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We here report on photoactive organic—inorganic hybrid thin films prepared by the molecular layer depo-
sition (MLD) method. The new series of hybrid films deposited using 2,6-naphthalenedicarboxylic acid
(2,6-NDC) and either hafnium chloride (HfCly), yttrium tetramethylheptanedionate (Y(thd)s) or titanium
chloride (TiCl;) were compared with the known zirconium chloride (ZrCly) based system. All metal-
naphthalene films are amorphous as-deposited and show self-saturating growth as expected for an ideal
MLD process with varied growth rates depending on the choice of metal precursor. The growth was
studied in situ using quartz crystal microbalance (QCM) and the films were further characterised using
spectroscopic ellipsometry (SE), Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), and UV-Vis and photoluminescence (PL) spectroscopy to obtain information on their
physicochemical properties. The hybrid thin films display intense blue photoluminescence, except for the
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Ti-organic complex in which titanium clusters were found to be an effective PL quencher for the organic
linker. We demonstrate how the optical properties of the films depend on the choice of metal component
to make a foundation for further studies on these types of organic—inorganic hybrid materials for appli-
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Introduction

Organic-inorganic hybrids emerge as a creative alternative for
designing functional materials with unique features.
Combinations of the physical and chemical properties (e.g.,
flexibility, electrical conductivity and -catalytic activity) of
organic and inorganic components offer the opportunity to
build materials with new or improved properties." These func-
tional hybrids can be used in a wide range of fields like optics
and photoluminescence,”? electronics,”” biology,*” protective
coatings,® and sensors.”'® However, most existing micro- and
nanotechnologies require ultrathin film materials with
uniform and conformal coverage, preferably at the atomic/
molecular level. Design of such hybrid thin film materials can
be achieved through gas-phase deposition techniques like
atomic/molecular layer deposition (ALD/MLD).

ALD has become an essential tool for deposition of thin
films of inorganic materials with precise thickness control.'*
The MLD approach extends on the ALD technique by using
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larger building blocks as precursors, and can be used to grow
both hybrid organic-inorganic and entirely organic films."*°
Many of the existing MLD processes are based on aromatic car-
boxylic acids as organic building blocks since they often
provide uniform films that are stable in air. In addition, the
rigid structure of the aromatic ring reduces the possibility of
dual reactions with the substrate, and the high reactivity of car-
boxylic acids allows for a wide range of metal precursors to be
used. Furthermore, the conjugated structure enables absorp-
tion bands in the UV and visible light region, which makes
them attractive as photoactive agents. A high diversity of aro-
matic dicarboxylic acids have been extensively applied as
organic building blocks in designing materials by MLD.""°
The attractive optical properties of such hybrid thin films
have recently drawn significant attention. Khayyami et al.>"*?
reported reversibly photoresponsive Zn-, and Fe-azobenzene
(4,4-azobenzenedicarboxylic acid) structures. Giedraityte
et al.>*?* describe a series of Eu-based hybrid materials with
different aromatic dicarboxylic acids that show intense red
photoluminescence involving the energy transfer between the
organic component and Eu®" cations. In a related work, they
demonstrate blue and green photoluminescence by combining
nucleobase like uracil and adenine with Na, Ba and La
metals.”® Furthermore, photoactive organic molecules can be
combined with biocompatible metals like Zr or Ti to create
antimicrobial coatings. These photoactive components can

This journal is © The Royal Society of Chemistry 2021
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utilize light energy to form reactive oxygen species and induce
a phototoxic effect upon living microorganisms. Lausund
et al.*® successfully deposited photoactive hybrid materials
based on Zr-clusters and bi-aromatic linkers with promising
luminescent and antimicrobial properties.

The physicochemical properties, including optical pro-
perties of the organic-inorganic hybrids are determined by the
interaction between the organic ligand and the metal ion.
Hybrids containing transition metal ions, exhibit photo-
absorption and emission that is typically centered on the
organic ligand rather than on the metal, but can also involve
charge and energy transfer between these components.””
Importantly, the electronic configuration of the transition
metal, but also the orientation of the organic ligand and the
bonding geometry has a significant effect on the optical pro-
perties. Nasalevich et al.>® reported that variations on the d°-
metal component in crystalline metal-organic frameworks
(MOFs) change the electronic properties of these materials.
They demonstrated that Ti-based MOF promotes a ligand-to-
metal charge transfer (LMCT) upon photoexcitation due to the
formation of Ti*', whereas the d-orbitals of Zr*" and Hf*'
cannot overlap with the n* orbital of the ligand and thus these
MOFs show nearly identical performance with linker-based
activity.

Until now most systematic studies on MLD hybrid coatings
(also with MOF-like structures) have focused on variations on
the organic linkers.'®>**° Our approach has been to investi-
gate the impact of various isoelectronic metals on the photo-
physical properties of the hybrid organic-inorganic thin
films. We foresee that this type of new hybrid materials could
be exciting in applications as photoactive coatings on flexible
and/or rigid nanostructured surfaces. In this work, we use
2,6-naphthalenedicarboxylic acid (abbreviated here as 2,6-
NDC) as the organic building block and d° transition metals
of different valences such as Ti, Zr, Hf or Y as the connector.
Tetravalent Ti, Zr and Hf were selected because of their com-
paratively similar electronic and optical properties. It has
been assumed that these metals can form M** species with
charge transfer to oxygen to affect their optical properties.
Whereas trivalent Y cannot participate in a similar charge
transfer state, and thus it does not show any photochemical
activity. Furthermore, the corresponding element oxides like
Zr0,, HfO, and Y,0; exhibit relatively large optical bandgap
in the range of 5.8-6.0 eV and rather negligible absorption
from near-UV to visible light, while TiO, with E, = ~3.3 eV
shows strong UV and some visible-light photocatalytic
activity.*®

The model n-conjugated organic linker used in this work
has a delocalized aromatic structure that controls its chemical
and physical properties, like near-UV  absorbance.
Furthermore, this bulky ligand with high structural rigidity
offers many advantages in the construction of metal-organic
frameworks. We recently demonstrated that 2,6-NDC precursor
readily form hybrid with Zr,>*® however, to the best of our
knowledge no attempts have been reported so far with other
transition metals such as Ti, Hf and Y.

This journal is © The Royal Society of Chemistry 2021
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Experimental methods

The hybrid Ti-, Zr-, Hf-, and Y-naphthalene thin films were de-
posited with an F-120 Sat ALD reactor (ASM Microchemistry
Ltd) at a reactor pressure of 6.6 mbar. Nitrogen (99.999%,
Schmidlin Sirocco 5 V1 N, generator) was used as a carrier and
purging gas with a total flow of ca. 400 sccm (cm® min™)
throughout the experiments (inner chamber flow 300 sccm
and outer chamber flow 100 sccm). The precursors used in
this study were ZrCl, (Strem Chemicals, >99.9%), HfCl, (Strem
Chemicals, >99.9%), Y(thd); (thd: 2,2,6,6-tetramethyl-3,5-hep-
tanedionate) (Strem Chemicals, >98%), TiCl, (Fluka, >99%)
and 2,6-naphthalenedicarboxylic acid (Sigma-Aldrich, 99%).
The sublimation temperatures for powder precursors were
165 °C for ZrCl, and HfCly, 135 °C for Y(thd); and 225 °C for
2,6-NDC. The liquid TiCl, precursor was kept in an external
bubbler at room temperature. The films were deposited on Si
(100) substrates precleaned with ethanol (99.96%, VWR). The
growth rate of the films was measured as a function of depo-
sition temperature and number of cycles.

The thickness and the refractive index of the films were
determined with an alpha-SE spectroscopic ellipsometer
(J. A. Woollam) in the wavelength range of 390-900 nm at an
incident angle of 70°. The data were fitted to a Cauchy model
using the CompleteEASE software. The thickness of the native
oxide layer was determined before the deposition process and
added as an individual layer in the interpretation of film
thickness.

The growth dynamics of the films were monitored by an
in situ quartz crystal microbalance (QCM) using two 6 MHz
gold coated quartz crystals (Inficon) placed ~5 cm apart in a
home-made holder. The resonance frequency of the crystals
during the deposition is proportional to the total oscillating
mass of the sensor. The QCM data were processed by averaging
16 consecutive cycles. The changes in resonance frequency
were converted to mass per area (ng cm~?) by using the thick-
ness and density of the film measured by XRR on films de-
posited separately from QCM.

Information on the structural parameters of the thin films
such as thickness, density and surface roughness was obtained
from X-ray reflectivity (XRR) measurements. XRR analysis was
performed using an Empyrean diffractometer (Panalytical)
equipped with a Cu K, (4 = 1.5406 A) source powered at 45 kv
and 40 mA, and a parallel beam mirror. The XRR results were
analysed using the X'Pert Reflectivity software provided by
Panalytical.

Fourier transform infrared spectroscopy (FTIR) measure-
ments of the films were performed using Bruker Vertex 70
spectrometer equipped with Pike VeeMAX III specular reflec-
tion accessory with an angle of incidence at 75°. All data were
acquired in the reflection mode using 64 scans in the wave-
number range of 4000-370 cm ™' and 2 em ™" resolution. Films
for FTIR measurements were deposited on electropolished
steel substrates. A spectrum obtained from the uncoated elec-
tropolished steel substrate was used as the background during
the measurements. FTIR measurement of the organic com-
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pound was performed using PerkinElmer Spectrum One
instrument in the transmission mode in the wavenumber
range of 4000-400 cm™ " and 1 cm™" resolution. The pellet was
prepared by mixing ~1 mg of the sample with 100 mg KBr and
pressed into a pellet in a hydraulic press using a force of
approximately 10 tons.

X-ray photoelectron spectroscopy (XPS) was performed with
a Theta Probe Angle-Resolved XPS (Thermo Scientific) using a
standard monochromated Al K, source (hv = 1486.6 eV) and
the analysis chamber was maintained at ~10~® mbar during
analysis. The spectra were acquired using a pass energy of 200
eV for survey spectra and 100 eV for detailed peak scans with
an analysis spot of roughly 400 pm. The binding energy scale
was calibrated by setting the main line of the adventitious C
1s, C-C peak, at 284.8 eV.

UV-Vis transmittance spectra of the films were collected
with Shimadzu UV-3600 UV-Vis-NIR spectrophotometer in the
wavelength range of 200-850 nm with 1 nm resolution.
Photoluminescence (PL) measurements were performed using
280 nm excitation diode and a USB2000+ spectrometer
(OceanOptics) in the wavelength range of 187-1035 nm at
room temperature. Photobleaching effects were determined
using the same setup. Films for UV-Vis and PL measurements
were deposited on 1 x 1 cm? fused silica substrates precleaned
with ethanol (99.96%, VWR).

Results and discussion
Film growth and deposition parameters

In this work, we created four possible hybrid complexes Ti-
NDC, Zr-NDC, Hf-NDC and Y-NDC (Fig. 1). The growth
dynamics of all systems were initially investigated using in situ
QCM. The standard pulsing sequences and reaction tempera-
tures used throughout the QCM experiments for all systems
were chosen after some preliminary experiments and are pre-
sented in Table 1. Note that for the Zr-NDC process we used
the deposition parameters proposed by Lausund et al.,*®

Zr-NDC

Hf-NDC Y-NDC

Fig. 1 Possible structures of metal-naphthalene hybrids deposited in
this work.
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Table 1 Standard deposition parameters for the organic—inorganic
hybrid materials in this work

Inorganic Pulse/ 2,6-NDC pulse/  Deposition
precursor purge (s) purge (s) temperature (°C)
ZrCly 3/2 20/2 260

TiCly 1/5 15/2 260

HfCl, 12/2 10/2 260

Y(thd); 4/3 8/3 260

except for the deposition temperature, which was fixed in this
work to 260 °C. The QCM experiments were performed by
gradually increasing pulse and purge length one at a time
while keeping the other parameters constant based on the
standard pulsing sequence. The growth rate as a function of
inorganic and organic precursor pulse length is shown in
Fig. 2a and b. All investigated systems show self-limiting
growth for both precursors. The relatively low density of the
films measured by XRR was determined to 2.1 g em ™ for Hf-
NDC and ~1.7 g em™* for Ti-, Zr-, and Y-NDC (Fig. S17).

The inorganic precursors saturate the surface faster (ZrCl, 3
s, TiCl, 1 s, and Y(thd); 4 s) than the organic precursor, except
for HfCl,, which requires roughly 12 s to saturate the surface.
This significant delay in the nucleation and growth when
using HfCl, was unexpected and we are uncertain about its
origin, particularly since according to thermodynamics, the
vapour pressure of HfCl, is more than twice that of ZrCl,.
Although the sublimation taking place during delivery is not
an equilibrium process and hence also influenced by kinetics
and effective surface area of the precursor. It may also be
related to variations in the structure of the material during
growth, leading to different amounts of reactive sites on the
surface. The growth was not improved, however, by elevating
the sublimation temperature of HfCl, (from 165 °C to 175 °C),
but only by increasing its pulse length to 12 s. The delay in the
growth of Hf-layer can also be seen in Fig. 3, where we plot the
mass evolution over time for Ti-, Zr-, Hf-, and Y-NDC systems.
Moreover, this graph proves a self-saturating growth for all pre-
cursors. In order to understand the rather complex growth
mechanism of Hf-NDC, a more thorough investigation of this
system should be performed.

The growth rates of the different systems were also investi-
gated as a function of deposition temperature based on the
pulsing parameters initially chosen from the QCM analysis
(Fig. 2c). The GPC value decreases with increasing reaction
temperature for Hf-, and Y-NDC systems, especially above
280 °C. This reduction in growth rate is probably caused by
increased thermal motion and disorder of the organic mole-
cules at higher temperatures that prevent the adsorbed mole-
cules from self-organizing on the surface.”” Importantly,
however, no changes in the type of the coordination mode nor
possible decomposition of the film was observed in the FTIR
spectra of the Y-NDC film deposited at different temperatures
(Fig. S21). For Ti-NDC, the GPC remains nearly constant
throughout the temperature range, which is similar to what
was found for the ZrCl, + 2,6-NDC (Zr-NDC) process.”® A rela-

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 The growth rate as a function of (a) inorganic and (b) organic precursors pulse lengths as measured by the QCM method. The standard
pulse/purge lengths for all systems were fixed to: Zr-NDC (3—2-20-2 s), Hf-NDC (12-2-10-2 s), Ti-NDC (1-5-15-2 s) and Y-NDC (4-3-8-3 s). (c)
Growth per cycle (GPC) as a function of deposition temperature and (d) film thickness versus number of deposition cycles. The dashed lines show a
fitted linear regression. The error bars in (c—d) indicate the standard deviation from measuring a total of nine points on the substrates from each

deposition. In some cases the error bars are within the sizes of the marks.

tively constant growth rate is seen for all processes between
260-280 °C.

Among the three deposited systems, the highest growth rate
is for the Hf-NDC process (~7.1 A per cycle), which is compar-
able with Zr-NDC (~8 A per cycle),® while the lowest GPC is
for the Ti-NDC process (0.8 A per cycle). Surprisingly, the
growth rate for Ti-NDC is much lower than anticipated.
Previous studies of the growth of pure metal oxides have
shown similar GPC values of around 0.5 A per cycle for TiCl,/
H,O0 (Ti0,),*' ZrCl,/H,0 (Zr0,),** and HfCl,/H,O0 (Hf0O,)** pro-
cesses, and thus it can be assumed that the size of the halide
precursors does not impact the growth rate of our systems. For
the Y-NDC process, on the other hand, the low growth rate (2 A
per cycle) is possibly caused by the bulky metal thd-precursor.
This B-diketonate reactant can reduce surface coverage due to
steric hindrance and can exhibit low reactivity leading to low
growth rates. Finally, in Fig. 2d, we show that the film thick-
ness increases linearly with the increasing number of depo-
sition cycles for Ti-NDC, Hf-NDC and Y-NDC systems, which is
an expected characteristic for an ideal ALD/MLD process of
amorphous films.

Bonding characteristics

The organic moiety of the deposited films and the coordi-
nation towards the metal were investigated with FTIR spec-
troscopy, see Fig. 4. For comparison, the spectrum of the

This journal is © The Royal Society of Chemistry 2021

corresponding carboxylic acid precursor is included as refer-
ence. Firstly, the absorptions at around 770 cm™ and
1500 ecm ™' are related to the C-H and C-C stretching
vibrations in the aromatic ring of the 2,6-NDC molecule.’*>
Furthermore, the characteristic absorption peaks for sym-
metric and asymmetric stretching vibrations of carboxylate
groups are seen at 1400-1600 cm™"."”

A significant reduction or disappearance of the sharp signal
around 1685 cm™" from the C=0 stretching vibrations indicates
that it coordinates to the metal atom during formation of the
hybrid structure.”* Similarly, the absence of the broad absorption
for OH groups around 2900-3700 cm™" in the spectra of Ti-NDC
and Y-NDC films, suggest that the oxygen is deprotonated and
bonded to the metal. In the Zr-NDC and Hf-NDC spectra, on the
other hand, the weak absorption due to OH groups indicates that
the deposited films absorbed water upon short storage in air
(24 hours). In addition, we observe that this weak absorption
band increased in the Zr-NDC sample after much longer
(5 months) exposure to air, which confirms that the OH stretching
band most likely comes from the absorbed water (Fig. S3t).
However, it cannot be excluded that the OH bands present in the
as-deposited Zr-NDC and Hf-NDC samples are the result of
unreacted OH groups present in the films. Moreover, a reduction
of another sharp absorption band of OH groups at around
915 cm™ in all spectra supports the assumption that the metals
bond to the 2,6-NDC molecule via two carboxylic oxygen atoms.>®

Dalton Trans., 2021, 50, 12896-12905 | 12899
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Fig. 3 Mass increase as a function of time measured in situ with QCM
for Zr-NDC, Hf-NDC, Y-NDC and Ti-NDC. Inorganic precursor pulses
and 2,6-NDC pulses are separated by inert gas (N,) purges. The shaded
area represents the statistical variation during 16 cycles.

According to Verpoort et al.,’” the separation between two
dominant absorption peaks from the symmetric and asym-
metric stretching O-C-O vibrations varies depending on how
the carboxylate group coordinates to a metal atom (Fig. S47).
The splitting values A between these peaks are marked in all
spectra of deposited films and are summarized in Table 2.
Bidentate (chelating) complexes exhibit a splitting in the range
between 50 and 150 cm ™', while monodentate complexes show
a separation larger than 200 cm™". For bridging coordination,
a splitting is greater than in bidentate complexes with A
values between 130 and 200 cm™". The A value for Ti-NDC film
indicates a bidentate type of coordination. Whereas the
doublet band with the second intensive absorption peak in the
higher wavenumber values seen in the spectra of Zr-NDC and
Hf-NDC samples suggests a possible twofold nature of these
systems with neighbouring bidentate and bridging complexes.
For the Y-NDC sample a border-line value (A = 144 ecm™)
points in the direction of bidentate or bridging coordination
of the carboxylate group to yttrium atoms. Hence, we may con-
clude that in all deposited films the metal atoms bond to the
organic precursor through both carboxylic oxygen atoms from
the carboxylate unit, however, the bonding scheme varies
some.

12900 | Dalton Trans., 2021, 50, 12896-12905
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Fig. 4 FTIR reflection spectra of representative hybrid thin films: Ti-
NDC (100 nm), Zr-NDC (109 nm), Hf-NDC (108 nm), Y-NDC (99 nm),
and the corresponding organic precursor.

Table 2 The 1,(COO7) and 1(COO") values (cm™) derived from the
FTIR spectra

Sample  1,(CO07)  1(CO07)  Av (COO™) [14s(COO7) — 15(COO7)]
Ti-NDC 1548 1415 133

Zr-NDC  1608,1548 1427 181, 121

Hf-NDC 1613,1559 1436 177,123

Y-NDC 1565 1421 144

XPS analysis was carried out for qualitative and quantitative
investigation of the composition and chemistry of the structures
and to further support the FTIR results. The survey spectra
confirm a hybrid nature of the films (Fig. S5 and Table 3). For
the samples where chlorine containing precursors were used,
i.e. for Ti-, Zr-, and Hf-NDC, Cl 2p (at ~200 eV) is barely detect-
able (not seen here in the wide energy range spectra) and the
calculated CI concentration is below 0.1%, if any.

The core level peaks of Ti 2p, Zr 3d, Hf 4f and Y 3d are
shown in Fig. 5, and fit well with Ti**, zr**, Hf*" and Y7,

Table 3 Elemental composition (at%) of deposited samples from XPS
analysis, M = Ti, Zr, Hf or Y

Sample M C (0) cl C/M ratio C/O ratio
Ti-NDC 3.8 71 25 ~0.1 18.7 2.84
Zr-NDC 3.0 71 26 — 23.7 2.73
Hf-NDC 3.0 71 26 ~0.1 23.7 2.73
Y-NDC 3.8 70 26 — 18.4 2.69

This journal is © The Royal Society of Chemistry 2021
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respectively. The Ti 2p peak has spin orbit splitting of 6 eV
and binding energy of 2p;, and 2p1,, peaks at 458.4 eV and
464.4 eV, which is characteristic for Ti*" oxidation state in TiO,
(assigned to Ti-O bonds).*® Two components at 183.1 eV
(3dsy,) and 185.5 eV (3dj3,) in the Zr 3d spectrum can be attrib-
uted to Zr-O bonds, however, the position of these com-
ponents is slightly shifted to higher energies as compared to
pure ZrO, film by ALD.?? The Hf 4f core level peak shows two
contributions at 17.7 eV (4f;,) and 19.3 eV (4fs;,) which are
typical for Hf-O bonds, while two components at 157.6 eV
(3ds/,) and 159.6 eV (3d3,,) on Y 3d spectrum correspond to Y-
O bonds.***! These peaks, however, are also slightly shifted to
higher BE as compared to the pure metal oxides prepared by
ALD suggesting some possible metal-OH bonds. The existence
of metal-OH bonds on the surfaces could be explained by
adsorbed water species due to the contact of the surfaces with
ambient conditions.

The detailed C 1s spectra for all four samples indicates two
main components at 284.8 eV (C-C/C-O) and 288.8 eV (C=0)
from the aromatic ring and carboxyl group of the ligand with
the ratio of 6:1 between these species,*” see Fig. 5c. The weak
peak from the carbonyl group C=0O0 in these spectra confirms
that the organic precursor bonds to the metal atoms via both
OH and C=0O0 active sites. Furthermore, the n-n* satellite struc-
ture seen around 6 eV from the main C 1s peak is attributed to
delocalised electrons in the aromatic ring of the 2,6-NDC
molecule. The O 1s spectra for all samples show the main
peak seen at 531.9 eV for oxygen in carbonyl group (Fig. 5f).>*
Note that due to the air storage and carriage of the samples,

This journal is © The Royal Society of Chemistry 2021

physically adsorbed carbon and oxygen (e.g., CO,, H,O) may
also be present at the surface. The C:O atomic ratio differs
from the expected 3 : 1 and indicates a slight oxygen surplus in
all deposited samples.

Photoabsorption and luminescence characteristics

The deposited hybrid films can be utilized as photoactive
materials, thus we investigated their optical properties and
thereby the effect of different metal clusters on these pro-
perties by performing UV-Vis spectroscopy. The transmission
spectra for the four thin films and the solution spectrum of
the corresponding 2,6-NDC organic precursor are depicted in
Fig. 6. The prominent doublet peak of 2,6-NDC precursor
located between 325 and 360 nm is attributed to n-n* intrali-
gand transition in the UVA region associated with the aromatic
rings of the ligand. For the absorption spectra of deposited
films, the n-n* transition is redshifted which reflects the inter-
action between the naphthalene and metal atoms.*® Similar
shift to longer wavelengths was seen on the spectra of de-
posited films for the absorption peak located between 270 and
300 nm also assigned to the n—* transition.

The absorption properties of the films strongly depend on
the metal component. All deposited films absorb in the near
UV region where the n—-n* adsorption edge of the aromatic ring
is expected, however, the main absorption edge differs within
the samples. This effect can be correlated with the different
electronic characteristic and charge density of the metal con-
stituents. The Y-NDC film is transparent throughout the
visible region with the main absorption edge at around
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Fig. 6 UV-Vis transmission spectra of the four hybrid thin films: Ti-
NDC (100 nm), Zr-NDC (109 nm), Hf-NDC (108 nm), Y-NDC (99 nm),
and the corresponding organic precursor dissolved in ethanol. Note that
the dotted line separating the UVC and UVB regions at 280 nm also
shows the light emission of the UV diode used in the PL measurements.

380 nm, whereas Zr-, and Hf-NDC samples show a weak
absorption in the visible region with the main absorption edge
at ~400 nm. The spectrum for Ti-NDC film differs compared
to the other deposited systems by a much stronger absorption
in the visible region with the absorption edge at around
450 nm. Also, when comparing the Ti-NDC film with pure
TiO, film (Fig. S61), it is evident that by combining conjugated
organic linker with transition metal cluster we can shift and
increase the absorption throughout the visible region due to
electronic coupling between the ligand and d orbitals on the
metal. Furthermore, the difference between the absorption
properties of deposited films and the corresponding organic
linker indicates that there is a strong influence of the metal
clusters on the electronic structure of the linker. It may be
assumed that the Ti*" cation with its relatively small ionic
radius of 0.068 nm and a high charge decreases the electron
density of the naphthalene ring, which in consequence
decrease the HOMO-LUMO gap and redshift the material
absorption. The tetravalent Zr*" and Hf*" cations have a com-
parably larger ionic radius of 0.079 nm and 0.078 nm, respect-
ively, and therefore a weaker effect on the cation-aromatic
interaction. Whereas Y>* with an ionic radius of 0.092 nm pro-
vides the lowest redshift of the absorption, which is consistent
with the theoretical expectations, the trend is therefore Ti*" >
Zr** > Hf* > Y*". The ionic radius data were obtained from
Ahrens.**

Photoluminescence emission spectra of the four deposited
systems are shown in Fig. 7a. The emission of the Zr-NDC, Hf-
NDC and Y-NDC are similar in shape with the strong doublet
peak. The maximum emission peaks for these samples are
respectively: Zr-NDC: 446/485 nm, Hf-NDC: 443/483 nm and
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Y-NDC: 435/481 nm. For the Ti-NDC complex, Ti-clusters in
the hybrid structure quench the ligand-based luminescence.
This effect can be attributed to the interfacial electron transfer
through the partially filled d-orbitals of the Ti atom and the =
orbitals of the aromatic ring.*> Note that the absorption of the
TiO, film (Fig. S6T) overlaps in some extent with the character-
istic emission region of the metal-naphthalene hybrids.
Moreover, Ti-NDC complex absorbs wavelengths slightly longer
than the 280 nm emission light from the diode used in this
study. However, no visible luminescence for this complex was
detected when using 254 nm and 365 nm UV lamp.

The emission spectra for luminescent samples are some-
what a mirror image of the absorption of pure 2,6-NDC mole-
cules and thus it can be assumed that the luminescence is
centred on the organic linker with n-conjugated backbone,
rather than on the metal. However, the metal ions can influ-
ence the emission characteristics, depending on the electronic
configuration and ionic radius of the metal and relative metal
and linker orbital energies.”” The noticeable differences in the
emission spectra of these three systems can be hence triggered
by the spacing and orientation between the organic linkers
and the bonding configuration depending on the system. It
was reported that the emission intensity of pure 2,6-NDC
ligand can be significantly enhanced when combined with
metal clusters such as Zr due to the strong electronic coupling
between the neighbouring ligands through metal clusters.*®

The total emission intensity of all samples with the compar-
able thickness (~100 nm) vary within the materials depending
on the metal component in order of Ti « Hf < Zr <Y, which
confirms the effect of the ionic radius on the fluorescent pro-
perties. The intensity for yttrium-based material is almost 2
times enhanced when compared to that with hafnium. The
variations in the photoluminescence intensity can also be
related to the differences in the absorption properties of these
complexes. It should be noted that the absorption of the films
overlaps in different magnitude with the light emission at
280 nm from the diode used in this study. Furthermore, the
emission spectra exhibit the characteristic tail at around
550 nm which can be assigned to the formation of excimers
(excited state dimers) due to the high concentration of the
naphthalenes.”” When the aromatic molecules are close
enough to each other to form aggregates, they can transform
to excimers if one of the partners is excited.

The blue emission of the samples decreases gradually with
time upon UV exposure (Fig. 7b-e), suggesting a photobleach-
ing effect. This process could be explained by the formation of
highly oxidative radicals (OH" and O, ") during the photo-
excitation of the sample, which can attack the naphthalene
molecule leading to the aromatic ring opening and loss of
luminescence.*®*® Although there is a significant reduction of
both emission peaks under long time UV exposure, no appar-
ent shift in the peak positions was observed. The low and high
energy emission peaks decrease relatively at the same rate, see
Fig. 7e, which is in contradiction with our earlier findings.>® It
was suggested that the high energy peak originates only from
the aromatic molecule, whereas the peak in lower energy arises

This journal is © The Royal Society of Chemistry 2021
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(a) Photoluminescence emission spectra of the hybrid films: Ti-NDC (100 nm), Zr-NDC (109 nm), Hf-NDC (108 nm) and Y-NDC (99 nm). PL

was recorded using a 280 nm diode. (b—d) The time evolution of the PL spectra upon UV exposure. (e) Normalized PL intensity of the two emission
peaks at 440 nm and 485 nm vs. UV exposure time. The inset shows a zoomed-in view of the first 50 s on a logarithmic scale.

from the interaction between the metal and the carboxylate
group of the organic molecule. Our current results show that
the peak at low emission energy has a similar position for all
samples, while the one at higher energy varies within the
samples, especially for the Y-NDC system. Furthermore,
although the emission intensity decreases with a similar rate,
the final photobleaching effect is slightly higher for the Hf-
NDC sample in the order of Hf-NDC > Y-NDC > Zr-NDC.

The photostability of photoactive materials can sometimes
be recovered by tempering.’® However, the luminesce of the

This journal is © The Royal Society of Chemistry 2021

Zr-, Hf-, and Y-NDC samples were not improved after temper-
ing the films at 300 °C for 1 h, and also not improved by
keeping the samples in the dark for 24 h (data not shown).
Furthermore, it should be noted that FTIR analysis of the
films after 3 hours of irradiation by 365 nm UV light did not
show any significant changes in the reflection spectra as com-
pared to the as-deposited samples, proving no chemical photo-
degradation of the samples (Fig. S87).

Finally, all our MLD processes yielded relatively smooth
and amorphous thin films (Fig. S9 and S107). Although the
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Atomic Force Microscopy (AFM) images of the samples based
on the chlorine precursors show very small and regular islands
on the otherwise almost flat surface, these islands do not
produce any diffraction pattern when measured by XRD. The
root-mean-square (RMS) surface roughness in islands-free
regions estimated by AFM (as described in ESIf) was close to
0.4 nm for ca. 100 nm thick films, which is in good agreement
with XRR data that gave roughness value of 0.5 nm for Y-NDC
(50 nm), Ti-NDC (45 nm), Zr-NDC (120 nm) and Hf-NDC
(100 nm). However, the line profile across the islands on the
surface from the AFM images show height variations of
around 6 nm for Hf-NDC, 8 nm for Zr-NDC and 12 nm for Ti-
NDC. Additionally, all films exhibit rather good stability when
exposed to DI water, except the Y-NDC sample, which comple-
tely dissolved after 24 hours of water treatment (Table S17).
The wettability of the surfaces was thus investigated by contact
angle measurements, see Fig. S12,T showing that Y-NDC has a
more hydrophilic nature than the other deposited systems (Ti-
NDC = 80° Zr-NDC/Hf-NDC = 78° and Y-NDC = 68°).
Furthermore, sample-tip adhesion measured with AFM was
significantly higher for Y-NDC (95.1 + 4.1 nN) than for Hf-NDC
(2.3 £ 0.1 nN) (Fig. S11}). Such high adhesion measured in air
at ambient humidity conditions results from capillary conden-
sation and formation of water bridges between an AFM tip and
the sample, and points to more hydrophilic surface properties
of Y-NDC films in comparison with Hf-NDC.>"

Conclusions

In this work, we investigated a group of hybrid metal-naphtha-
lene thin film materials made by the MLD technique. We
selected d°-metals, Ti*", Zr*", Hf*" and Y*" as the metal centres
and 2,6-naphthalenedicarboxylic acid as the organic unit. All
deposited systems show self-saturating growth, possess appar-
ent ALD windows and variations in growth rates depending on
the metal constituents in the order of Ti < Y « Hf < Zr. The
hybrid nature of the films and the fact that the organic precur-
sor reacts with metal through both the OH and the C=O
groups from the carboxylate unit was proved by XPS and FTIR
analysis. Moreover, the Ti-NDC complex was formed by biden-
tate coordination, whereas Zr-, Hf-, and Y-NDC complexes have
a bidentate or bridging type of coordination. The films are
amorphous, smooth and hydrophobic, except for the Y-NDC
system, which exhibits a more hydrophilic nature.
Incorporation of different transition metal clusters in the
structure with the same organic linker results in changes in
absorption and luminescence properties. Furthermore, we can
tune the light absorption towards the visible part of the spec-
trum by using metals with a high charge density. The films
containing Zr, Hf and Y were found to show intense blue
photoluminescence when exposed to UV and the emission
intensity and energy depends on the metal component. In par-
ticular, the presence of Y clusters enhances the luminescence
intensity, whereas the Zr and Hf components shift the emis-
sion towards the higher wavelengths. The emission intensity
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decreases under long time UV exposure, suggesting photode-
gradation of the organic ligand in the hybrid structure.
Furthermore, the luminescence from Ti-NDC system was com-
pletely quenched by Ti ions in the structure. All data collected
in this study indicate that our uniform hybrid metal-naphtha-
lene thin film materials with interesting optical properties
could be beneficial for many potential applications such as
antimicrobial coatings in photodynamic therapy or optical
Sensors.
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