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Ultrastrong Electron-Phonon Coupling in Uranium-Organic
Frameworks Leading to Inverse Luminescence Temperature

Dependence
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Frank Kirschhofer, Raphael Greifenstein, Engelbert Redel, Thomas Heine, and Christof Woll*

Abstract: Electron-phonon interactions, crucial in con-
densed matter, are rarely seen in Metal-Organic Frame-
works (MOFs). Detecting these interactions typically
involves analyzing luminescence in lanthanide- or acti-
nide-based compounds. Prior studies on Ln- and Ac-
based MOFs at high temperatures revealed additional
peaks, but these were too faint for thorough analysis. In
our research, we fabricated a high-quality, crystalline
uranium-based MOF (KIT-U-1) thin film using a layer-
by-layer method. Under UV light, this film showed two
distinct “hot bands,” indicating a strong electron-phonon
interaction. At 77 K, these bands were absent, but at
300K, a new emission band appeared with half the
intensity of the main luminescence. Surprisingly, a
second hot band emerged above 320 K, deviating from
previous findings in rare-earth compounds. We con-
ducted a detailed ab-initio analysis employing time-
dependent density functional theory to understand this
unusual behaviour and to identify the lattice vibration
responsible for the strong electron-phonon coupling.
The KIT-U-1 film’s hot-band emission was then utilized
to create a highly sensitive, single-compound optical
thermometer. This underscores the potential of high-
quality MOF thin films in exploiting the unique
luminescence of lanthanides and actinides for advanced

applications.
J

Introduction

As interest in the optoelectronic applications of metal-
organic frameworks (MOFs) surges, understanding the
fundamental properties of these often optically highly active
crystalline materials becomes increasingly crucial.l'l While
extensive research has been conducted on their optical
absorption,” luminescence,” exciton transport,'”) and non-
linear properties,” the study of electron-phonon coupling
has remained relatively limited. Investigations into non-
radiative decay and emission line broadening have been
thorough; however, distinctly separated features like hot
bands have rarely been discussed in case of MOFs. These
hot bands manifest when radiative light emission is directly
coupled with the relaxation of lattice vibrations. Although
hot bands have been observed in MOFs, their low intensity
in previous research has hindered an accurate identification
of the underlying energetics and mechanisms.® This lack of
understanding consequently limits the broader application
of MOFs in optoelectronics. Notably, MOFs are much softer
than conventional solids used in optoelectronics, like GaAs
and perovskites, thus substantially decreasing their phonon
energies.” Therefore, electron-phonon interactions in
MOFs are expected to differ significantly from those in
traditional inorganic solids and obtaining further informa-
tion on this topic is urgently needed.

In this paper, we offer an in-depth luminescence analysis
of uranium-based organic frameworks. Actinides are partic-
ularly well-suited for such research due to their complex
electronic excitations.® Unlike the 4f states of lanthanides,
the 5f states of actinides are less shielded, making them ideal
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candidates for studying the electron-phonon coupling be-
tween f-f transitions and vibrations of the metal-organic
framework.”) Although some indirect evidence of this
coupling has been found in amorphous materials,"” crystal-
line substances offer a more precise platform for spectro-
scopic research by minimizing inhomogeneous broadening.

Herein, we introduce a novel surface-mounted uranyl-
based MOF thin film, [UO,(BTC)-(HN(C,Hs),)], (KIT-U-
1), prepared by liquid-phase epitaxy (LPE) in a layer-by-
layer (LbL) fashion. The LbL approach allowed for oriented
growth tuning the thickness by adjusting the number of
deposition cycles. The uranyl units in this MOF structure
show a highly symmetric coordination to carboxylate groups,
a situation favorable for strong electron-phonon coupling.
Indeed, an extremely strong “hot band” emission was
observed at higher temperatures, with an intensity of about
50 % of the direct luminescence bands. At low temperatures
(77K), this feature disappeared. Meanwhile, the other
emission observed in the luminescence spectra exhibited the
normal, opposite behavior: their intensity decreased with
temperature. Furthermore, unexpectedly a second “hot-
band” emission was observed upon heating to 320K. In a
final step, we demonstrated that the KIT-U-1 thin film can
be used as a single-metal ratiometric luminescent thermom-
eter with stable-wavelength, narrow emission bands. In
conventional approaches, trivalent lanthanide-doped materi-
als containing at least two different metals are used for the
fabrication of ratiometric luminescent thermometers. How-
ever, unwanted energy transfer between different lanthanide
ions can lead to significant discrepancies in the thermal
behaviors of different production runs.!"

The single-metal KIT-U-1 thin film presented here
allows to overcome the inherent limitations of conventional
bimetallic lanthanide materials, which have hindered their
academic-to-industrial application. The intense “hot-band”
emission phenomenon reported here for the KIT-U-1 thin
films allowed to determine temperatures directly without
the necessity for device-dependent calibration procedures.
The KIT-U-1 thin film can achieve ratiometric thermal
luminescence through the utilization of its unique physical
emission properties, without the need for additional metal
ions.

Results and Discussion

The KIT-U-1 thin films were prepared by liquid-phase
epitaxy in an LbL fashion, as shown in Figure 1a.'”) In brief,
a substrate with the functionalized surface was alternately
immersed into the ethanolic solution of UO,-
(CH,COO0),-2H,0. and 1,3,5-Benzenetricarboxylic acid
(BTC) using the LbL technique. A small amount of triethyl-
amine (1.4x10*mol per liter) was added as a growth
modulator. The deposition was carried out at a slightly
elevated temperatures (50°C) and normal atmospheric
pressure. Continuous and homogeneous uranyl-MOF thin
films, [UO,(BTC)- (HN(C,Hs),)],, were fabricated on func-
tionalized substrates with a thickness determined by the
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Figure 1. (a) Scheme of layer-by-layer assemble of KIT-U-1 thin film; (b)
Out-of-plane, in-plane and simulated XRD patterns of the KIT-U-1 thin
film; (c) Emission spectra of KIT-U-1 thin film at 77 K (blue), 297 K
(green), and 360 K (red).

number of LbL cycles. Attempts to grow without growth
modulator were not successful.

The in-plane and out-of-plane XRD-data (Figure 1b)
show the presence of a well-ordered, highly oriented MOF
thin film. Comparison to previously reported U-based
MOFs revealed that this structure has not been reported
before.[*" Therefore, the structure of the KIT-U-1 was
determined through a combination of experimental structure
characterizations and density functional theory (DFT)
calculations. In the proposed structure, negatively charged
uranyl carboxylates, [UO,(RCOO);]™ units, are intercon-
nected with six oxygen atoms of BTC linkers in the
equatorial plane, thus forming a two-dimensional (2D)
hexagonal layer."¥ The 2D layers are stacked in an ABAB
stacking sequence along the [001] crystallographic direction.
Protonated triethylamine ([H-TEA]") molecules are em-
bedded into the pores of the hexagonal layer as positively
charged guest molecules. Topologically, the uranyl units and
the BTC ligands can be considered as 3-connected nodes,
and the structure can be simplified as hexagonal planar net
of hbc topology, as shown in Figure S2."

The orientated nature of the KIT-U-1 thin film was
evident from in-plane and out-of-plane X-ray diffraction
(XRD) (Figure 1). A sharp peak from the (002) plane, which
is oriented parallel to the surface, is clearly seen in the out-
of-plane XRD pattern. Meanwhile, the in-plane XRD data
revealed the diffraction peaks of (210), (211), (330), (420),
and (450) planes. In-plane and out-of-plane X-ray diffrac-
tion demonstrated the oriented growth of the KIT-U-1 thin
film in the LbL assembly. The 2D hexagonal layers were
deposited parallel to the functionalized surface of the
substrate. Since the number of diffraction peaks obtained in
the out-of-plane and in-plane geometries was fairly small,
the 2D KIT-U-1 thin films were also deposited on carboxyl-
functionalized magnetic particles using a previously reported
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LbL strategy.['! For the particles, standard powder diffracto-
grams could be recorded, which provided a substantially
larger number of diffraction peaks than just the thin film in-
plane and out-of-plane data. As shown in Figure S3, the
XRD pattern of KIT-U-1 on magnetic particles is in
excellent agreement with the simulated pattern, affirming
the high accuracy of the resulting structure. The good
stability of KIT-U-1 thin film was further demonstrated by
temperature-dependent XRD, as illustrated in Figure S4.
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Figure 2. (a) SEM image of KIT-U-1 from a top view (top) and cross
section (bottom); (b) AFM image of KIT-U-1; (c) UV-visible trans-
mittance spectra of KIT-U-1 thin film in visible light range, inset:
photographs of KIT-U-1 under sunlight (left) and 285 nm ultraviolet
light (right); (d) Ultra performance liquid chromatography spectra from
(top) KIT-U-1 and (bottom) 500 ng/ml standard solution of [H-TEA]"
detected at m/z= +102.12 by LC-ESI-MS.

(a8)[ — KIT-U-1 Thin Film (b)[— KIT-U-1 Thin Film

o v(C-C) 8 Q 7y

1 Fo i @ — (@]
> 5 aromatic ring e 3) = C,? =
£ i z &
g i chain vibrations| 8 \'_(_',’ o g
] 5] = 3 Tl =
f -4 w
= 2 i

<
800 900 1000 1800 1600 1400 1200 1000 800
Wavenumber (cm™') Wavenumber (cm‘1)
(o) (d) CO probe on KIT-U-1
100K, 2140
8 80 K —
. £ 75K : = xl
= gl ok A
g 2 2179 |1 o3
c < UN-CO/' \ 11)(10
500LCO67TK/ N |
clean

375 2240 2200 2160 2120 2080
Wavelength (cm'1)

400 395 390 385 38
Binding Energy (eV)

Figure 3. (a) Raman spectrum of KIT-U-1 thin film; (b) IRRAS spectrum
of KIT-U-1 thin film; (c) XPS analysis of U 4f peaks in KIT-U-1 thin film;
(d) Temperature-dependent UHV-FTIR spectra of CO desorption from
KIT-U-1 thin film after preheating at 370 K for 20 min.
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By utilizing the LbL growth method, continuous KIT-U-
1 thin films can be produced on the surface with precise
control over their thickness and roughness. The uniform
surface coverage of KIT-U-1 thin film was demonstrated by
scanning electron microscope (SEM) and atomic force
microscope (AFM) images, see Figure 2. Undesired light
scattering effects in the KIT-U-1 thin films were drastically
reduced, thereby enabling the attainment of over 90 %
transmittances in the visible light range.

The Raman and infrared reflection absorption spectra
(IRRAS) are fully consistent with the proposed structure for
the KIT-U-1. As shown in Figure 3, the symmetric stretch of
v(O-U-0),,,, is represented in the Raman spectrum as a
strong peak at 863 cm™, indicating that uranyl ions are
separated by organic linkers, without direct cation-cation
interactions between uranyl units.'”! The corresponding
asymmetric stretch of v(O-U-O),y,, is observed in the
IRRAS data at 947 cm . Meanwhile, the frequencies of
the asymmetric and symmetric stretch of the COO-groups
between 1383-1618 cm™' confirmed the complete coordina-
tion of carboxylates from the organic linker to the uranium
atoms.!"¥

In order to fully determine the structure of this
previously unknown MOF type the possibility of the
presence of guest molecules inside the MOF pores was
investigated. Indeed, the presence of [H-TEA]", which was
added as a growth modulator, was demonstrated in the KIT-
U-1 thin film by Liquid Chromatography-Electrospray
Tonization-Mass Spectrometry (LC-ESI-MS). A positively
charged compound was detected at m/z= +102.12, which
was consistent with the characteristics of [H-TEA]*. The
compound was demonstrated as [H-TEA]* by comparing it
with a 500 ng/ml standard solution of [H-TEA]" using
hyphenated high-performance liquid chromatography, as
shown in Figure 2d (top). Meanwhile, the similar intensities
of the dissolved solution and the standard solution in
Figure 2d (bottom) indicated a high degree of consistency
between the results of LC-ESI-MS and the 2D hexagonal
layer structure of KIT-U-1 Emission spectra of KIT-U-1
thin film in 77 K (blue) and 297 K (red).

To gain further information on the possibility of free
coordination sites at the uranyl units in the KIT-U-1 thin
film, CO molecules were used as probe molecules. To this
end, samples were introduced into an ultra-high-vacuum
Fourier-transform infrared spectroscopy (UHV-FTIR) sys-
tem with a base pressure of 1x107"" mbar."! After a slight
annealing at 370 K for 20 min the sample was cooled to 67 K
using liquid Helium and then exposed to CO. UHV-FTIR
spectra recorded after CO adsorption did not show any CO
vibrational bands indicative of CO-U°" species, see Fig-
ure 3d. If the U®"-species would be coordinatively unsatu-
rated (like the Cu™* species in HKUST-1)," we would
expect a U°"-CO vibrational band in the higher wave-
number region with a blue-shift compared to the CO gas
phase value.” After prolonged exposure, only a CO vibra-
tional band at 2140 cm™' was observed, which is character-
istic for CO ice.’ When the KIT-U-1 was activated by pre
heating to 450 K for 20 min in the UHV system, as shown in
Figure S7, a weak signal at 2179 cm™ was observed. We
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assign this peak to a U°"-CO species and explain this
observation by temperature-induced formation of defects
inside the KIT-U-1.1"**'??1 The absence of adsorption sites
for CO on the U-ions is fully consistent with the structural
model shown in Figure S6. The MOF thin films were also
investigated by X-ray photoelectron spectroscopy (XPS).
The U 4f doublet appeared at 381.9 (U 4f,,) and 392.7 eV
(U 4f55,), which are assigned to U®* species. The character-
istic satellites of U 4f,, and U 4f;, were observed as well.
Thus, the uranium atom in the KIT-U-1 thin film was
demonstrated as a hexavalent state. A substantial amount of
reduction during the LbL assembly can thus be ruled out.
The experimental characterization of the crystal struc-
ture of KIT-U-1 was complemented by DFT calculations,
which provided a detailed understanding of the local
coordination environment of the uranyl units and revealed
their arrangement into 2D layers, and the preferred stacking
order of the layers. Figure4a and 4b show the DFT-
optimized structure whose simulated PXRD exhibits the
best agreement with the experimental in-plane and out-of-
plane patterns (Figure 1b). As one can see, KIT-U-1 has a
well-defined layered structure, and in each layer the UO,**
units are bridged via fully deprotonated BTC®™ linkers. Each
UO,*" unit is coordinated via three carboxylate moieties to
three different BTC’" ligands and each BTC®" ligand
chelates three UO,*" units. Thus, a 2D graphene-like net is
formed, in which alternating UO,?* and BTC*~ ions make
up the hexagons, and each of the so-formed hexagonal pores
accommodates one [H-TEA]* cation that keeps the charge
neutrality of the layer (Figure 4c). Note that in the unit cell
representing the crystal structure, there is a 1:1:1 ratio
between UO,*", BTC*", and [H-TEA]". Combined with the
LC-ESI-MS characterization of the dissolved thin film (Fig-
ure 2d), this indicates that the [H-TEA]* cations are an
important component in the structure of KIT-U-1. The
charged [H-TEA]" cations are essential for charge balancing

(a) ABAB stacked
KIT-U-1

I

View along [0

01]
Figure 4. Atomistic representation of KIT-U-1 in ABAB stacking along
(a) [001] and (b) [100] direction. The DFT-optimized lattice vectors of
the hexagonal unit cell, indicated by the quadrilaterals, are
a=b=17.155A, c=11.661 A ; (c) Top view of a KIT-U-T monolayer.
Color code: U green, O red, N blue, C grey, H white.
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of the uranyl-based structure during the LbL assembly
process. In the following we describe DFT calculations of
the KIT-U-1 to confirm these experimental results.

Within each [UO,(BTC);]™ secondary building unit, the
DFT calculated bond lengths between the uranium ion and
the six equatorial carboxylic oxygen atoms, U-O,,, vary in
the range from 2.46 to 2.58 A, and those between uranium
and the axial uranyl oxygens, U-O,,, are in the range from
1.796 to 1.807 A. This clearly shows the sixfold and rather
symmetric coordination environment of the uranyl ions.
These observations are fully consistent with the experimen-
tal Raman and IRRAS characterization. As shown in
Figure 4b and 4c, the graphene-like layers are stacked in
ABAB sequence, such that the benzene rings from the
second layer are located on top of the hexagonal pores of
the first layer. In the so-formed staggered structure, the
UO,?", BTC* and [H-TEA]' components of the middle
layer are overlaid by the [H-TEA]", UO,*", and BTC*~
components of the top and bottom layers respectively
(Figure 4a). The calculated U-~U next-neighbor distances
are of the order of 9.9440.05 A within each layer and vary
from 7.43 A to 8.54 A between adjacent layers. These values
are much larger than the U--U distances typical for
crystalline U(VI) materials with cation-cation interactions
(CCIs)™! hence, we can exclude the existence of CCIs
between the UO,?" ions in KIT-U-1. This was confirmed by
the experimental Raman spectrum of the KIT-U-1 thin film
(see Figure 3a and related discussion). Finally, our calcula-
tions indicate that the guest cations in the KIT-U-1 structure
are important for compensating the charge of the [UO,-
(BTC);]7] anionic SBUs, and they control the distance
between the adjacent 2D layers. If we replace the [H-TEA]*
cations with some less bulky cations, such as NH'' in
Figure S5, the size of the optimized unit cell in the direction
between the layers decreases from 11.66 A to 8.93 A. (see
Supporting Information for details). However, [UO,
(BTC),] ] with the [H-TEA]" cations as guest cations is the
only stable structure formed during LbL synthesis.

The photoluminescent nature of the KIT-U-1 thin film
was first investigated at 297 K and 77 K. Under excitation
with 315 nm light, the KIT-U-1 thin film on quartz glass
exhibited characteristic emission peaks in the visible light
range, as shown in Figure 5a. At 77 K, the emission peaks
were located at 482, 503, 524, 549, and 575 nm, which are
related to Sy, to Sy, (v=0-4).1"* The transition from S, to
Sy at 503 nm exhibited the highest intensity. The energy
difference between the bands of S;-to-Sy, and S;,-to-Sy;
transitions was recorded as 869 cm™', which corresponds
well with the band observed in the Raman spectra, as
depicted in Figure 3a. When the KIT-U-1 thin film was
heated to 297 K, a different emission spectrum was observed
with six emission peaks located at 464, 482, 503, 525, 549,
and 576 nm.

At 297 K the emission spectrum exhibits an additional
peak at 464 nm compared to that recorded at 77 K and the
peak at 483 nm exhibits the highest intensity, in contrast to
low temperatures, where the emission at 503 nm is the
strongest. Although the emission at 464 nm has been
observed before in a few uranium-based MOFs, in the
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Figure 5. (a) Emission spectra of KIT-U-1 thin film at 77 K (blue) and
297 K (red); (b) schematic illustration of the emission process in KIT-
U-1 thin film at 77 K and 297 K; (c) Two-dimensional map of the
temperature-dependent photoluminescent spectra of KIT-U-1 thin film;
(d) Plotting of the natural logarithm of photoluminescent intensity
ratio between the normal excited state and the first hot excited state
against reciprocal temperature for KIT-U-1, R?=0.998.

previous work this feature has not been analyzed in more
detail, presumably due to the weakness of the peak for the
previously synthesized U-MOFs. [

The occurrence of such a “hot band”!'™*! can be
explained by the Jablonski diagram shown in Figure 5b. At
low temperatures (77 K), the excited state S;, (20746 cm™")
is the only state which is populated upon irradiation with
UV light. From there, electronic transitions into the Sy, (v=
0—4) levels take place, leading to five emission lines.!'***) We
explain the additional emission peak at 464 nm occurring at
higher temperatures by electronic transitions with the S;;
state (21551 cm™") as the initial state and the Sy, state as the
final state.'"?! Again, S,, (v=0-4) are the final states. Since
the S,; state cannot be populated directly by the incident
UV-light (as evident from the data recorded at 77 K) we
conclude that it is populated by excitation of electrons in the
S,y state via absorption of phonon from the MOF lattice. In
fact, the O—U—O symmetric vibration (Vs) at 820 cm™" (see
the Raman data in Figure 3a) has the right energy for such a
transition. The KIT-U-1 thin films with various thickness
exhibited similar temperature-dependent photoluminescent
properties, as shown in Figure S9, which indicated the
electron-phonon coupling is intrinsic to the crystalline
structure. Meanwhile, the overlap of emissions from S,;-to-
Spn and S;(-to-Sy,,.) (n=1-4) induced the unusual intensity
change in the peaks at 483, 503, 525, 549, and 576 nm.

This apparent importance of electron-phonon coupling
has not yet been observed for MOFs and other framework
materials and suggests that further research is needed for
conductive MOFs and their optoelectronic and electronic
properties.

In KIT-U-1, the uranyl units are highly symmetric
coordinated by the six oxygen atoms from the BTC linker in
the equatorial plane.”?! To our knowledge, the KIT-U-1
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thin film presented here exhibited the largest ratio (>40 %)
of the hot band to the main emission band at 503 nm (S,
So1) among all uranyl-based MOFs.**]

To further investigate the temperature-dependent “hot-
band” emission, the photoluminescent properties of KIT-U-
1 were also measured beyond room temperature, as shown
in Figure 6. Surprisingly, in addition to the first “hot-band”
emission at 464 nm (HB1), a second “hot-band” emission
was observed at 448 nm (HB2), which is related to S;,-to-Sy,
transition. The S, state (22321 cm™') is populated by
excitation of electrons in the S,; state via the electron-
phonon coupling. As far as we know, this is the first
observation of a second hot band among all uranium-based
materials and rare-earth MOFs.

The coupling strength of the “Hot-band” emission at
464 nm in KIT-U-1 was determined from the experimental
data by calculating the “Huang-Rhys” factor (S) by
measuring the full-width at half-maximum (FWHM) of the
emission at 464 nm in KIT-U-1 thin film from 100 to 400 K
and fitting the data with the following equation:"*’!

FWHM = \EImhon | Scoth ..
2, T

Here hw denotes the phonon energy and kg is the
Boltzmann constant. The obtained S is 3.16, which reveals
that this soft MOF thin film has a quite strong coupling
strength.”

A two-dimensional map of the temperature-dependent
photoluminescent spectra of KIT-U-1 thin film was recorded
from 77 K to room temperature for visualizing the temper-
ature-dependent emission, as shown in Figure 5Sc.

The overlap of the emissions from the “hot” state S,
and the normal excited state S;, can be separated using a

b C
(b) 22 - L .
= Vst Sn fvs _ Linear Fit 5
520 10 2.4 L
e =
3 %2.0 o
g # S04 - = T
G w03 == £ i
w -
2 —So2 - 18 .~ AE = 104.9 meV
gm
0 207 K L 360 K 0.0025 0.0028 0.0031 0.0034
T (K

Figure 6. (a) Emission spectra of KIT-U-1 thin film from 300 K to 400 K;
(b) schematic illustration of the emission process in KIT-U-1 thin film
at 297 K and 360 K; (c) Plotting of the natural logarithm of photo-
luminescent intensity ratio between the first hot excited state (HB1)
and the second hot excited state (HB2) against reciprocal temperature
for KIT-U-1, R*=0.950.
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fitting procedure as shown in Figure S10. The intensities of
the different transitions from the hot S,; state and the S,
state can be given as follows:”!

Inegs — Nygs — plenss—enes)/KT _ LAE/KT

]IIES NIIES

where Iygs and Nygs are the intensity and the population of
the normal excited S, state; Iygs and Nygg are the intensity
and the population of the hot excited S;; state; AE is the
energy gap between hot excited S,; state and normal excited
S, state.

As shown in Figure 5d, a Boltzmann-type analysis of this
feature reveals an effective activation energy of 100.2 meV,
closely approximating the energy gap between the S;;, and
the S;; states. The same Boltzmann-type analysis was also
applied to the HB2 peak at 448 nm. The obtained effective
activation energy of HB2 is 104.9 meV, which is also close to
the observed energy gap between the S;; and the S, states.
This analysis of the temperature dependence thus confirms
the assignment of the hot band to luminescence from two
phonon-associated excited states.*? To our knowledge, this
marks the first time that the temperature-dependent behav-
ior of a distinct hot band in Iuminescence has been
comprehensively analyzed, enabling a clear identification of
the associated phonon.

Theoretical justification for the assignment of the hot
bands seen in our experiments was provided by performing
ab-initio electronic structure calculations where the coupling
of excited states to lattice phonons is considered in the
framework of time-dependent DFT (TDDFT) calculations.
A simplified model sufficient to reproduce the experimental
findings was constructed by choosing a highly symmetric
[UO,~(BC);]™" cluster, where BC denotes a benzene carbox-
ylic acid (Figure S13). Vibronic structure tracking analysis
for the excited state was conducted on the optimized
structure at DFT theory level. The dominant vibrational
mode for the coupling to the excited state is the symmetric
stretching of UO,*" with a frequency of 848 cm™' in the ideal
[UO,~(BC);]™" model. According to the calculations, this
coupling yields hot bands at 446 and 464 nm. These
predicted values agree well with experimental ones, 448 nm
and 464 nm (Figure S14). For more details on these calcu-
lations see the Supporting Information.

The implications of these findings extend beyond gaining
fundamental insight and allow for a direct application. As
shown in Figure 7, the U-based MOFs provide a platform
for fabricating single-compound optical thermometers for a
wide temperature range (from 77 K to 400 K). The key
performance indicator of such a device is the thermometric
parameter A. The thermal sensitivity S, was calculated from
the thermometric parameter A and the sensitivity S,
indicated the relative change of the thermometric parameter
A in per degree of temperature change. The thermometric

parameter A and the thermal sensitivity S, are defined
by.[ua,33]
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where I5; and I, are the intensities of the emission at
503 nm and 464 nm.

The KIT-U-1 thin film exhibited a sensitivity exceeding
1 %/K over the temperature range of 90 K to 260 K, as well
as a sensitivity surpassing 0.5 %/K from 77 K to 360 K. As
shown in Figure S12, the thermometric parameters showed
no substantial variation during subsequent heating/cooling
cycles. This single-metal ratiometric thermometer, simple to
produce, showed significant sensitivity over a wide sensing
range. This is in contrast to normal lanthanides-doped
optical thermometers, which require at least two distinct
metal ions,*! making the new KIT-U-1 thermometer more
efficient.

Conclusion

In summary, we have successfully fabricated continuous,
crystalline, and oriented KIT-U-1 MOF thin films showing a
pair of hot bands in photoluminescence. The 2D structure of
KIT-U-1 was determined using a combination of DFT
simulations and experimental results. The uranyl units in
this KIT-U-1 structure exhibit a highly symmetrical coordi-
nation, yielding two unusual thermal-activated emission
bands (“hot-bands”). These luminescence features are a
direct result of strong electron-phonon coupling, as con-
firmed by ab-initio electronic structure calculations explicitly
treating the coupling of the electronic excited states to
lattice phonons. The strong and characteristic “hot-band”
emission phenomenon in the KIT-U-1 thin films allowed to
fabricate, in a straightforward fashion, a sensitive, single-
component thermometer with optical readout of exceptional
thermal sensitivity. In the future, KIT-U-1 and related
actinide-based MOF thin films are expected to find more
applications in numerous other fields, including biomedical
imaging, nuclear science, or protective coatings.
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unusual thermal-activated emission
bands (“hot-band”). A single-metal ra-
tiometric optical thermometer was de-
signed relying on this uranium-based
MOF thin films and it exhibited excep-
tional thermal sensitivity.
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