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ABSTRACT: We demonstrate multiple roles for the organic linker
in luminescent lanthanide—organic thin films grown with the
strongly emerging atomic/molecular layer deposition technique.
Besides rendering the hybrid thin film mechanically flexible and
keeping the lanthanide nodes at a distance adequate to avoid
concentration quenching, the organic moieties can act as efficient
sensitizers for the lanthanide luminescence. We investigate six
different aromatic organic precursors in combination with Eu** ions
to reveal that by introducing different nitrogen species within the
aromatic ring, it is possible to extend the excitation wavelength area
from the UV range to the visible range. This opens new horizons for
the application space of these efficiently photoluminescent thin-film
materials.

1. INTRODUCTION

Trivalent lanthanide (Ln) ions possess attractive luminescence
characteristics relevant to various applications in displays,
lighting, imaging, and sensing owing to their sharp 4f—4f
emission peaks located over a wide range of wavelengths from
ultraviolet (UV) to visible and even near-infrared (IR) areas
depending on the Ln* species.' The spatially extended s and
Sp orbitals offer shielding to the 4f electrons, which makes the
4f—4f emission independent of the host lattice or the ligand
environment. This enables narrow emission bands, long
luminescence lifetime, high color purity, and high color
rendering index.”’

The downside is that the 4f—4f transitions of Ln** ions are
parity forbidden, meaning that the absorption coeflicients are
low, and the direct excitation is inefficient. A possible route to
enhance the luminescence efficiency is to combine the Ln**
ions with organic #-conjugated aromatic ligands, capable of
absorbing UV light and transferring the absorbed energy to the
Ln>* ions via a so-called antenna effect.” Hence, lanthanide—
organic complexes have attracted considerable attention as
viable luminescence materials,” and in particular, T Tb*', Eu’,
and Sm’" complexes have been investigated for their
characteristic monochromatic green, red, and deep red
emissions, respectlvely, for displays, lighting, and sensing
devices." !¢ Slmllarly, the near-IR emissions of Nd**, Er**, and
Yb** complexes with long emission lifetimes could be utilized
in bioimaging applications;11 also, efficient wavelength
converters using lanthanide complexes for silicon solar cells
have been reported.'” The nature of the organic ligand also

© 2023 The Authors. Published by
American Chemical Society

v ACS Publications 5988

[ LS

TPA (1,2 254mm) G All) /MLDOrg] PoA .- 254m)

o @J-ﬁ

PZA (), = 302 nm) Cyt (1, = 302 nm)

plays a role,"” and for example, nitrogen-containing molecules
have been highlighted."*

Modern applications of luminescence materials based on
increasingly complex/nanoscale device structures call for new
material design and fabrication approaches, especially to
produce these materials as high-quality thin films or conformal
coatings. Conventionally, lanthanide—organic thin films have
been produced through solvothermal routes, such as spin
coating or freeze drying.'>'® However, these techniques lack
precise control over the film thickness and conformality;
moreover, they tend to leave traces of solvents in the targeted
functional coating. In recent years, atomic/molecular layer
deposition (ALD/MLD) has been strongly emerging as a state-
of-the-art fabrication route for high-quality metal—organic thin
films."”'® The parent ALD technique has been the fastest
growing thin film technology in microelectronics already for
decades,'” while the MLD counterpart for organic thin films
was invented much later.”” Both techniques are similar in that
they are based on sequential pulsing of two (or more) different
and mutually reactive gas-phase precursors and have the
capacity to yield precisely thickness-controlled and large-area
homogeneous thin films even on complex substrate architec-
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tures.”' The modularity of the two techniques then allows their
combination into the desired hybrid metal—organic composi-
tions.”>*? Importantly, the mechanical properties of ALD/
MLD-grown hybrid films are superior to those of purely
inorganic thin films™*

The ALD fabrication of purely inorganic Ln,Oj5 thin films is
well established; these films are typically grown from Ln(thd),
(thd = 2,2,6,6-tetramethyl-3,5-heptanedione) using ozone as
the co-reactant at relatively high temperatures (ca. 300
°C).>>*° However, these oxide films based on a single Ln
species suffer from the concentration-quenching effect and are
not luminescent.””*® The concentration quenching issue is
typically avoided in bulk inorganic materials by mixing the
luminescent Ln species with non-luminescent Ln species for
appropriate dilution.””*° This could be realized in ALD too,
but it would lead to a more complex three-precursor process.
Moreover, the system would still suffer from the small
absorption cross-section and ineffective direct excitation issues;
hence, including the organic linker is highly beneficial.”!
Indeed, in the ALD/MLD-grown Ln—organic films, the
organic linkers provide the required separation between the
emitting Ln*" ions to overcome the concentration quenching
issue; already, various luminescent Ln—organic thin films have
been grown with ALD/MLD.>'™3 In these films, terephthalic
acid (TPA)(benzene-1,4-dicarboxylic acid) has been the most
commonly employed organic precursor,””** owing to its
relatively low sublimation temperature (185 °C) and
appreciably high reactivity toward the Ln(thd); precursors.”
While the Ln—TPA films offer strong emission intensity, their
narrow excitation bands are located in the short wavelength
area around 250 nm, thus restricting the potential applications
to UV-excited systems only.**?¢73*

In this contribution, we will demonstrate that nitrogen
atoms within the aromatic ring of the organic linker molecule
may significantly extend the absorption range of the organic
moiety in the Ln—organic thin films toward the higher
wavelengths, such that the Ln*" luminescence can be realized
even with visible light excitation. We investigate five different
organic precursors with N-containing aromatic rings; Figure 1
shows the molecular structures of these organic precursors.

O.__OH O.__OH (o]
N\ H
» (o
P N
H
Benzene-1,4-dicarboxylic acid  Pyridine-3-carboxylic acid Pyrazine-2,3-dicarboxylic acid
(TPA) (PDA) (PZA)
[0} NH, HO_ N_ OH
z
| NH (KN \lll/\ r
N’J*o N’go I
H H H
Uracil Cytosine 1,3,5-Triazine-2,4,6-triol
(Ura) (Cyt) (T20)

Figure 1. Organic precursors employed in this work: molecular
structure, name, and abbreviation used.

For the lanthanide species, europium was selected owing to
its well-known intense red luminescence. Half of the organic
precursors investigated are carboxylic acids, which are known
to react well with common metal-bearing precursors such as
Ln(thd);. Pyridine-3-carboxylic acid (PDA) (also known as
nicotinic acid) has one nitrogen atom within the aromatic ring,
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while 2,3-pyrazine-dicarboxylic acid (PZA) has two nitrogen
atoms within the ring. Additionally, we investigate the
precursors with oxo (=O) or N-containing (—NH, —NH,)
reactive groups. The two naturally occurring nucleobases,
uracil (Ura) and cytosine (Cyt), both contain the pyrimidine
ring, but differ from each other with respect to the reactive
groups: Ura has two oxo groups, while Cyt has only one oxo
group in combination with an amino group (—NH,). Finally,
1,3,5-triazine-2,4,6-triol [(TZO) also known as cyanuric acid]
has a so-called triazine ring constituted of three nitrogen atoms
and three carbons and additionally three —OH substituents as
reactive groups. It is worth mentioning that TZO exists in two
tautomer forms, triol or trione.

2. EXPERIMENTAL SECTION

All the Eu—organic films were deposited through a single-step ALD/
MLD process in a flow-type hot-wall ALD reactor (F-120 by ASM
Microchemistry Ltd.). The reactor pressure was maintained between
2 and 4 mbar, and in-house generated nitrogen was used both as the
purging and carrier gas for all the processes. Samples were mostly
deposited on Si(100) substrates, the size of which varied from ca. 10
X 10 mm’ to 25 X 30 mm’ The samples for absorption
measurements were deposited on quartz glass substrates of 1 mm
thickness and with a size of 30 X 30 mm?® (Finnish special glass).
Additional samples were deposited on thin elastic glass with a 0.1 mm
thickness and a 30 X 30 mm? size (Schott AF32 eco) to demonstrate
the mechanical flexibility of the films. All substrates were used as
purchased with no further treatments.

As precursors, we employed Eu(thd); (thd = 2,2,6,6-tetramethyl-
3,5-heptanedione) synthesized in-house as first described by
Eisentraut and Sievers’ and commercially purchased organic
precursors (PDA 99% , PZA 97%, Ura 99%, TZO 98% from
Sigma-Aldrich; TPA 99%, and Cyt 98% from Tokyo chemical
industries). All the precursors were solid powders; they were inserted
into the reactor in open glass crucibles, which were heated for
precursor sublimation during the depositions. The precursor heating
temperatures and pulse/purge times are given in Table 1, together
with the deposition temperatures applied. The TPA-, PDA-, and PZA-
based processes were conducted at 180—190 °C (to avoid the melting
of these carboxylic acid precursors), while for the rest of the processes
(with Ura, Cyt, and TZO), the deposition temperature was 250 °C
(as the non-acid organics are typically less reactive toward the metal-
thd precursors). In each case, the number of deposition cycles was set
such that the resultant film thickness was close to 50 nm, for the sake
of better comparison.

The film thicknesses were determined using X-ray reflectivity
(XRR) (X’Pert Pro MPD, PANalytical; Cu Ka). The XRR patterns
were analyzed using X'Pert reflectivity software fitting to obtain,
besides the film thickness, also the film density and roughness values.
From standard X-ray diffraction experiments in preliminary experi-
ments, all the films were found to be amorphous. Bonding structures
were studied by Fourier transform infrared (FTIR) spectroscopy
(Bruker Alpha II) performed in transmission mode in the range of
400—4000 cm™". UV—vis absorption spectra were recorded via direct
absorbance measurement (Shimadzu UV-2600), for the thin films
grown on quartz glass.

Photoluminescence measurements were conducted (Edinburgh
Instruments FLS1000) using a continuous-wave 450 W Xe lamp
(Xe2) as the excitation source and PMT-900 photomultiplier tube as
the detector. The emission spectra presented here were recorded
using 250 nm as the excitation wavelength. All excitation spectra were
recorded with a fixed emission wavelength of 615 nm, whereas the
emission spectra were recorded at different excitation wavelengths
between 250 and 350 nm.

https://doi.org/10.1021/acs.chemmater.3c00955
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Table 1. Deposition Parameters Applied and Resultant Basic Film Growth Characteristics: Precursor Heating Temperature
(Tsu), Deposition Temperature (Tg,), Precursor Pulsing and Purging Times, and Growth Per Cycle (GPC), Density, and

Roughness of ca. 50 nm Thin Films Deposited on Silicon

precursor T, (°C) i (°C) pulse (s) purge (s) GPC (A/cycle) density (g/cm®) roughness (nm)
Eu(thd), 140 3 4
TPA 185 190 4 6 3.2 2.57 0.10
PDA 145 180 4 6 1.7 1.58 0.33
PZA 145 180 4 6 3.5 2.30 0.25
Ura 210 250 4 6 2.1 2.69 0.46
Cyt 210 250 4 6 LS 222 0.15
TZ0O 200 250 4 6 2.1 3.56 0.98
3. RESULTS AND DISCUSSION
3.1. Novel ALD/MLD Processes. All six ALD/MLD BuTPA _fio ot
processes investigated were found to yield visibly homoge- :
neous Eu—organic thin films on all the substrate types 1540
employed. It should be emphasized that among these li:: Eu
processes, the Eu—TPA and Eu—PZA processes have been 1390
reported earlier,””*” but the rest of the processes were newly AT v
Eu-PDA Hu—

developed here. However, Ura has been previously challenged
as an organic precursor in ALD /MLD in combination with Na,
Ba, La, and Ti 3 HH= Hence, among the six organic
precursors, PDA, Cyt, and TZO were challenged in the
context of ALD/MLD for the first time in this work. Table 1
summarizes the film growth rates (expressed as so-called GPC
or growth-per-cycle values), as well as the density and
roughness values, determined for the films from the XRR data.

From Table 1, the two dicarboxylic acid (TPA and PZA)-
based processes seem to progress with higher growth rates
(GPC >3 A/cycle) than the rest of the processes (GPC values
between 1.5 and 2.1 A/cycle). These higher GPC values are in
line with the general understanding that carboxylic acid
precursors are highly reactive toward metal-thd precursors.
Here, it is worth noting that apparently two reactive carboxylic
acid groups are needed to assure the high GPC, viz. the
relatively low GPC value of 1.7 A/cycle for the PDA precursor
with only one —COOH group. In the investigated ALD/MLD
processes—Dbesides the carboxylic acid groups—other reactive
groups presumably contribute to the film growth. This
question was addressed through a detailed FTIR spectroscopy
analysis, as discussed next. From the FTIR data, the different
bonding sites/schemes between the Eu®* ions and the organic
linker molecules can be deduced. Importantly, the bonding
scheme should be directly reflected in the packing/orientation
of the organic linker molecules between the Eu** ions and
thereby in the resultant film density. From Table 1, it is thus
worth noting that the Eu—TZO film is significantly denser
(3.56 g/cm?), and the Eu—PDA film is significantly less dense
(1.58 g/cm?), than the rest of the films (densities between 2.2
and 2.7 g/cm’).

3.2. Chemical Bonding Schemes. The FTIR spectra
recorded for the samples provided us both (i) important
evidence of the completeness of the intended chemical
reactions leading to the Eu—organic film formation, and (ii)
valuable information about the bonding schemes in the
resultant hybrid films. The fully interpreted spectra are given
for all the films in the Supporting Information together with
the corresponding spectra for the precursor powders for
reference; in Figure 2 we only emphasize the most indicative
spectral features seen for the thin films.

First, for all three thin films grown from different carboxylic
acid precursors, the complete reaction of the organic precursor

5990
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Figure 2. FTIR spectra for the Eu—organic thin films showing
possible coordination schemes; the detailed interpretations of the
spectral features and comparison to spectra recorded for the
precursors are presented in the Supporting Information.
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with Eu(thd); could be confirmed from the absence of any
peaks around 1700 cm™' due to unreacted —COOH groups.
Also, no indication of the wide peak due to —OH (bending)
groups as seen around 2400 cm™! for free TPA, PDA, and PZA
molecules (Supporting Information) was seen for any of these
thin films. The most characteristic peaks seen around 1550—
1600 and 1400 cm™" for these films are due to the asymmetric
and symmetric stretching modes of the bonded carboxylate
groups. Most importantly, from the separation (A) of these
peaks, the bonding mode can be deduced, i.e., for unidentate
bonding A > 200 cm™’, bidentate bonding 50 cm™' < A <
150 cm™}, bridging-type bonding 130 cm! < A <200 cm7},
and ionic bonding A ~ 200 cm™".*""* For the present films,
the following A values were revealed: Eu—TPA (1540—1390)
em™! = 150 cm™!, Eu—PDA (1558—1432) cm™ = 126 cm™},
and EuU-PZA (1603—1362) cm™ = 241 cm™, suggesting
bridging-type bonding for Eu—TPA, bidentate-type bonding
for Eu—PDA, and unidentate-type bonding for Eu—PZA, at
least as the majority bonding modes. The bridging-type
bonding for Eu—TPA is in line with our previous results for
La—TPA and Nd—TPA, and the unidentate bonding in EU—
PZA is in line with the observations made for (Y/Yb/Er)-PZA
films.”>*>* Since the PDA molecule has only one carboxylic
acid group, the continuity of the ideal ALD/MLD type film
growth for the Eu—PDA films would require that the nitrogen
atom in the pyridine ring also participate in the bonding.

Both Ura and Cyt are pyrimidine (aromatic ring with N
atoms at 1 and 3 positions) derivatives. First, a comparison of
the FTIR spectra between the Eu—Ura and Eu—Cyt films and
the corresponding organic precursors (Ura and Cyt) reveals
that the skeletal stretching peak around 1550 cm™ is seen in all
four spectra (Supporting Information), confirming that no ring
opening occurs upon the thin-film growth.*"** Then, the peaks
due to N1H and N3H stretches are seen around 3090 and
2930 cm™! for the Ura precursor (Supporting Information) but
are completely missing in the Eu—Ura thin film spectrum,
indicating that N1 and N3 are bonded to Eu®*" upon the Eu—
Ura film growth. Moreover, the peak due to C=O seen at
1710 cm™" for the Ura precursor is shifted to 1580 cm™ for
the Eu—Ura film, suggesting that the oxo groups at C2 and C4
also bond to Eu*" in Eu—Ura.

Interestingly, the situation is not completely identical to the
Eu—Cyt case. While the Eu** ions in Eu—Ura are bonded to
both ring-nitrogen atoms (N1 and N3) and also to the two oxo
groups located at C2 and C4, in Eu—Cyt, the bonding
apparently occurs only through N1 (judged by the lack of the
peaks at 2670 and 2770 cm due to N1H stretching)** and one
oxo group at C2 (judged by the shift of the 1700 cm™" oxo
group peak to 1590 cm™"). The amino group at C4 remains
unbonded in the Eu—Cyt film, judged by the NH, stretching
peaks seen at 3470 and 3350 cm™' and the NH, in-plane
bending peak at 1625 cm™.

For the TZO precursor, the spectrum shows peaks at 3200
and 3050 cm™! that are attributed to the NH stretch, while the
Eu—TZO thin film spectrum lacks such peaks. On the other
hand, the strong peak around 1500 cm™' due to the skeletal
aromatic ring stretch is clearly seen for the Eu—TZO film
(ruling out the possibility of ring opening), leading us to
believe that TZO coordinates with Eu as a triol tautomer, while
the TZO precursor exists as the trione tautomer. This
assumption is confirmed by the absence of the C=O peak
at ca. 1770 cm™" and its appearance as the coordinated CO at
around 1600 cm™.

5991

Finally, it is interesting to look for correlations between the
bonding schemes and the film densities determined for the
different Eu—organic thin films from the XRR data. From
Table 1, the Eu—TZO film clearly has the highest density (3.56
g/cm®). This can be understood by the strong Eu—O bonds
from the TZO moiety in three directions. On the other hand,
the Eu—PDA has the lowest density (1.58 g/cm?), which could
be due to the single Eu—O bidentate bonding to the
carboxylate group.*®

3.3. Luminescence Properties. In order to get the first
insight into the absorption characteristics of our Eu—organic
thin films with different organic components, we measured the
UV absorption spectra for the films deposited on quartz glass
substrates; these spectra are shown in the upper part of Figure
3. For Eu—TPA, a broad absorption maximum is seen around

2§0 31')0 3§0 400
Absorption spectra

=l
3
s \
3 AN
- S
S —]
5 — Eu-TPA
2 — Eu-PDA
< —— Eu-PZA

—— Eu-Ura

— Eu-TZO

Excitation spectra
L (Aem= 615 nm)

3
&
=
7]
c
L
£

250

300 350 400
Wavelength (nm)

Figure 3. (Top) UV—vis absorption spectra and (bottom) excitation
spectra (A, = 615 nm) for the Eu—organic thin films (film thickness
ca. 50 nm). Note: the features between 360 and 400 nm in the
excitation spectra are due to the direct scattering of the excitation.

250 nm, but the absorption is limited to relatively short
wavelengths below 280 nm. Compared to Eu—TPA, for all the
nitrogen-containing films except for Eu—TZO, both the
absorption maximum and the lower energy tail are shifted to
the longer wavelengths. In particular, the Eu—Cyt film shows
promising absorption characteristics with two broad and
intense absorption peaks covering the wide wavelength ranges
of approximately 250—280 and 330—360 nm. We tentatively
suggest that the additional —NH, group at C4 could be
responsible for the intense second absorption peak centered
around 350 nm.

All six Eu—organic thin films showed the red luminescence
characteristic of trivalent europium. We thus recorded the
excitation spectra for the films by fixing the emission
wavelength (4,) at 615 nm, which is the characteristic D,
—F, transition of Eu®'; these excitation spectra are shown in
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the lower part of Figure 3. Figure 3 thus allows the direct
comparison between the absorption and excitation spectra,
which indeed reveal very similar features. We tentatively
interpret the fact that the absorption and excitation spectra are
qualitatively very similar for most of the films as an indication
that the organic linkers in the Eu—organic films transfer their
absorbed energy to the emitting Eu’* ions. The closest
similarity between the absorption and excitation spectra is seen
for the Eu—Cyt film. This is exciting, as this thin film
composition shows a particularly strong excitation capability in
the longer wavelength range around 350 nm. Other promising
organic components seem to be PDA and PZA with their
overall intense excitation spectra in a relatively broad
wavelength range, with the tails extending even up to ca. 350
nm.

Figure 4 displays the emission spectra for all the six Eu—
organic thin-film samples upon 250 nm (top) and 355 nm

0 500 550 600 650 700

Emission spectra
(Aex = 250 nm)
Eu-TPA
[—— Eu-PDA
— Eu-PZA
—— Eu-Ura

&

— Eu-TZO

Intensity (a.u. in log scale)

 Emission spectra
| (Aex =355 nm)

Intensity (a.u. in log scale)

5%0 660
Wavelength (nm)
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Figure 4. Emission spectra (log-scale) recorded for the Eu—organic
thin films with 4., = 250 nm (top) and with A, = 355 nm (bottom).

(bottom) excitation. Qualitatively, all the spectra are similar, as
expected for Eu** luminescence, but the intensities vary largely
(note: intensities in log-scale). With the 250 nm excitation, the
luminescence intensity is the highest for the Eu—PDA film,
followed by Eu—TPA, while with the 355 nm excitation—in
line with the excitation spectra shown in Figure 3—it is the
Eu—Cyt film that shows the highest emission intensity. Even
though there are no previous data exactly for the same Eu—
organic materials as investigated here, the fact that the different
organic linkers in Ln—organic materials significantly contribute
to the excitation efficiency at different wavelengths and thereby
the luminescence intensity is well known in general from the
data reported for various Ln—organic bulk materials, as the
nature of the organic ring and its substituents definitely have
an impact on the absorption wavelength range.*”**
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A closer look at the emission spectra reveals that the films
with the highest overall luminescence intensity (such as Eu—
PDA at A, = 250 nm excitation, or Eu—Cyt at 4., = 355 nm
excitation) exhibit additional peaks in their emission spectra.
These peaks correspond to Eu®" transitions of lower
probability and are hence less intense than the major
luminescence peaks,” such as the *D, —’F, transition peak
at 4 = 615 nm.>’ In particular, emissions involving the *D,
energy level occur with lower probability and show lower
intensity due to the non-radiative relaxation of D, —°D,.”" In
the Supporting Information, the detailed assignments are given
for all the seven Eu®* emission peaks. Moreover, the emission
spectra for each Eu—organic thin film recorded with an
excitation wavelength leading to the highest emission intensity
are displayed. The data clearly demonstrate that it is
possible—through proper choice of the organic compo-
nent—to find optimal ALD/MLD-grown thin films for various
applications.

Finally, we demonstrate the possibility to fabricate these
unique ALD/MLD thin film phosphors on various kinds of
substrate materials, including flexible and temperature-sensitive
ones. Since the deposition temperatures for these thin films
ranged between 180—250 °C, we were able to deposit
representative film samples on quartz glass, thin AF32eco
glass, and polyimide Kapton sheets, listed in the Supporting
Information experimental details. In Figure 5, we display
photos taken from Eu—Cyt film deposited on a Kapton sheet
under room light and 302 nm illumination, Eu—PZA film
deposited on AF32eco thin glass under room light and 302 nm
illumination, and Eu—PDA film deposited on quartz glass
under room light and 254 nm illumination. In particular, the
Eu—Cyt film deposited on Kapton demonstrates the
mechanical flexibility of our Eu—organic coatings; the red
emission remains unaffected even though the substrate was
bent in different directions.

The possibility to deposit our Eu—organic films on different
substrate materials provided us a way to confirm their
reasonably high intrinsic quantum yield (i.e., the ratio between
emitted photons to absorbed photons) values as the quantum
yield values obtained for (ultra)thin films may significantly
depend on the substrate material.>> In particular, for the films
grown on silicon, the values are strongly reduced due to the
fact that silicon absorbs in the visible wavelength range of Eu®*
emission. On the other hand, glass does not absorb visible
light, but it absorbs some of the excitation UV light. In this
work, the quantum yield values were systematically measured
for the films grown on silicon; no significant differences were
seen regarding the choice of the organic component, but the
values remained relatively low (<2.0%) presumably due to the
Si absorption. Then, as expected, once the same thin film was
grown on non-absorbing substrates, significantly higher
quantum yield values could be detected. This was best seen
for the Eu—PDA film deposited on quartz glass with a
quantum yield value as high as 14.6%.

4. CONCLUSIONS

We have systematically investigated the role of the organic
component on the luminescence characteristics of ALD/MLD-
grown Eu—organic thin films. The focus was, in particular, on
various nitrogen-containing aromatic organic linker molecules,
investigated in comparison to the previously most commonly
employed TPA linker. Among the six ALD/MLD processes
applied for film fabrication, four were newly developed in this
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Figure S. (a) Eu—Cyt on Kapton sheet under room light. (b) Eu—Cyt on Kapton sheet under 302 nm illumination. (c) Eu—PDA on quartz glass
under room light. (d) Eu—PDA on quartz glass under 254 nm illumination. (e¢) Eu—PZA on AF32eco thin glass under room light and (f) under

302 nm illumination.

study. All the processes yielded high-quality amorphous Eu—
organic thin films with growth rates in the range of 1.56—3.56
A/cycle. The somewhat different growth rates are perfectly
understandable, as the organic precursors differed from each
other by their size and the type of reactive groups. The
involvement of different reactive groups affects not only the
film growth rate but also the way the organic linker molecule is
bonded to the Eu®" ions, the latter point then controlling the
UV—vis absorption and photoluminescence properties of the
films. We investigated the bonding schemes with FTIR
spectroscopy and correlated these observations with the film
densities determined from XRR patterns.

All six different Eu—organic thin films showed the
characteristic red photoluminescence of trivalent europium,
but the excitation spectra differed considerably depending on
the organic linker molecule. This is of major importance, as it
opens exciting opportunities to tune these hybrid materials to
match the requirements of different applications. Most
importantly, our results demonstrated that we can achieve
intense Eu’* luminescence within a broad range of excitation
wavelengths even up to visible light excitation. Especially
promising results were obtained for the Eu—Cyt films showing
a particularly strong and wide excitation peak around 350 nm.
On the other hand, for applications requiring shorter
wavelength excitation (250—280 nm), Eu—PDA would be a
promising candidate. Additionally, the Eu—PDA films (like
Eu—PZA) can be deposited at a relatively low temperature of
150—180 °C, thanks to the low sublimation temperature of the
PDA precursor, being thus most compatible with temperature-
sensitive substrates such as polymers or textiles. These films
also possess promising mechanical properties that enable
deposition on flexible substrates, such as Kapton sheets, if
required. This opens the doors toward new exciting application
areas for these flexible luminescent thin films.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c0095S.

5993

FTIR spectra for the Eu—organic thin films and
corresponding precursor powders, interpretations of
the FTIR spectral features in these spectra, absorption
and excitation spectra for the Eu—organic thin films,
emission spectra of Eu—TPA, Eu—PDA, Eu—PZA, Eu—
Cyt, Eu—Ura, and Eu—TZO at different excitation
wavelengths, observed Eu®" peaks and their interpreta-
tions, observed Eu®" emission wavelengths and their
respective transitions, photos of representative Eu—
organic thin films deposited on various substrates in
daylight and under illumination, and XRR patterns for
the Eu—organic thin films (ca. SO nm thick) (PDF)

B AUTHOR INFORMATION

Corresponding Author
Maarit Karppinen — Department of Chemistry and Materials
Science, Aalto University, Espoo FI-00076, Finland;
orcid.org/0000-0003-1091-1169;
Email: maarit.karppinen@aalto.fi

Authors
Amr Ghazy — Department of Chemistry and Materials Science,
Aalto University, Espoo FI-00076, Finland; ® orcid.org/
0000-0001-8712-8610
Mika Lastusaari — Department of Chemistry, University of
Turku, Turku FI-20014, Finland; © orcid.org/0000-0003-
1872-0391

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemmater.3c00955

Author Contributions

The manuscript was written through contributions of all
authors.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Funding was received through the Academy of Finland
(PREIN Flagship) and the European Research Council
(H2020) AdG “Unique ALD/MLD-enabled material func-

https://doi.org/10.1021/acs.chemmater.3c00955
Chem. Mater. 2023, 35, 5988—5995


https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00955?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00955/suppl_file/cm3c00955_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maarit+Karppinen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1091-1169
https://orcid.org/0000-0003-1091-1169
mailto:maarit.karppinen@aalto.fi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amr+Ghazy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8712-8610
https://orcid.org/0000-0001-8712-8610
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mika+Lastusaari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1872-0391
https://orcid.org/0000-0003-1872-0391
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00955?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00955?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00955?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00955?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00955?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c00955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

tions” (no. 101097815). We also acknowledge the use of the
RawMatTERS Finland Infrastructure (RAMI) at Aalto
University. Amr Ghazy acknowledges the Jenny and Antti
Wihuri Foundation for financial support.

B REFERENCES

(1) Eliseeva, S. V.; Biinzli, J. C. G. Lanthanide Luminescence for
Functional Materials and Bio-Sciences. Chem. Soc. Rev. 2010, 39,
189—-227.

(2) Sahoo, S.; Mondal, S.; Sarma, D. Luminescent Lanthanide Metal
Organic Frameworks (LnMOFs): A Versatile Platform towards
Organomolecule Sensing. Coor. Chem. Rev. 2022, 470, 214707.

(3) Biinzli, J. C. G.; Eliseeva, S. V. Intriguing Aspects of Lanthanide
Luminescence. Chem. Sci. 2013, 4, 1939—1949.

(4) Weissman, S. I. Intramolecular Energy Transfer the Fluorescence
of Complexes of Europium. J. Chem. Phys. 1942, 10, 214—217.

(5) Biinzli J. C. G. On the Design of Highly Luminescent
Lanthanide Complexes. Coord. Chem. Rev. 2015, 293—294, 19—47.

(6) Hasegawa, Y.; Kitagawa, Y.; Nakanishi, T. Effective Photo-
sensitized, Electrosensitized, and Mechanosensitized Luminescence of
Lanthanide Complexes. NPG Asia Mater 2018, 10, 52—70.

(7) Hasegawa, Y. Photofunctional Lanthanoid Complexes, Coordi-
nation Polymers, and Nanocrystals for Future Photonic Applications.
Bull. Chem. Soc. Jpn. 2014, 87, 1029—1057.

(8) Oyamada, T.; Kawamura, Y.; Koyama, T.; Sasabe, H.; Adachi, C.
Formation of Europium Chelate Complexes by Vacuum Co-
Deposition and Their Application in Organic Light-Emitting Diodes.
Adv. Mater. 2004, 16, 1082—1086.

(9) Kido, J.; Okamoto, Y. Organo Lanthanide Metal Complexes for
Electroluminescent Materials. Chem. Rev. 2002, 102, 2357—2368.

(10) De Bettencourt-Dias, A. Lanthanide-Based Emitting Materials
in Light-Emitting Diodes. Dalton Trans. 2007, 22, 2229—2241.

(11) Safdar, M.; Ghazy, A.; Lastusaari, M.; Karppinen, M.
Lanthanide-Based Inorganic-Organic Hybrid Materials for Photon-
Upconversion. J. Mater. Chem. C 2020, 8, 6946—6965.

(12) Kataoka, H.; Omagari, S.; Nakanishi, T.; Hasegawa, Y. Photo-
Degradation Analysis of Luminescent Polymers with Lanthanide
Complexes. J. Photopolym. Sci. Technol. 2015, 28, 247—254.

(13) Binnemans, K. Lanthanide-Based Luminescent Hybrid
Materials. Chem. Rev. 2009, 109, 4283—4374.

(14) De Bettencourt-Dias, A.; Barber, P. S; Viswanathan, S.
Aromatic N-Donor Ligands as Chelators and Sensitizers of
Lanthanide Ion Emission. Coord. Chem. Rev. 2014, 273—274, 165—
200.

(15) Lenaerts, P.; Storms, A.; Mullens, J.; D’Haen, J.; Gorller-
Walrand, C.; Binnemans, K,; Driesen, K. Thin Films of Highly
Luminescent Lanthanide Complexes Covalently Linked to an
Organic-Inorganic Hybrid Material via 2-Substituted Imidazo[4,5-f]-
1,10- Phenanthroline Groups. Chem. Mater. 2005, 17, 5194—5201.

(16) Wang, Z.; Ananias, D.; Carné-Sénchez, A.; Brites, C. D. S,;
Imaz, I; Maspoch, D.; Rocha, J; Carlos, L. D. Lanthanide-Organic
Framework Nanothermometers Prepared by Spray-Drying. Adv.
Funct. Mater. 20185, 25, 2824—2830.

(17) George, S. M.; Yoon, B.; Dameron, A. A. Surface Chemistry for
Molecular Layer Deposition of Organic and Hybrid Organic-
Inorganic Polymers. Acc. Chem. Res. 2009, 42, 498—508.

(18) Multia, J.; Karppinen, M. Atomic/Molecular Layer Deposition
for Designer’s Functional Metal—-Organic Materials. Adv. Mater.
Interfaces 2022, 9, 2200210.

(19) George, S. M. Atomic Layer Deposition: An Overview. Chem.
Rev. 2010, 110, 111—131.

(20) Yoshimura, T.; Tatsuura, S.; Sotoyama, W. Polymer Films
Formed with Monolayer Growth Steps by Molecular Layer
Deposition. Appl. Phys. Lett. 1991, 59, 482—484.

(21) Klepper, K. B.; Nilsen, O.; Fjellvag, H. Deposition of Thin
Films of Organic-Inorganic Hybrid Materials Based on Aromatic
Carboxylic Acids by Atomic Layer Deposition. Dalton Trans. 2010,
39, 11628—11635.

5994

(22) Penttinen, J.; Nisula, M.; Karppinen, M. Atomic/Molecular
Layer Deposition of s-Block Metal Carboxylate Coordination
Network Thin Films. Chem.—Eur. J. 2017, 23, 18225—18231.

(23) Rogowska, M.; Hansen, P. A.; Sensteby, H. H.; Dziadkowiec, J.;
Valen, H.; Nilsen, O. Molecular Layer Deposition of Photoactive
Metal-Naphthalene Hybrid Thin Films. Dalton Trans. 2021, S0,
12896—12908S.

(24) Philip, A.; Niemeld, J. P.; Tewari, G. C.; Putz, B.; Edwards, T.
E.J.; Itoh, M.; Utke, L; Karppinen, M. Flexible e-Fe,O;-Terephthalate
Thin-Film Magnets through ALD/MLD. ACS Appl. Mater. Interfaces
2020, 12, 21912—21921.

(25) Piivisaari, J.; Putkonen, M.; Niinistd, L. A Comparative Study
on Lanthanide Oxide Thin Films Grown by Atomic Layer Deposition.
Thin Solid Films 2008, 472, 275—281.

(26) Hansen, P. A,; Fjellvag, H.; Finstad, T.; Nilsen, O. Structural
and Optical Properties of Lanthanide Oxides Grown by Atomic Layer
Deposition (Ln = Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb). Dalton
Trans. 2013, 42, 10778—1078S.

(27) Zhang, Z.; Chen, Y,; Chang, H; Wang, Y,; Li, X; Zhu, X.
Aggregation-Induced White Emission of Lanthanide Metallopolymer
and Its Coating on Cellulose Nanopaper for White-Light Softening. J.
Mater. Chem. C 2020, 8, 2205—2210.

(28) Leskeld, M.; Mattinen, M.; Ritala, M. Review Article: Atomic
Layer Deposition of Optoelectronic Materials. J. Vac. Sci. Technol. B
2019, 37, 030801.

(29) Tu, D.; Zheng, W.; Liu, Y.,; Zhu, H.; Chen, X. Luminescent
Biodetection Based on Lanthanide-Doped Inorganic Nanoprobes.
Coord. Chem. Rev. 2014, 273—274, 13—29.

(30) Tao, F; Hu, C; Wang, Z; Zhu, G; Sun, Y; Shu, D.
Hydrothermal Synthesis and Luminescence Properties of YF;:Ln
(Ln=Sm, Dy, Tb and Pr) Nano-/Microcrystals. Ceram. Int. 2013, 39,
4089—4098.

(31) Hansen, P. A;; Zikmund, T.; Yu, T.; Kvalvik, J. N.; Aarholt, T.;
Prytz, @.; Meijerink, A.; Nilsen, O. Single-Step Approach to
Sensitized Luminescence through Bulk-Embedded Organics in
Crystalline Fluorides. Commun. Chem. 2020, 3, 162—210.

(32) Ghazy, A; Safdar, M.; Lastusaari, M.; Karppinen, M.
Amorphous-to-Crystalline Transition and Photoluminescence Switch-
ing in Guest-Absorbing Metal-Organic Network Thin Films. Chem.
Commun. 2020, 56, 241—244.

(33) Giedraityte, Z.; Sundberg, P.; Karppinen, M. Flexible Inorganic-
Organic Thin Film Phosphors by ALD/MLD. J. Mater. Chem. C 2018,
3, 12316—12321.

(34) Giedraityte, Z.; Johansson, L. S.; Karppinen, M. ALD/MLD
Fabrication of Luminescent Eu-Organic Hybrid Thin Films Using
Different Aromatic Carboxylic Acid Components with N and O
Donors. RSC Adv. 2016, 6, 103412—103417.

(35) Ahvenniemi, E.; Karppinen, M. In Situ Atomic/Molecular
Layer-by-Layer Deposition of Inorganic-Organic Coordination Net-
work Thin Films from Gaseous Precursors. Chem. Mater. 2016, 28,
6260—6265.

(36) Hansen, P. A.; Svendsen, J.; Nesteng, H.; Nilsen, O. Aromatic
Sensitizers in Luminescent Hybrid Films. RSC Adv. 2022, 12, 18063—
18071.

(37) Safdar, M.; Ghazy, A.; Tuomisto, M.; Lastusaari, M.;
Karppinen, M. Effect of Carbon Backbone on Luminescence
Properties of Eu-Organic Hybrid Thin Films Prepared by ALD/
MLD. J. Mater. Sci. 2021, 56, 12634—12642.

(38) Multia, J.; Khayyami, A.; Heiska, J.; Karppinen, M. Low-
Pressure Thermogravimetric Analysis for Finding Sublimation
Temperatures for Organic Precursors in Atomic/Molecular Layer
Deposition. J. Vac. Sci. Technol. A 2020, 38, 052406.

(39) Eisentraut, K. J.; Sievers, R. E. Volatile Rare Earth Chelates. J.
Am. Chem. Soc. 1965, 87, 5254—5256.

(40) Giedraityte, Z.; Tuomisto, M.; Lastusaari, M.; Karppinen, M.
Three- and Two-Photon NIR-to-Vis (Yb,Er) Upconversion from
ALD/MLD-Fabricated Molecular Hybrid Thin Films. ACS Appl.
Mater. Interfaces 2018, 10, 8845—8852.

https://doi.org/10.1021/acs.chemmater.3c00955
Chem. Mater. 2023, 35, 5988—5995


https://doi.org/10.1039/b905604c
https://doi.org/10.1039/b905604c
https://doi.org/10.1016/j.ccr.2022.214707
https://doi.org/10.1016/j.ccr.2022.214707
https://doi.org/10.1016/j.ccr.2022.214707
https://doi.org/10.1039/c3sc22126a
https://doi.org/10.1039/c3sc22126a
https://doi.org/10.1063/1.1723709
https://doi.org/10.1063/1.1723709
https://doi.org/10.1016/j.ccr.2014.10.013
https://doi.org/10.1016/j.ccr.2014.10.013
https://doi.org/10.1038/s41427-018-0012-y
https://doi.org/10.1038/s41427-018-0012-y
https://doi.org/10.1038/s41427-018-0012-y
https://doi.org/10.1246/bcsj.20140155
https://doi.org/10.1246/bcsj.20140155
https://doi.org/10.1002/adma.200400090
https://doi.org/10.1002/adma.200400090
https://doi.org/10.1021/cr010448y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr010448y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b702341c
https://doi.org/10.1039/b702341c
https://doi.org/10.1039/d0tc01216e
https://doi.org/10.1039/d0tc01216e
https://doi.org/10.2494/photopolymer.28.247
https://doi.org/10.2494/photopolymer.28.247
https://doi.org/10.2494/photopolymer.28.247
https://doi.org/10.1021/cr8003983?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr8003983?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2014.04.010
https://doi.org/10.1016/j.ccr.2014.04.010
https://doi.org/10.1021/cm051133s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm051133s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm051133s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm051133s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201500518
https://doi.org/10.1002/adfm.201500518
https://doi.org/10.1021/ar800105q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar800105q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar800105q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/admi.202200210
https://doi.org/10.1002/admi.202200210
https://doi.org/10.1021/cr900056b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.105415
https://doi.org/10.1063/1.105415
https://doi.org/10.1063/1.105415
https://doi.org/10.1039/c0dt00817f
https://doi.org/10.1039/c0dt00817f
https://doi.org/10.1039/c0dt00817f
https://doi.org/10.1002/chem.201703704
https://doi.org/10.1002/chem.201703704
https://doi.org/10.1002/chem.201703704
https://doi.org/10.1039/d1dt02201f
https://doi.org/10.1039/d1dt02201f
https://doi.org/10.1021/acsami.0c04665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c04665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tsf.2004.06.160
https://doi.org/10.1016/j.tsf.2004.06.160
https://doi.org/10.1039/c3dt51270c
https://doi.org/10.1039/c3dt51270c
https://doi.org/10.1039/c3dt51270c
https://doi.org/10.1039/c9tc05894j
https://doi.org/10.1039/c9tc05894j
https://doi.org/10.1116/1.5083692
https://doi.org/10.1116/1.5083692
https://doi.org/10.1016/j.ccr.2013.11.017
https://doi.org/10.1016/j.ccr.2013.11.017
https://doi.org/10.1016/j.ceramint.2012.10.263
https://doi.org/10.1016/j.ceramint.2012.10.263
https://doi.org/10.1038/s42004-020-00410-0
https://doi.org/10.1038/s42004-020-00410-0
https://doi.org/10.1038/s42004-020-00410-0
https://doi.org/10.1039/c9cc08904g
https://doi.org/10.1039/c9cc08904g
https://doi.org/10.1039/c5tc03201f
https://doi.org/10.1039/c5tc03201f
https://doi.org/10.1039/c6ra24175a
https://doi.org/10.1039/c6ra24175a
https://doi.org/10.1039/c6ra24175a
https://doi.org/10.1039/c6ra24175a
https://doi.org/10.1021/acs.chemmater.6b02496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b02496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b02496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d2ra03360g
https://doi.org/10.1039/d2ra03360g
https://doi.org/10.1007/s10853-021-06094-8
https://doi.org/10.1007/s10853-021-06094-8
https://doi.org/10.1007/s10853-021-06094-8
https://doi.org/10.1116/6.0000345
https://doi.org/10.1116/6.0000345
https://doi.org/10.1116/6.0000345
https://doi.org/10.1116/6.0000345
https://doi.org/10.1021/ja00950a051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b19303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b19303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c00955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(41) Giedraityte, Z.; Sainio, J.; Hagen, D.; Karppinen, M.
Luminescent Metal-Nucleobase Network Thin Films by Atomic/
Molecular Layer Deposition. J. Phys. Chem. C 2017, 121, 17538—
1754S.

(42) Momtazi, L.; Dartt, D. A.; Nilsen, O.; Eidet, J. R. Molecular
Layer Deposition Builds Biocompatible Substrates for Epithelial Cells.
J. Biomed. Mater. Res.,, Part A 2018, 106, 3090—3098.

(43) Momtazi, L; Sensteby, H. H.; Nilsen, O. Biocompatible
Organic-Inorganic Hybrid Materials Based on Nucleobases and
Titanium Developed by Molecular Layer Deposition. Beilstein J.
Nanotechnol. 2019, 10, 399—411.

(44) Rozenberg, M. Shoham, G.; Reva, I; Fausto, R. Low
Temperature Fourier Transform Infrared Spectra and Hydrogen
Bonding in Polycrystalline Uracil and Thymine. Spectrochim. Acta,
Part A 2004, 60, 2323—2336.

(45) Rozenberg, M.; Shoham, G.; Reva, L; Fausto, R. Low
Temperature FTIR Spectroscopy and Hydrogen Bonding in Cytosine
Polycrystals. Spectrochim. Acta, Part A 2004, 60, 463—470.

(46) Newman, R.; Badger, R. M. Infrared Spectra of Cyanuric Acid
and Deutero Cyanuric Acid. J. Am. Chem. Soc. 1952, 74, 3545—3548.

(47) Shavaleev, N. M.; Eliseeva, S. V.; Scopelliti, R.; Biinzli, J. C. G.
N-Aryl Chromophore Ligands for Bright Europium Luminescence.
Inorg. Chem. 2010, 49, 3927—3936.

(48) Divya, V.; Freire, R. O.; Reddy, M. L. P. Tuning of the
Excitation Wavelength from UV to Visible Region in Eu**-f-
Diketonate Complexes: Comparison of Theoretical and Experimental
Photophysical Properties. Dalton Trans. 2011, 40, 3257—3268.

(49) Wang, Y. T.; Song, C. Y,; Lii, K. H; Chang, B. C. Emission
Spectra from the *D; Excited State of the Compounds Containing
Eu®. J. Chin. Chem. Soc. 2022, 69, 34—41.

(50) Baran, A.; Mahlik, S.; Grinberg, M.; Zych, E.; Mishima, T.; Ida,
S.; Ogata, C.; Matsumoto, Y.; Baran, A,; Mahlik, S.; Grinberg, M,;
Zych, E. High Pressure and Time-Resolved Luminescence Spectra of
Ca;Y,(Si0,); Doped with Eu** and Eu*. J. Phys. Condens. Matter
2012, 25, 025603.

(51) Veldzquez, J. J.; Mosa, J.; Gorni, G.; Balda, R.; Fernindez, J.;
Pascual, L.; Durdn, A.; Castro, Y. Transparent SiO,-GdF; Sol—Gel
Nano-Glass Ceramics for Optical Applications. J. Sol-Gel Sci. Technol.
2019, 89, 322—332.

(52) Boddula, R; Tagare, J.; Singh, K; Vaidyanathan, S. White
Light-Emissive Europium Complexes and Their Versatile Applica-
tions. Mater. Chem. Front. 2021, S, 3159—3175.

5995

I Recommended by ACS

Multiband Monochromatic Upconversion Emissions of
Lanthanide Codoped Monolayer MoS, Nanosheets for
Lighting Applications

Huan Wang, Zhanggui Hu, et al.

JUNE 22,2023

ACS APPLIED NANO MATERIALS READ &'

Superenhancement Photon Upconversion Nanoparticles for
Photoactivated Nanocryometer

Qiging Li, Yulei Chang, et al.
APRIL 04, 2023

NANO LETTERS READ &'

Plasmon-Controlled Selective Emission Enhancement of Eu3+
with (Au Core)@(Y(V,P)O,:Eu) Nanostructures

Jia Zhang, Jianfang Wang, et al.
MAY 22,2023

ACS NANO READ &'

Investigating the Fundamental Material Properties That
Influence the Radioluminescence of Lanthanide-Doped
Nanoparticles

Steven L. Maurizio, John A. Capobianco, et al.
NOVEMBER 07, 2022

CHEMISTRY OF MATERIALS READ '

Get More Suggestions >

https://doi.org/10.1021/acs.chemmater.3c00955
Chem. Mater. 2023, 35, 5988—5995


https://doi.org/10.1021/acs.jpcc.7b06129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b06129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jbm.a.36499
https://doi.org/10.1002/jbm.a.36499
https://doi.org/10.3762/bjnano.10.39
https://doi.org/10.3762/bjnano.10.39
https://doi.org/10.3762/bjnano.10.39
https://doi.org/10.1016/j.saa.2003.12.006
https://doi.org/10.1016/j.saa.2003.12.006
https://doi.org/10.1016/j.saa.2003.12.006
https://doi.org/10.1016/S1386-1425(03)00251-8
https://doi.org/10.1016/S1386-1425(03)00251-8
https://doi.org/10.1016/S1386-1425(03)00251-8
https://doi.org/10.1021/ja01134a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01134a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic100129r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C0DT01652G
https://doi.org/10.1039/C0DT01652G
https://doi.org/10.1039/C0DT01652G
https://doi.org/10.1039/C0DT01652G
https://doi.org/10.1002/JCCS.202100262
https://doi.org/10.1002/JCCS.202100262
https://doi.org/10.1002/JCCS.202100262
https://doi.org/10.1088/0953-8984/25/2/025603
https://doi.org/10.1088/0953-8984/25/2/025603
https://doi.org/10.1007/s10971-018-4693-z
https://doi.org/10.1007/s10971-018-4693-z
https://doi.org/10.1039/d1qm00083g
https://doi.org/10.1039/d1qm00083g
https://doi.org/10.1039/d1qm00083g
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c00955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsanm.3c01644?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00495?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00495?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00495?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00495?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00495?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00495?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00495?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00495?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00495?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00495?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00495?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00495?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00495?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.nanolett.3c00495?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acsnano.3c01462?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c02830?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1693158276&referrer_DOI=10.1021%2Facs.chemmater.3c00955
https://preferences.acs.org/ai_alert?follow=1

