. Depending on
the rare-earth ions, the value of the magnetic component of C/
T strongly increased below 3 K, and in the case of Ho-RPF-4,
it showed a broad maximum at around 2.3 K. In order to shed
some light into this complex behavior, we studied the magnetic
field dependence of the specific heat in the same temperature
range. For instance, in the case of Yb-Gd-RPF-4, we measured
the specific heat under different applied external magnetic
fields in the range from 0 to 9 T (Figure 12a). The data
showed clearly that at magnetic fields higher than 3 T, a broad
maximum in the magnetic specific heat was observed in the
measured temperature range. Also, for each C/T data at a
given applied magnetic field, we could subtract the C/T the
data from H = 0 T in order to emphasize the real effect of the
applied magnetic field. The data are presented in Figure S21.
The observed broad maximum in C/T under the applied
magnetic field was much more pronounced, but not very
different information was obtained. As a complementary
approach, we measured the isothermal magnetic field depend-
ence of the magnetic specific heat (Figure 12b). A maximum in
the specific heat was observed below 4 T, for temperatures
below 5 K, with the HMax shifted to a higher field as the
temperature increased from 1.9 to 5 K.

From these data, we could extract the magnetic field
dependence of TMax, showing a linear behavior that indicated a
maximum at approximately TMax = 0.4 K at a zero magnetic
field (see Figure S22). In principle, this behavior is consistent

with the magnetic susceptibility data, but at slightly different
temperatures, again pointing to transitions between low crystal
field energy levels at the rare-earth ions. The integration of
these signals (C/T)Mag is related to magnetic entropy, which
depends on the different rare-earth ions, as presented in the
Supporting Information in Figure S23. The magnetic
component of the specific heat under applied external
magnetic fields showed a very broad maximum, which in
principle was not related to long-range magnetic order.
However, in order to definitely rule out this possibility, we
performed a neutron diffraction experiment at a very low
temperature (well below 1.5 K). Clearly, the NPD measure-
ment collected at 84 mK with the Er-RPF-4 sample (as an
example) neither showed any extra diffraction peaks nor an
unusual increase of intensity of same diffraction peaks, which
we could associate with a magnetic phase transition. Therefore,
the magnetic field-dependent specific heat broad maximum
must have been arising from a very complex temperature
dependence of the rare-earth crystal field-level transitions,
depending on the different rare-earth ions. In general, rare-
earth-containing compounds often display such a low temper-
ature peak in specific heat, which can be due to the few-level
electronic system of the partially split ground-state manifold of
the rare-earth 4f-electrons.51 These levels are modified by both
the applied magnetic field and the crystal field of the host.
There is a low temperature characteristic peak, with a very

Figure 12. (a) Temperature dependence of the magnetic specific heat
of the Yb/Gd-RPF-4 sample under different magnetic fields and (b)
magnetic field dependence of the magnetic component of the specific
heat at different temperatures (isothermal).
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strong magnetic field dependence, in the specific heat for the
complete series of lanthanide compounds either with a single
rare-earth cation or in some cases even with a mixture of rare-
earth ions. The low-temperature, magnetic field-dependent,
specific heat feature was analyzed in terms of the Schottky-
model of a two-level system.52 First, the effect of the host was
removed to a certain extent. The heat capacity of the matrix
(phonons) is typically accounted for by measuring a non-
magnetic rare-earth-filled variant, typically with La or Lu.53

Here, La-RPF-4 was measured as a background for the mass
normalized specific heat. Indeed, it did not show any low-
temperature anomaly or magnetic field dependence of the heat
capacity.54 The Supporting Information gives an illustrative
example, using the excess magnetic specific heat in various
magnetic fields of Er-RPF-4, in Figure S24 of these two-level
analyses. Figures S24−S28 show the estimated magnetic field-
dependent two-level energy gaps, ΔEg(B), grouped according
to the detailed Schottky-model used. Table 3 gathers the

estimated two-level energy gap without a magnetic field, ΔEg,
and its magnetic field dependence for the lanthanide series of
single-metal, and a few selected multi-metal RPF-4 com-
pounds. Since the estimated gap does not always vary linearly
with the magnetic field, Table 3 indicates EgB[K/T] =
(ΔEg(B) − ΔEg)/B using the heat capacity measured in the
highest measured field (usually 8.5 T). Table 3 is ordered
according to the zero-field gap and can be compared to the 4f
configuration. Interestingly, the multi-metal YbDy-RPF-4 and
YbGd-RPF-4 compounds had similar gaps as the single-metal
Yb-RPF-4 even though both Gd-RPF-4 and Dy-RPF-4 showed
considerably larger gaps.

In summary, the results of this work illustrate how the
synthesis and crystallization processes of multi-metal MTV-
MOFs are determinant for the incorporation of the different
metal elements into the MOF building units. While composi-
tional analysis of a bulk sample might indicate a homogeneous
distribution of the metal elements, a careful analysis of single
crystal compositions reveals that a compositional segregation
in MOF crystals appears, even for combinations of elements
for which the same MOF can be obtained in the single-metal
form, driven by the complex interplay between thermodynamic
and kinetic crystallization factors. Besides the relative short
distance between rare-earth cations, for instance, similar to
distances between 3d cations in different typical inorganic

oxides, the MTV-RPF-4 stays in the paramagnetic regime until
the lowest temperature. However, the interaction between the
low-lying levels of the f-electron strongly depends on the
variations induced by the crystal field and the external applied
magnetic field, giving rise to a rich phenomenology in the
magnetic susceptibility (AC and DC) and also in the specific
heat.
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Peña-O’Shea, V. A.; Gándara, F. Highly Efficient Multi-Metal
Catalysts for Carbon Dioxide Reduction Prepared from Atomically
Sequenced Metal Organic Frameworks. Nano Res. 2021, 14, 493−
500.
(44) Gándara, F.; Andrés, A.; Gómez-Lor, B.; Gutiérrez-Puebla, E.;

Iglesias, M.; Monge, M. A.; Proserpio, D. M.; Snejko, N. A Rare-Earth

MOF Series: Fascinating Structure, Efficient Light Emitters, and
Promising Catalysts. Cryst. Growth Des. 2008, 8, 378−380.
(45) Wang, S.; Cao, T.; Yan, H.; Li, Y.; Lu, J.; Ma, R.; Li, D.; Dou, J.;

Bai, J. Functionalization of Microporous Lanthanide-Based Metal-
Organic Frameworks by Dicarboxylate Ligands with Methyl-
Substituted Thieno[2,3-b]Thiophene Groups: Sensing Activities and
Magnetic Properties. Inorg. Chem. 2016, 55, 5139−5151.
(46) Li, H.; Sheng, T.; Xue, Z.; Zhu, X.; Hu, S.; Wen, Y.; Fu, R.;

Zhuo, C.; Wu, X. Synthesis, Structure, Characterization, and
Multifunctional Properties of a Family of Rare Earth Organic
Frameworks. CrystEngComm 2017, 19, 2106−2112.
(47) Lorusso, G.; Sharples, J. W.; Palacios, E.; Roubeau, O.; Brechin,

E. K.; Sessoli, R.; Rossin, A.; Tuna, F.; McInnes, E. J. L.; Collison, D.;
Evangelisti, M. A Dense Metal-Organic Framework for Enhanced
Magnetic Refrigeration. Adv. Mater. 2013, 25, 4653−4656.
(48) Chun Zeng, H. Ostwald Ripening: A Synthetic Approach for

Hollow Nanomaterials. Curr. Nanosci. 2007, 3, 177−181.
(49) di Gregorio, M. C.; Elsousou, M.; Wen, Q.; Shimon, L. J. W.;

Brumfeld, V.; Houben, L.; Lahav, M.; van der Boom, M. E. Molecular
Cannibalism: Sacrificial Materials as Precursors for Hollow and
Multidomain Single Crystals. Nat. Commun. 2021, 12, 957.
(50) Chiodini, S.; Reinares-Fisac, D.; Espinosa, F. M.; Gutiérrez-

Puebla, E.; Monge, A.; Gándara, F.; Garcia, R. Angstrom-Resolved
Metal-Organic Framework-Liquid Interfaces. Sci. Rep. 2017, 7, 11088.
(51) Xie, L.; Su, T. S.; Li, X. G. Magnetic Field Dependence of

Schottky Anomaly in the Specific Heats of Stripe-Ordered Super-
conductors La1.6−xNd0.4SrxCuO4. Phys. Supercond. 2012, 480, 14−
18.
(52) Burriel, R.; Castro, M.; Saez-Puche, R. Calorimetric Study of

the Structural and Magnetic Ordering in R2NiO4 (R = La, Pr and
Nd). Pure Appl. Chem. 1995, 67, 1825−1830.
(53) Taira, N.; Wakeshima, M.; Hinatsu, Y. Magnetic Susceptibility

and Specific Heat Studies on Heavy Rare Earth Ruthenate
Pyrochlores R2Ru2O7 (R = Gd−Yb). J. Mater. Chem. 2002, 12,
1475−1479.
(54) He, C.; Zheng, H.; Mitchell, J. F.; Foo, M. L.; Cava, R. J.;

Leighton, C. Low Temperature Schottky Anomalies in the Specific
Heat of LaCoO3: Defect-Stabilized Finite Spin States. Appl. Phys. Lett.
2009, 94, 102514.
(55) Gándara, F.; Gutiérrez-Puebla, E.; Monge, A.; Puente-Orench,

I.; Vasile, R. L. Refinement of Atomic Positions in Multi-Metal
Lanthanide MOFs; Institut Laue-Langevin (ILL), 2021.
(56) Gándara, F.; Fernández Díaz, M. T.; Gutiérrez-Puebla, E.;

Martinez Pena, J. L.; Monge, A.; Puente-Orench, I.; Vasile, R. L.
Magnetic Ordering in the Lanthanide Metal-Organic Frameworks;
Institut Laue-Langevin (ILL), 2021.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c01481
Chem. Mater. 2022, 34, 7029−7041

7041

https://doi.org/10.1126/science.aaz4304
https://doi.org/10.1126/science.aaz4304
https://doi.org/10.1021/acsami.9b17492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b17492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b17492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201711376
https://doi.org/10.1002/anie.201711376
https://doi.org/10.1002/anie.201711376
https://doi.org/10.1002/adma.201901139
https://doi.org/10.1002/adma.201901139
https://doi.org/10.1002/adma.201901139
https://doi.org/10.1002/adma.201901139
https://doi.org/10.1002/smll.201901940
https://doi.org/10.1002/smll.201901940
https://doi.org/10.1002/smll.201901940
https://doi.org/10.1021/jacs.0c00117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5DT03856A
https://doi.org/10.1039/C5DT03856A
https://doi.org/10.1039/C5DT03856A
https://doi.org/10.1021/jacs.8b10343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b10343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b10343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b10343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b08724?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b08724?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b08724?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c7cc04651k
https://doi.org/10.1039/c7cc04651k
https://doi.org/10.1039/c8cc04172e
https://doi.org/10.1039/c8cc04172e
https://doi.org/10.1021/jacs.5b02313?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b02313?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b02313?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.1700773
https://doi.org/10.1126/sciadv.1700773
https://doi.org/10.1021/jacs.8b12860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12274-020-2813-x
https://doi.org/10.1007/s12274-020-2813-x
https://doi.org/10.1007/s12274-020-2813-x
https://doi.org/10.1021/cg700796m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg700796m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg700796m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b02801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c7ce00202e
https://doi.org/10.1039/c7ce00202e
https://doi.org/10.1039/c7ce00202e
https://doi.org/10.1002/adma.201301997
https://doi.org/10.1002/adma.201301997
https://doi.org/10.2174/157341307780619279
https://doi.org/10.2174/157341307780619279
https://doi.org/10.1038/s41467-021-21076-9
https://doi.org/10.1038/s41467-021-21076-9
https://doi.org/10.1038/s41467-021-21076-9
https://doi.org/10.1038/s41598-017-11479-4
https://doi.org/10.1038/s41598-017-11479-4
https://doi.org/10.1016/j.physc.2012.04.037
https://doi.org/10.1016/j.physc.2012.04.037
https://doi.org/10.1016/j.physc.2012.04.037
https://doi.org/10.1351/pac199567111825
https://doi.org/10.1351/pac199567111825
https://doi.org/10.1351/pac199567111825
https://doi.org/10.1039/b110596p
https://doi.org/10.1039/b110596p
https://doi.org/10.1039/b110596p
https://doi.org/10.1063/1.3098374
https://doi.org/10.1063/1.3098374
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c01481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

