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We report the synthesis and Langmuir—Blodgett deposition of 4
brightly emissive lanthanide amphiphiles that can be co-deposited
to give multi-emissive ultra-thin films where two, three and four
distinct lanthanide emission profiles are observed. To the best of
our knowledge, this is the first report of a four-component emissive
Langmuir—Blodgett film.

The development of advanced multi-functional molecular materials
is a highly active research area in modern chemical and materials
science.!™ Within this field, luminescent lanthanide-based
materials are attractive targets owing to their unique optical
properties, e.g. solid-state emission, line-like emission bands,
easily tuned quantum yields and long-lived excited states.””
These characteristics have led to these compounds being used
as sensors,” imaging agents,” lasers,® optical displays,® and
multi-emissive materials.*®° Multi-emissive materials (in this
context materials either made up of multiple Ln*" containing
molecular species or molecular species containing two or more
Ln*" ions)'*" in particular are high value targets owing to their
propensity towards more advanced and complex applications
including molecular barcodes,"” ratiometric sensors,"> molecular
logic gates'® and white emissive solids."*'®' To translate into
functional materials, it is desirable to immobilise Ln*" multi-
emissive species onto surfaces, however only limited examples
exist of surface immobilised multi-emissive species.>'>"'®%7>
Langmuir-Blodgett (LB) deposition is promising technique for
preparing multi-emissive lanthanide-based thin-films,>**” as it
allows for multiple discrete amphiphilic species to be self-
assembled into layers - either through sequential building up of
layers of different species (multi-layered approach), or through
mixing different amphiphiles together prior to deposition (mixed
amphiphile approach).>**® Additionally, LB also gives reproducible
deposition, and control over film thickness and shape.>”***°
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With this in mind we have designed an amphiphilic ligand
capable of forming brightly emissive lanthanide complexes for
the express purpose of forming multi-emissive films. Utilising
our previously developed 1,2,3-triazole “click” synthetic strategy
to functionalise 2,6-pyridyldiamides,® we have been able to
introduce an alkyl chain for LB deposition into a 2,6-pyridyl-
dicarbonyl core (ligand 1, Fig. 1).

Complexes of Ln(1); (where Ln = Eu**, Tb**, Dy*", Sm*" and
La*") were prepared by refluxing three equivalents of 1 with
one equivalent of lanthanide salt [either Ln(Cl);-xH,O or
Ln(CF5S03)-xH,0] and three equivalents of triethylamine, in
DCM:MeOH (1:1) under microwave irradiation. The resulting
clear yellow solutions were subjected to vapour diffusion of
diethyl ether which resulted in off-white precipitates. Decanting
off the solvent and air drying the precipitates yielded off-white
solids in good yields (51-77%). Complex formation was con-
firmed by elemental analysis, IR and HRMS (see ESIf for
details). Lanthanide coordination within the NO, pocket is
suggested by the notable shift to lower energy for both the
C=O0 stretches from 1745 cm™' (carboxyl) and 1669 cm™*
(amide) to a merged peak at 1636-3 cm™ ', a shift commonly
associated with coordination to Ln*" ions.*

Photophysical properties of 1 and the Ln(1); complexes were
measured using 0.01 mM solutions in either MeOH or MeCN.
The absorption spectra of 1 showed an intense peak at 222 nm
and a broad three peak signal (265, 271 and 280 nm), with the
latter assigned to the n — n* and n — =n* transitions from the
central pyridyl unit as seen in previous studies.>*2* Similar
UV-absorption spectra are observed for Ln(1); however, they
show a slight red shift in the broad peak at ~270 nm and a
significant increase in the absorbance.

The solid lanthanide complexes (excluding non-emissive
La*") showed classical lanthanide emission under short-wave
UV irradiation (Fig. 1b). Solution based photoluminescence
studies were carried out on all emissive complexes with an
excitation wavelength of 275 nm. Eu(1); showed the expected
red emission from the Eu** with °D, — “F; (J = 0-4) transitions.
Tb(1);, Sm(1); and Dy(1); also exhibited the typical emissive
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Fig. 1
shortwave UV irradiation: left to right — Sm(1)s, Dy(1)s, Tb(1)s and Eu(1)s.

transitions from °D, depopulation to corresponding 'F;
(J = 6-3), “Gs), depopulation to °H; (J = 5/2 — 11/2) and *Fq,
depopulation to °Hy (J = 15/2 — 9/2) respectively. Notably for
Dy(1);, the overall emission appears close to white with CIE
coordinates of x = 0.3346 and y =0.3829 (pure white emission
being x,y = 0.33),"* owing to the combination of its emissive
blue (*Fo;, — °Hisp), yellow (*For, — °Hysjp) and weaker red
(*Fo;a = ®Hi1jz and oj2) transitions (Figs. $65, S81 ESIt).*® Life-
time measurements for Eu(1); and Tb(1);, gave values of 1.960
and 0.984 ms respectively which fit to single exponential decay
functions indicative of single species emission. Excitation plots
of the major emitting peaks Eu** (616 nm), Tb** (545 nm), Dy**
(480 and 573 nm) and Sm** (600 nm), showed similar spectral
features (200 nm to 300 nm) to their electronic absorption
spectra with two major excitation points around 230 nm and
275 nm, indicating the population of lanthanide excited states
through indirect excitation. Overall quantum yields of the
emissive lanthanide complexes were calculated by the relative
method®® in MeOH by comparing to Cs;[Eu(dpa);]-8H,0 and
Cs;[Tb(dpa);]-8H,0 standards.?” Eu(1);, Th(1); and Dy(1); gave
quantum yields of 22.4%, 11.9% and 2.9%, whilst Sm(1); gave a
lower yield of 0.32%.

We next investigated the ability of the Ln(1); complexes to
self-assemble at an air-water interface and form Langmuir
films. 20 pL aliquots of complex (using CHCl;:MeOH (20:1)
as the spreading solvent) were applied onto the surface of a
pure water sub-phase at room temperature. All complexes
showed near identical surface-pressure vs. area isotherms in
which an exponential increase in surface pressure was observed
upon decrease of the trough area (Fig. 2). The films collapsed at
53-59 mN m~ ' with molecular areas of 78-81 A”. The stability
of the Langmuir films were also evaluated by keeping the
monolayers at the liquid-condensed phase for prolonged periods
of time (>60 min) while monitoring the surface pressure. All
complexes displayed excellent stability profiles (Fig. 2), thus giving
the ideal situation for film deposition.

Langmuir-Blodgett deposition was carried out on either a
square quartz slide (30 mm x 30 mm, 1 mm thick) for photo-
physical or a circular CaF, window (¢ = 20 mm, 1 mm thick) for
FT-IR studies. Monolayer deposition was observed on emersion
(up-stroke) of the slides from the water sub-phase with transfer
ratios (tr) of ca. 1 indicating near complete coverage of the slides
(Fig. S45 and S46 and Table S1, in the ESIt). Successful transfer
of the molecular units was confirmed by UV/vis-absorption and
FT-IR (see below). UV/vis-absorption of the monolayer films
retained the same spectral features as observed in solution
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— (Left) Reaction scheme for generating Ln(1)s complexes from 1. (Right) (a) Lanthanide complexes Ln(1)s without excitation source and (b) under
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Fig. 2 — Surface pressure vs. area isotherms, of Ln(1)s complexes (where

Ln = Eu®*, Tb*", Dy** and Sm®"). Insert: Stability measurement of com-
plexes — held at 30 mN m~? for >60 min.

(i.e. absorption at 220 nm and broad absorption between 260-
290 nm). Importantly, on transfer to the surface, the complexes
retained their excellent emissive properties (Fig. 4). Photophy-
sical properties (emission and excitation) remained unchanged
on deposition when compared to the solution-based measure-
ments (Fig. S58-S66, in the ESIt). The monolayer films
remained highly emissive over extended periods of time with
films still emissive after 6 months post deposition (Fig. S47, in
the ESIf). The Dy(1); monolayer film also retains its close to
white single-component emission, with CIE coordinates of x =
0.3416 and y = 0.3876 (Fig. 3). Multi-layering LB deposition
studies were next carried out to both gain insight into the nature
of the deposition process and to increase emission intensity. All
complexes showed film deposition on emersion and partial
deposition on immersion of the substrate which is indicative
of a Y-type multi-layered film.*® Emission intensity for the Eu(1);
complex was observed to increase as 3, 5, and 7 successive layers
were deposited (Fig. S83 — see ESIt for details). FT-IR spectra of
an 8 layered Eu(1); film on a CaF, slide showed distinct bands
associated with the C=0 stretch at 1638 cm™ ', notably in the
region associated with the complex and not the base ligand,
further indicating that the complex remains intact on deposition
(Fig. S57 and Table S3, ESI¥).

With the near identical Langmuir film properties (i.e. iso-
therm and stability profiles) of these complexes, attempts to
sequentially layer different Ln>" complexes on each other were
carried out. By multi-layering different lanthanide complexes,
specifically Eu(1); with a second layer of Tb(1);, we were able to

This journal is © The Royal Society of Chemistry 2021
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Fig. 3
of monolayer LB films of Eu(l)s, Tb(1)s, Sm(1)s Dy(1)s,
Eu1)s:Dy(®)s (1:10), Eu(®)s:Tb(1)s:Dy(l)s (1:1:10)
Dy(1)s:Sm(1)s (1:1:10:50) see ESIf for coordinates.

— (a) 1931 CIE chromaticity diagram with calculated CIE coordinated
Eu()s:Th(1)s (1:1),
and Eu(l)s:Tb(1)s:

Fig. 4 - (a) Monolayer LB of Eu(1)s, Sm(1)s, Dy(1)s, Th(1)s and blank slide
under shortwave UV irradiation, and (b) without shortwave UV irradiation.

generate a dual emissive surface (which gave an overall yellow/
orange emission). Whilst multi-layering was found to increase
overall emission intensity and give multiple emission bands,
unfortunately the films were routinely non-uniform, as seen
with the green, red and orange emissions observed (Fig. 5). In
order to circumvent the issues observed when using a multi-
layered approach, we moved to a mixed amphiphile approach.
We believed that with the different complexes having near
identical Langmuir film isotherms, by mixing different amphi-
philes together in solution, deposition should allow multi-emissive
monolayers to be achieved.

Chloroform solutions for LB deposition were prepared contain-
ing different ratios of the emissive complexes. This approach
allowed us to achieve relatively similar intensities from each lantha-
nide ion (Ln**) and tune the emission profile in solution before
deposition. Initially we employed a dual emissive system consisting
of a 1:1 ratio of Eu(1); and Tb(1); — the solution state emission
profile showed both Tb*" and Eu** emission and gave a yellow/
orange emission with CIE coordinates of x = 0.4530 and y =0.4828
(Fig. S78 in the ESIt). The properties (isotherm and stability) of the

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 - Steady-state emission from monolayered mixed Eu(l)z: Tb(1)s
(1:1) film. Images are of (left) Eu(1)s: Tb(1)s (1:1) in solution (middle) multi-
layered mixed film and (right) monolayer mixed amphiphile film under
shortwave UV irradiation.

Langmuir film formed from this mixed amphiphile system were,
as expected, near identical to the films of the mono-component
systems (Fig. S68 and S69, in the ESIt). Upon deposition of the
mixed Tb**/Eu’®" film onto a quartz slide, yellow/orange emission,
similar to that seen in solution, was observed (Fig. 5). This mixed
amphiphile approach appeared to achieve the same emission
tuning as the multi-layered Tb**/Eu®" film, however the film has
superior emission uniformity across the slide (Fig. 5, inset). For
this reason, further deposition studies were carried out using the
mixed amphiphile approach.

A dual emissive monolayer was also observed via mixed
solutions of Eu(1); and Dy(1);. At a 1:1 ratio the emission from
Dy’" is significantly weaker than the Eu** emission and is barely
observable, however by increasing the ratio to 1: 10 (Eu: Dy) we
were able to achieve similar emission intensity for steady-state
emission (Fig. S70, ESIf). Attempts at colour tuning different
combinations of Dy(1);:Eu(1); and Dy(1);:Sm(1); were carried
out in solution in an attempt to improve overall white emission
but were found ineffective (see ESIf for details).

With successful dual emissive films readily prepared, we
next investigated the possibility of developing triply emissive,
mixed amphiphile films by incorporating three emissive com-
plexes. Indeed, a solution of Eu(1);, Tb(1); and Dy(1); in a
1:1:10 (Eu: Tb:Dy) ratio gave a triply emissive film where distinct
emission from all three Ln** ions was obtained (Fig. S72, ESIY).
The final aspect of our study was to incorporate four visibly
emitting lanthanide complexes into a quadruply emitting film.
We extended the technique used to make dual and triply emissive
films by incorporating Sm** as the fourth emitting complex with
the optimum ratio of 1:1:10:50 [Eu(1);: Tb(1);: Dy(1);: Sm(1);]
giving near equal emission intensities for each Ln** (Fig. 6).

X-ray photoelectron spectroscopy (XPS) was performed on
films to confirm the atomic composition. XPS revealed the
presence of O, N, and C on all films indicating the presence of 1
on the surface. Importantly, for all non-mixed monolayers, the
distinct peaks associated with the 3d;, and 3ds, binding
energy bands for lanthanide ions (see Fig S99-S102, ESIt)
were seen. In the case of Eu(1);, Tb(1); and Sm(1); monolayer
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Fig. 6 — Quadruple steady-state emission from mixed monolayer LB film
of Eu(1)s:Tb(1)s: Dy(1)3:Sm(1) (1:1:10:50). Insert: Mixed multi-layered
film under shortwave UV irradiation.

films, by comparing the relative signal area of the 3d;,, peak to
the nitrogen 1s peak (and accounting for differences in photo-
electron escape depths), a ratio of approx. 1:15 (Ln*":N) was
obtained, indicating the presence of the (1:3) M : L species on the
surface (Fig. S107-S109, ESIt). XPS was also carried out on the
dual (1:1) and quadruple (1:1:1:1) mixed films. Results con-
firmed the presence of multiple Ln*" ions (Fig. $103-S106, ESIY).

To conclude, we have shown that using the amphiphilic
ligand 1, we are able to generate bright, visibly emissive Ln**
complexes that are suitable for LB film deposition, thus generating
surface immobilised luminescent materials. Furthermore, the near
identical nature of the films has allowed us to generate rare
examples of multi-emissive ultra-thin-films by taking a mixed
amphiphile approach to LB film formation. In doing so we have
observed monolayers with emission from two, three and four
lanthanide ions. To the best of our knowledge this study
presents the first examples of triple and quadruple emission
from LB monolayers. Such mixed amphiphile, multi-emissive,
monolayers have potential to generate new materials with a host
of advanced properties. For example, by incorporating different
analyte specific receptors on different amphiphilic complexes,
systems capable of detecting four distinct analytes are possible.
This study represents rare examples of multi-emissive surfaces,
an area we are actively developing to generate more advanced
surface immobilised supramolecular materials.
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