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Functionalisation of ligands through click
chemistry: long-lived NIR emission from organic
Er() complexes with a perfluorinated core and

a hydrogen-containing shell}

Y. Peng,? J. X. Hu,” H. Lu, R. M. Wilson,® M. Motevalli,® I. Hernandez,*¢ W. P. Gillin,**¢

P. B. Wyatt* and H. Q. Ye*®

Erbium complexes with a fluorinated organic core shell linked to a hydrogen-containing shell, have been
synthesized using the click reaction between erbium(i) bis(perfluoro-4-azidophenyl)phosphinate and
a series of alkynes. The erbium 1.5 pm emission lifetimes in the hydrogen-containing erbium complexes

Received 19th October 2016
Accepted 1st December 2016

exceed 140 ps, the longest ever reported in hydrogenated organic erbium systems. The visible

sensitisation for erbium emission indicates a successful strategy that broadens the usage of non-
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Introduction

Organic erbium containing materials have been of great interest
as the optical properties of erbium can be optimized by incor-
porating erbium ions into organic chromophores; these can
efficiently harvest light and the energy-transfer can induce
intense erbium emission through sensitization."* However, the
presence of high-energy oscillators (O-H or C-H units) should
be avoided to minimize the vibrational quenching for near-
infrared (NIR) emission in order to obtain a long 1.5 pm
emission lifetime.** Both experimental estimation and theo-
retical computation have suggested the need for a separation
distance of >20 A between NIR-emitting Er’' ions and
quenchers to overcome the quenching effect.*” The per-
fluorination of organic ligands has been well documented and
the erbium emission lifetimes of up to hundreds of
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fluorinated chromophores in organic erbium systems and allows more choices for ligand functionalization
with exceptional efficiency for erbium emission.

microseconds have been obtained due to the lower vibrational
energy of fluorinated chemical units.*™*°

Although perfluorinated chromophores are preferred, the
synthesis of these species is complex because the most efficient
chromophores are highly conjugated multi-ring systems that
are difficult to synthesis. Also, the availability of highly fluori-
nated functional chromophores is limited. If non-fluorinated
chromophores are tolerable in the ligands through special
confinement, it will greatly expand the scope of usable moieties.
In this study, we proposed a pseudo-core-shell model (Fig. 1)
with ‘central fluorination’ for the perfluorinated moiety carrying
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Fig. 1 Pseudo-core-shell model of central-fluorinated erbium
complexes and general route for ligand preparation.
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a binding site that is connected to the non-fluorinated moiety
through a linkage. These ligands bind to an Er*" ion with
a perfluorinated protective core for the Er** ion in order to keep
C-H bonds located in the relatively distant linkage and non-
fluorinated shell/sheath. The resultant erbium 1.5 pm emis-
sion lifetimes reach over 140 ps, the longest ever reported for
hydrogen-containing organic erbium species and even longer
than those reported in some perfluorinated erbium systems.™
With the evidence that these ligands provide visible-range
sensitization for erbium emission, this strategy allows the
potentiality for functionalization and high efficiency NIR
emission simultaneously.

Experimental methods

The detailed ligand design chose P=0 double bonds for the
binding site (Fig. 1) because they have shown exceptional pho-
toluminescence (PL) lifetimes for erbium complexes in previ-
ously reported systems.? The perfluorinated core is derived from
bis(perfluorophenyl)phosphinic acid. The electron-withdrawing
P=0 bond and fluorine atoms on the phenyl ring are activated
towards aromatic nucleophilic substitution, particularly at the
para-position of the phenyl ring, providing a convenient way of
functionalizing the system to introduce a linkage. Azide groups
were chosen as precursors to the linkage because (1) the azide
ion is a strong nucleophile and (2) the azide group is widely
used in Hiiisgen cycloaddition to form 1,2,3-triazoles, which is
the preeminent example of a highly efficient and clean ‘click
reaction’.” According to this design, a large variety of non-
fluorinated moieties can be incorporated into the ligands if
appropriate alkynyl derivatives can be used in 1,2,3-triazole
formation.

The general route for ligand preparation is shown in Fig. 1.
Tris(pentafluorophenyl)-phosphine oxide 1 was prepared
following the literature procedure.”® Aromatic nucleophilic
substitution by sodium azide in aqueous acetone replaced all of
the p-fluorine atoms on the rings with azide groups. Hydrolysis
of a P-aryl bond simultaneously occurred with the substitution,
thus giving bis(4-azido-2,3,5,6-tetrafluorophenyl)phosphinic
acid 2 (BAPA). The reactions of four terminal alkynes
R,C=CH (R; = n-Bu; R, = Ph; R; = C¢Fs5; R, = carbazol-9-yl-
CH,) with BAPA were performed through copper assisted azide-
alkyne cycloaddition (CuAAC) to provide the products HPL, p,
respectively (see ESI for detailed synthesis procedurest). These
four ligands were then mixed with ErCl; solutions and ErL; (L =
PL,, PLg, PL¢, PLp, respectively) complexes were formed as
precipitates. The low solubility, coupled with existing work in
the literature on similar materials," possibly suggests a struc-
ture involving bridging -O-P-O- groups.**

The excitation spectra of the erbium emission were
measured using a homemade continuous monochromic
system. A xenon lamp was filtered and focused into a Jobin-
Yvon Horiba Triax 180 spectrometer equipped with 1200 lines
per mm gratings. The monochromatic light from the output of
Triax 180 was focused into the sample. The erbium lumines-
cence was focused into a Jobin-Yvon Horiba Triax 550 equipped
with 600 lines per mm gratings. The illumination intensity on
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the sample was measured directly by a calibrated Newport
918D-UV-OD3R silicon photodetector to normalize the excita-
tion spectra for variations in illumination intensity. The lumi-
nescence intensity was detected using a Hamamatsu R5509-72
nitrogen-cooled detector and measured using a 5029 single-
phase lock-in amplifier. For the PL spectra at visible wave-
length region the excitation was from a 375 nm laser diode. For
the time-resolved PL measurements the excitation was from
a Continuum Panther Optical Parametric Oscillator (OPO) laser
pumped by a Continuum Surelite (SLI-10) Nd:YAG. The laser
pulse is 5 ns. The time-resolved PL decay curves were recorded
using a digital oscilloscope. The PL spectra were corrected by
the response of the PMT detector. All samples were dried in
vacuo prior to PL and excitation measurements.

Results and discussion

Diffuse reflectance measurements (ESI, Fig. S31) were per-
formed for solid-state complexes, due to the low solubility of the
complexes, giving the absorption maxima of the solids over the
UV range and weak fluorescence of the solid samples. The
erbium PL spectra were explored using ~5 ns laser pulse at
520 nm wavelength for direct excitation into the *Hy,, level of
Er** ions. The NIR photoluminescence of these complexes
shows the approximate independence of I3, — *I;5, transi-
tions on the composition, and the fine structures of emission
peaks only slightly affected by local crystal fields (ESI, Fig. S27).

Excitation spectra, recorded at 1536 nm emission, for
Er(PL,_p)s over excitation wavelengths from 400 nm to 700 nm
are shown in Fig. 2. It can be seen that excitation bands extend
over the region of ~400 nm to ~500 nm, matching the tail of the
reflectance spectra (see ESIT). It can be seen that the excitation
for Er[(C¢Fs5),PO,]; is solely the direct excitation from Er** ions,
indicating the organic ligands provides no visible sensitization.
Interestingly, the broad excitation for Er(PL,_p); over the visible
region is identical in shape for each of the ligands. Given that
the shell moieties used in this work lack extensive conjugation
it is unlikely that they significantly contribute to the sensitiza-
tion in the observed wavelength range. Hence, given the simi-
larity in shape, it is believed that the sensitization in this case
comes from the triazole linker. To estimate the sensitization
effect for each complex, we took the excitation at 522 nm as
comparison since the 522 nm absorption peak is due to the
hypersensitive “I;5, — *Hyy, transition, the intensity of which
varies strongly with the local environment of the ion. Taking the
ratio of the integrated size of the area (400 nm to 500 nm)
relative to that integrated for *Hy;, excitation (500 nm to
530 nm), we are able to evaluate the visible sensitization ratios
as 4, 5, 3.5 and 11 for Er(PL,p)s;, respectively, which are
comparable with or even larger than those for some per-
fluorinated organo-erbium complexes.™

The visible PL spectra for the complexes, with 375 nm exci-
tation, are shown in Fig. 2. For Er[(CeF5),PO,]; it is difficult to
determine the peak accurately as it is weak and dominated by Er
absorption (*Hy, ;) and emission (*S;;, — “I;5,) bands. Despite
this it is clear that it is significantly blue shifted in comparison
to the complexes Er(PL, p);. This suggests that the ligand
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Fig. 2 (a) Excitation spectra for Er(PLs_p)s and recorded at 1536 nm
emission at excitation wavelengths from 350 nm to 700 nm with
continuous wave monochromatic lights. (b) PL spectra of Er(PLa_p)s
and over the visible region with 375 nm excitation.

emission is strongly dependent of the triazole linker, which
supports the view that this group is contributing to the sensi-
tization. These visible PL spectra clearly suggest that the emis-
sive states of the ligands (1.5 eV to 2.8 eV) might be responsible
for the sensitization as they can be resonant'** with the several
intermediate levels of Er*" ion such as the *F5,, ?Hy12, *Ss/» and
Fy,, states.

The erbium emission lifetimes of complexes Er(PL, p); at
1536 nm wavelength were measured for a series of each complex
where the Er*" ions was diluted with Y*" ions in order to explore
the intrinsic erbium emission lifetimes without inter-ion
interactions.''®'” As the Y** ion has approximately the same
ionic radius as Er** ion, the Y(PLg); complexes are of the same
phase as the corresponding Er(PLg); counterparts, which
was indicated by X-ray powder diffraction (ESI, Fig. S4t).
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Consequently, it is unlikely that the mixture of the inactive
yttrium complex will change the coordination structure around
Er** ions. The addition of a mixture of ErCl; and YCIl; solution
to a ligand solution was assumed to produce ion mixing at an
atomic level in Er,Y; ,(PLg); complexes. The PL decays of Er,-
Y;_x(PLg); complexes are shown in Fig. 3 as an example. The PL
decay is clearly non-exponential for the 100% Er sample. As the
erbium concentration decreases, the decay process tends to
approach mono-exponential and becomes slower, suggesting
gradual elimination of the concentration quenching due to
inter-ion interactions of the erbium ions, likely cross-relaxation
as observed in analogue compounds.”

The erbium emission lifetimes were obtained by fitting the
PL decays with a stretched exponential function (see ESIT),
which can give an average lifetime for both multi-exponential
decay process and mono-exponential decay process.'®'* For
each series the stretching factor, @, tends to increase with the
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Fig. 3 (a) The erbium 1536 nm emission decay for Er,Y; ,(PLg)s, at
520 nm excitation. (b) Combined average lifetime versus Er** ion
concentration plots for Er,Y;_4(PLa_p)s at room temperature with error
bar of £15%.
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decrease of the erbium concentration and @ tends to reach
a constant when the erbium concentration gets lower than 50%,
whilst the average lifetimes increase with the decrease of
erbium concentration (see details in ESIf). The lifetime
increases faster when the erbium concentration is higher
(>80%) while the increase trends slower when the erbium
concentration less than 50%, gradually approaching the
intrinsic lifetime limit. The change in g, lifetimes and erbium
concentration means inter-ion interactions are suppressed
when the average distance between neighbouring ions exceeds
a critical value.

The average erbium emission lifetimes as a function of erbium
concentration for each series of diluted complexes are plotted in
Fig. 3b. The intrinsic erbium emission lifetimes without
concentration quenching are estimated to be 157 ps, 141 ps, 195
pus and 140 ps for Er(PL,)s;, Er(PLg);, Er(PLc); and Er(PLp)s
respectively. Apart from the concentration quenching, the vibra-
tional quenching due to O-H and C-H are mainly responsible to
the short erbium 1.5 um emission lifetimes in organic complexes.
It can be expected that the reduction of erbium emission lifetimes
of Er(PLa g p); compared with Er(PLc); is due to the stronger
vibrational quenching caused by more hydrogen atoms on the
shell moieties. It is extraordinary that the Er(PLc); gives an
intrinsic erbium emission lifetime of 195 ps despite having six
hydrogen atoms per formula unit. Surprisingly, Er(PLp);, which
contains 66 hydrogen atoms per formula unit, gives an excep-
tionally long intrinsic erbium emission lifetime of 140 ps. This
demonstrates that it is possible to have highly conjugated chro-
mophores introduced into these core-shell structures without
significantly degrading the Er lifetime. These are by far the
longest lifetimes reported for hydrogen-containing organic
erbium systems highlighting the advantage of ‘central fluorina-
tion’. Potentially, application of the same strategy to sublimable
complexes could result in even longer lifetimes as desired since
vacuum sublimation is one of the common techniques to obtain
the purity level that exceptional optical quality of erbium emis-
sion requires (e.g. by removing all traces of residual solvents).

Conclusions

We have proposed a new strategy, ‘central fluorination’, for ligand
design. The shell moieties can have variations and then be easily
attached to the core via click cycloaddition. We have demon-
strated that the protection of perfluorinated shell could prevent
vibrational quenchers on conjugated non-fluorinated organic
chromophores from degrading the radiative lifetime of the
erbium ions. This strategy provides a novel route to design organic
sensitized erbium material systems by broadening the usage of
non-fluorinated functional groups including chromophores.
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