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Lanthanide complexes with organic ligands have been of interest due to the possibility of sensitising lanthanide
ions through the antenna effect. We have recently shown that the zinc(i) salt of 2-(3,4,5,6-tetrafluoro-2-
hydroxyphenyl)-4,5,6,7-tetrafluorobenzothiazole, Zn(FBTZ),, can provide very high levels of sensitisation to
organic erbium complexes whilst maintaining very high quantum yields for the erbium near-infra-red

Received 26th February 2018, luminescence. We now report the spectroscopic properties of the zinc(i) salts of 2-(3,4,5,6-tetrafluoro-2-

Accepted 16th April 2018 hydroxyphenyl)-6-chloro-4,5,7-trifluorobenzothiazole and 2-(3,4,5,6-tetrafluoro-2-hydroxyphenyl)-6-bromo-
4,5,7-trifluorobenzothiazole. The substitution of a single chlorine atom into the chromophore is sufficient to

double the sensitisation efficiency compared to the fully fluorinated chromophore. This result implies a 50%
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Introduction

Near-infrared luminescent materials based on trivalent lanthanides
such as Nd, Er, and Yb have gained great attention in recent years
due to their broad applications in laser and telecommunications
systems, sensors and organic light-emitting diodes (OLEDs)."”
Lanthanide ions display unique properties including narrow
emission spectral width, and long luminescence lifetime.
Erbium-doped materials emitting light at the wavelength of
1.5 pum within the C-band of the optical telecommunication
window, have been intensely investigated.*”® However, like other
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reduction in the pump intensity needed to achieve population inversion in the erbium ions.

lanthanides, erbium ions have very small absorption cross sections
due to the partial forbiddance of f-f electronic transitions. As a
consequence, high power excitation is required to achieve signal
amplification. The erbium emission can be enhanced by organic
ligands through sensitization often referred to as the antenna
effect. The most commonly accepted sensitization mechanism is
that the absorbed light promotes molecules to the first excited
singlet state of the ligand, followed by the population of the triplet
state through intersystem crossing (ISC), and the energy is trans-
ferred from the triplet state to the erbium ion, which finally emits
from the “I3, state.”® However, efficient vibrational quenching of
erbium emission imposed by OH and CH bonds in the organic
environment results in a major challenge for organic ligand
design.”'® Fluorination of the organic ligands has proven to be a
successful approach and can improve the quantum efficiency of the
erbium ions. Despite the relative success achieved by the fluorina-
tion of erbium-doped organic complexes, one of the problems with
producing perfluorinated ligands and chromophores is the strongly
electron-withdrawing effect of the fluorine atoms.""'> Conse-
quently, many of the organic complexes are not chemically or
thermally stable. Previously, we proposed an idea to separate the
chromophore function from that of producing a highly efficient
organic environment for the erbium ion while creating an effective
energy transfer between the chromophore and the erbium in a
composite material.'® Erbium(m) tetrakis(pentafluorophenyl)-
imidodiphosphinate,"* Er(F-TPIP); provides a long luminescence
lifetime at 1.5 pm for the encapsulated erbium ions, co-doped
with a perfluorinated zinc-based organic chromophore, the zinc(u)

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Molecular structures of Zn(FBTZ),, Zn(Cl-FBTZ), and Zn(Br-FBTZ),
chromophores.

salt of 2-(3,4,5,6-tetrafluoro-2-hydroxyphenyl)-4,5,6,7-tetrafluoro-
benzothiazole, (Zn(FBTZ),) (Fig. 1). Efficient sensitization from
Zn(FBTZ), to Er(F-TPIP); has been observed, and a simple planar
waveguide showing 3.3 dB cm ™" gain was fabricated based on the
hybrid materials."® This approach gives the potential to control
the individual functions of the two molecules through design at a
molecular scale. For example increasing the bulk of the erbium
complex can fine tune the inter-ion distances in order to control
self quenching whilst the incorporation of heavy atoms into the
chromophore systems can enhance the intersystem crossing (ISC)
to convert the singlet to triplet states."*™'° It is suggested that
energy transfer from the triplet states to erbium ions is regarded
as the most common pathway, however, it is unclear how the
favoured triplet states affect the sensitisation effect. We have used
chromophore molecules based on the original Zn(FBTZ), where
the fluorine atom at the 6-position on each FBTZ ligand has been
replaced by Cl or Br. In this approach, the heavy-atom effect where
halogen atoms are substituted into organic chromophores is
utilized to improve the efficiency of spin-orbit coupling. Fluores-
cence quenching and a decrease of the phosphorescence lifetime
are investigated to determine the enhanced ISC by introducing
heavier halogen atoms and energy transfer.'®'” We then observe
~50% improvements in the sensitisation efficiency with chlorine
substitution compared to the fully fluorinated chromophore.

Experiments

The zinc phenoxide complexes Zn(Cl-FBTZ), and Zn(Br-FBTZ),
(Fig. 1) were prepared by analogy with the synthesis of
Zn(FBTZ),."® Both complexes were characterised by elemental
microanalysis, IR, NMR and high resolution mass spectrometry
(see ESIt); the structure of Zn(Br-FBTZ), was confirmed by
single crystal X-ray diffraction.

Co-doped films of Zn(FBTZ), and Er(F-TPIP);, Zn(Cl-FBTZ),
and Er(F-TPIP);, Zn(Br-FBTZ), and Er(F-TPIP); were deposited
onto glass substrates by chemical vapor deposition at a pressure
of ~10~7 mbar. An aluminum film with 100 nm thickness was
deposited on top of the co-doped organic films to protect the
material from degradation and to reflect the pump lasers back
through the samples to increase absorption. Samples were
fabricated with Er(F-TPIP); concentrations of 9, 23, 43, 64, and
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80 mol% and thicknesses of 66 nm, 100 nm, 180 nm, 350 nm
and 750 nm, respectively. An identical amount of the organic
chromophores (50 nm thickness) was used in each film to ensure
that the absorbance of chromophores was constant. Y(F-TPIP);
doped films (Y replacing the Er) with the same structure were also
prepared for low-temperature photoluminescence measurements.

Absorption spectra were recorded with a Hitachi U-3000
spectrometer from organic chromophores dissolved in chloro-
form. The measurable range is from 190 nm to 900 nm and the
wavelength measurement accuracy is 0.1 nm. The emission
spectra at room temperature were measured using a Jobin Yvon
Horiba Triax 550 spectrometer connected with a Hamamatsu
R5509-72 photomultiplier and extracted using a single-phase
lock-in amplifier. The excitation spectra were obtained using
a xenon arc lamp as light source coupled to a Jobin-Yvon
Triax 180 spectrometer, while an Oxford Instrument Cryostat
was used to perform low-temperature measurement on the
samples. For the low temperature measurements the sample
temperature was set at 80 K and the phosphorescence lifetime
was obtained from the 407 nm laser excitation with a pulse
frequency of 0.27 Hz and a pulse width of 50 ms to ensure
complete decay of the triplet emission under low temperature.

Results and discussion

In Fig. 2(a) we show the absorption spectra of the organic chromo-
phores measured in chloroform. Two broad absorption peaks
centred at ~295 nm and ~407 nm can be observed. The intense
absorption at 407 nm shows that these chromophores can be excited
by commercially available diode lasers. The substituted chromo-
phores exhibit slight red shifts in the absorption maxima relative to
the fluorinated chromophore and the absorption maxima for the
chlorinated and brominated chromophores are similar. To obtain
the IR excitation spectra the emission intensity at 1.5 pm was
monitored whilst the excitation wavelength was scanned. The data
were corrected for the changes in excitation intensity as a function of
wavelength. An intense excitation band located at ~410 nm for
Zn(Cl-FBTZ), and Zn(Br-FBTZ),, ~420 nm for Zn(FBTZ), as can been
observed from Fig. 2(b). Two very weak excitation peaks centred at
~520 nm and ~650 nm (see inset) also exist in the excitation
spectra, which are due to the direct excitation of erbium ions
through the “I;5/, — *Hyy/, and *Iys, — *Foy, transitions respectively.
The dramatic difference of excitation intensity at ~400 nm com-
pared to the direct excitation into the ions indicates that sensitiza-
tion through the chromophores is significantly more efficient than
direct excitation of erbium ions.

The fluorescence spectra for the three chromophores at
room temperature are displayed in Fig. 3. The chlorinated
chromophore displays a small red shift relative to the fluorinated
and brominated chromophores. Interestingly, the fluorescence
bandwidth is slightly broadened by both chlorination and
bromination. The broader fluorescence spectra and red shift
may be beneficial to more efficient sensitization as the emission
spectra of the chromophore have more spectral overlap with the
absorption spectra of erbium ions.

J. Mater. Chem. C, 2018, 6, 7012-7017 | 7013
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Fig. 3 Fluorescence spectra of Zn(FBTZ), Zn(Cl-FBTZ),, and Zn(Br-
FBTZ),.

The phosphorescence spectra and triplet lifetime of the
chromophores were characterized at low temperature. A series
of films containing a constant amount of (50 nm thick layer)
chromophore with the same molar concentrations of Y(F-TPIP);
as were used in the Er(F-TPIP); doped films were also prepared.
The Y(F-TPIP); complex is transparent in the 350-1600 nm
range and therefore, optically inert to the chromophores, which
means any energy transfer process is excluded in the Y(F-TPIP);
codoped films.

Fig. 4 shows the emission spectra at 80 K for the three
chromophores codoped into 80% Y(F-TPIP); normalised to the
peak of the singlet emission. Two distinct emission peaks can
be observed with peaks centred at 490 nm (2.53 eV) and 560 nm
(2.21 eV) which can be ascribed to the transition from the
singlet and triplet states respectively. There are no obvious
spectral shifts arising from the substitution of heavy halogen.
The triplet emission intensity is greatly enhanced in samples
doped with high Y(F-TPIP); concentrations and the relative
intensity ratio between the triplet and singlet increases from
~0.5 at 9% Y(F-TPIP); concentration to ~ 1.6 at 80% Y(F-TPIP);.
We ascribe this increase in the triplet emission to a reduction in

7014 | J. Mater. Chem. C, 2018, 6, 7012-7017
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Fig. 4 Emission spectra for 80% Y(F-TPIP)3 doped films measured at 80 K
under the excitation of 407 nm CW laser showing the triplet band peaking
at ~550 nm.

triplet-triplet annihilation (TTA) as the chromophore concen-
tration is reduced.

The reduction in TTA with increasing dilution is supported
by transient PL measurements at 80 K and at an emission
wavelength of 560 nm (the peak of the triplet emission) as a
function of the chromophore concentration. Three distinct
lifetimes can be measured. The shortest lifetime component
(~10 ns) is the singlet emission lifetime as the signals from the
singlet and triplet emissions overlap. The two longer limetime
components are of the order of 10 ms and 100 ms and are due
to the triplets. The measured lifetime for each of these are
shown in Fig. 5 as a function of Y(F-TPIP); concentration.

It can be seen that there is an increase in the triplet lifetime
as the Y(F-TPIP); concentration increases for each chromo-
phore. This is to be expected if TTA is a significant source of
triplet quenching in films with a high chromophore concen-
tration. It can also be seen in Fig. 5 that the triplet lifetime
decreases as the mass of the halogen in the 6 position
increases. This can be ascribed to the fact that the substitution
results in more efficient spin-orbit coupling due to the heavy

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 The fast and slow triplet lifetime components for Y(F-TPIP); codoped films measured at 80 K (excitation wavelength: 407 nm, emission

wavelength: 560 nm).

atom effect and more efficient ISC. Unfortunately, direct measure-
ments of the ISC rate by measuring the rise time of the photoexcited
triplet can not be performed in this system due to the strong spectral
overlap between the singlet and triplet emissions.

For an equivalent set of films that were doped with Er(F-TPIP);
rather than Y(F-TPIP); the triplet lifetimes are all significantly
shorter which is indicative of energy transfer from the triplets
to the Er’" ions. In Fig. 6 we show the percentage reduction in the
fast and slow triplets in the presence of Er(F-TPIP); compared to
Y(F-TPIP);. It can be seen that at low Er(F-TPIP); concentrations the
quenching of the triplets is very high (up to 90%) and reduces as
the Er(F-TPIP); concentration increases. As would be expected the
slow (longer lifetime) triplets are more efficiently quenched by the
Er** ions compared to the fast (shorter lifetime) triplets as there
are fewer competing routes for decay. The energy transfer from
Zn(FBTZ), and Zn(Br-FBTZ), to the erbium is broadly similar
although for the slow triplet the Zn(Br-FBTZ), is slightly better.
However, it can be seen that the triplet in Zn(Cl-FBTZ), is
significantly more efficient at coupling to Er(F-TPIP); than for
the other chromophores.
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In addition to the improved energy transfer from the triplets
into the erbium ions we also see significant reductions in the
fluorescence intensity of the Er(F-TPIP); doped films compared
to those codoped with Y(F-TPIP);. For each chromophore the
reduction in fluorescence intensity in the 80% co-doped films are
~50% in the presence of erbium and there are no statistically
significant differences between the chromophores.

In order to see how these observed effects translate into
improved emission from the erbium ions we performed quanti-
tative sensitisation measurements on all the samples. These
were achieved by exciting a sample at two different wavelengths
407 nm and 655 nm. The chromophores absorb light at 407 nm
light efficiently, while the 655 nm light can only be absorbed by
the erbium ions in the codoped films. The excitation light was
directed vertically on the samples and the optical geometry was
kept identical during the measurement. Each sample was excited
as a function of pump power at each wavelength and the emission
intensity of the erbium ions were subsequently modelled using a
rate equation model. Full details of the approach have been
reported previously.'
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Fig. 6 The percentage reduction in the triplet lifetime components for Er(F-TPIP)s codoped films compared to Y(F-TPIP)s films, measured at 80 K under

the excitation of 407 nm CW laser.
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Fig. 7 Sensitisation data for the (a) 9% and (b) 23% Er(F-TPIP)s doped films for each chromophore. The solid black line is the fit from the model.

In Fig. 7 we present the sensitisation data for the 9% and
23% doped films for each chromophore along with the best fit
from the model. The full data set for each concentration can be
found in the ESL{ At the lower erbium concentrations we find
that the simple model provides an excellent fit to the data and
allows us to determine a single sensitisation factor over all
excitation power densities. At higher erbium concentrations the
data starts to fall below the model predictions at high 407 nm
pump intensities due to the contribution of Er-Er interactions
as an additional quenching route."

A summary of all the sensitisation data is presented in Fig. 8.
It can be seen that for each chromophore the sensitisation is at
a maximum for low erbium concentrations and reduces as the
erbium concentration increases but tending to a single value at
Er(F-TPIP); concentrations greater than ~40%. It can clearly be
seen that the Zn(Cl-FBTZ), provides significantly enhanced
(~40-60%) sensitisation compared to the Zn(FBTZ),. The
Zn(Br-FBTZ), also shows enhanced sensitisation compared to
Zn(FBTZ), (~20-30%) although the sensitisation is less than
for Zn(CIl-FBTZ),. This correlates with the reduction in triplet
lifetimes in the presence of erbium shown in Fig. 6: for the slow
triplets, ie. those with fewer competing quenching routes,
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Fig. 8 Sensitisation efficiencies for the Er(F-TPIP)s doped samples.
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Zn(Cl-FBTZ), couple most efficiently followed by Zn(Br-FBTZ),
and finally Zn(FBTZ),.

Conclusions

In conclusion, we have substituted fluorine atoms with chlorine and
bromine atoms at position 6- on the perfluorinated chromophore
Zn(FBTZ),. Enhanced ISC after substitution is confirmed by triplet
spectroscopy and lifetime measurements and the effect increases
with the atomic number of the substituted atom. We observe that
both singlets and triplet excitons couple efficiently with erbium and
that for the triplet excitons the chlorinated chromophore has the
most efficient coupling followed by the brominated and fluorinated.
These results correlate with sensitisation measurements and show
that it is possible to improve the energy transfer from a chromo-
phore to erbium ions by modifying the excited state dynamics of the
chromophore molecule.
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