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Solvent free mechanochemical synthesis of Eu>*
complex and its luminescent sensing of trace water
and temperaturet

Daging Yang, Zhigiang Li, Liang He, Yucheng Deng and Yige Wang*

Mechanochemical transduction processes which translate macroscopic forces into chemical reactions are
a design method to synthesize new advanced functional materials. Herein we present a simple, facile and
solventless method for the formation of a Eu®* coordination complex by simply grinding 4/,4"-(1,4-
phenylene)bis(2,2":6’,2” -terpyridine) and EuCls-6H,0 in a mortar for a short time. The resulting complex
exhibits outstanding stimuli-responsive emissions for temperature and trace water in organic solvents.
The ratiometric luminescence determination method based on the emission intensity ratio of two
independent transitions of Eu* provides a way to rapidly detect traces of water (0.1-5% v/v) in various
organic solvents through the luminescence quenching mechanism. Furthermore, by virtue of the
temperature-dependent luminescent behavior, the complex allows for the design of a thermometer with
an excellent linear response to temperature over a wide range, from 80 to 420 K with a high relative
sensitivity of 0.52% per K at 300 K and an unprecedented high sensitivity of 10.26% per K at 420 K. The
dynamically reversible complexation between Eu®* and the ligand facilitates its application as a smart

rsc.li/rsc-advances material.

1. Introduction

The luminescence of trivalent lanthanide ions (Ln**) is espe-
cially interesting as they typically show highly desirable physical
properties such as sharp emission lines, long lifetimes, high
quantum yields and large Stocks shifts, making them suitable
for a variety of advanced photonic applications.*™* However, the
emission intensities of bare lanthanide ions are weak because
of the forbidden nature of the f-f transitions. This problem can
be addressed by coordinating Ln*" to organic ligands bearing
the suitable light-absorbing chromophores via the so-called
antenna effect.>® Ln®*" complexes are normally obtained by the
coordinative interactions between metal ions and organic
ligands. They have attracted the attention of researchers across
various fields due to their versatile structure, morphology and
physical properties as well as their unique redox, optical, elec-
tronic, catalytic and magnetic properties induced by the incor-
porated metal ions.”"* Tridentate terpyridine ligands can act as
efficient Ln®" emission sensitizers and as organic linkers suit-
able for constructing the Ln*" complexes.’** Various lumines-
cence materials were prepared by a self-assembly process
between Ln*" and tridentate terpyridine ligands. In addition to
interesting luminescent features such as tunable emission color
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and white-light emission, these materials are endowed with
stimuli-responsive ability and/or self-healability.*>**>* Further-
more, the morphology of the Ln** complexes is highly depen-
dent on the concentration, ligand to metal ratio and the ligand
flexibility.***” Their preparation usually needs the use of envi-
ronmentally hazardous solvents. Mechanochemical synthesis
provides alternatives to the conventional solvent-based strategy
since they can offer obvious advantages such as the reduction or
elimination of solvent use, access to new materials or alterna-
tive solid forms, convenience, and shorter reaction times.>*3>
Up to now, a variety of compounds such as metal complexes and
metal-organic frameworks (MOFs) have been successfully
prepared by solvent-free (or minimal amount of solvent assis-
ted) mechanochemical method.****® However, no reports on the
Ln*" complexes induced by complexation of Eu*" with organic
linker consisting of terpyridine moieties prepared by mecha-
nochemical method appear in the literature yet, to the best of
our knowledge.

Herein we report a rapid, solvent-free, room temperature
mechanochemical synthesis of an Eu®" complex by simply
grinding 4',4""-(1,4-phenylene)bis(2,2":6',2"-terpyridine) (L) and
EuCl;-6H,0 in a mortar for a fixed time. The complex shows
bright red luminescence that is highly sensitive to even low level
water in organic solvents and to temperature variation in a wide
range from 80 to 470 K. The detection of traces of water (0.1-5%
v/v) contained in organic solvents such as ether and THF can be
easily achieved through an effective luminescence quenching
mechanism due to the replacement of L with water molecules

This journal is © The Royal Society of Chemistry 2017
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which strongly quench the radiative emission. The temperature
dependent luminescent properties allow for the design of
a thermometer with an excellent linear response to temperature
over a wide range from 80-300 K and 300-420 K with a high
relative sensitivity of 0.52% per K at 300 K and an unprece-
dented high sensitivity of 10.26% per K at 420 K.

2. Results and discussion
2.1 Preparation and characterization

L belongs to the three tridentate ligands family. Its chemical
structure and emission spectrum are shown in Fig. 1. Compared
with single terpyridine compound, bis-terpyridine can be used
to build supramolecular compound flexibly.*® We successfully
prepared the Eu®' complex (denoted as Eu(L),, n= the molar
ratio of Eu**/L) with L and EuCl;-6H,0 by the mechanochem-
ical technique within a short time. Upon manual grinding for
10 min, the emission colors of the complex showed obvious
change from yellow (Fig. 2b) to bright red (Fig. 2f). The obtained
complex shows good solubility in MeOH solution and the bright
emission implies the coordination of nitrogen atoms from L
with Eu®' ions and the sensitization of L to the metal ions,
which is further confirmed by FT-IR spectra and luminescent
data. The bands at 1601 to 1544 cm™ " in the FT-IR spectrum of
the L shown in Fig. 3a are assigned to the pyridine ring of L, the
strong band at 790 cm ' can be ascribed to the C-C bond
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Fig. 1 (a) Chemical structure; (b) emission spectrum excited at
360 nm of L.

Fig. 2 Bright field and luminescence images under daylight and UV-
light showing the process of Eu(L), synthesis by the grinding method:
(@ and b) mixture of L and EuClz-6H,0, (c and d) the ground mixture
after 2 min, and (e and f) the ground mixture after 10 min.
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between the pyridine rings.***** Upon manual grinding with
EuCl;-6H,0 for several minutes, the absorption bands corre-
sponding to the terpyridine moieties of L shift to 1605 to 1549
em™ " (Fig. 3b), indicative of the coordination of nitrogen atoms
of L to Eu’" ions.

The morphology was investigated by scanning electron
microscopy (SEM) and the data are shown in Fig. 4. The SEM
images reveal that the samples with L to Eu** molar ratio below
3 are mainly consist of micro sized bars (0.2-0.5 um), which are
smaller in size compared with the samples prepared by the
conventional solution method. A closer look at the images
demonstrates that the bars actually are formed by the aggre-
gation of much smaller nanoparticles. Further increase the
molar ratio of L to Eu*" to 3 : 1 leads to the formation of sample
with totally different morphology (Fig. 4e). The fibrous nature of
the Eu®" complexes consisting of long intertwining bundles of
strings (0.6-0.8 pm) is evidenced from the typical SEM image.
Furthermore, spherical nanoparticles with average size of less
than 100 nm are also observed.

The composition and the thermal-stability of the Eu®*
complex can be roughly estimated by thermogravimetric (TG)
analysis. We take the sample Eu(L); as an example. The TG
curve (Fig. S1, ESIT) shows 16.6% weight loss up to 480 °C is
attributed to the desorption of physically adsorbed water and
residual solvents. This indicates the as-synthesized sample has
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Fig. 3 FT-IR spectra of L (a) and Eu(L); (b).

Fig. 4 SEM images of Eu(L), in the solid state: (a—e) Eu** to L ratio
from3:1tol:3.
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a high thermal-stability. The second weight loss (ca. 47.75%) in
the range of 480-720 °C can be ascribed to the decomposition of
coordinated ligand.** A horizontal thermal curve was observed
above 1100 °C, which is due to the formation of the thermally
stable product Eu,0; (30.38%). The amount of the chelated
europium(m) ions was determined to be 26.24%, and this value
roughly corresponds to a molar ratio of 1:1 between L and
Eu®’. To further confirm that the elemental composition of
complex, elemental analysis was carried out. Elemental analysis
for Eu(L);, found (caled): C 54.42 (54.1), H 3.13 (3.0), N 10.57
(10.52).

2.2 Optical properties

As shown in Fig. 2f, the final materials prepared by solvent-free
mechanochemical synthesis method show bright red-emission
when illuminated with a 365 nm UV lamp, indicating the
formation of Eu-L coordination bonds. We therefore investigate
the luminescence properties of the as-synthesized samples,
Eu(L),, by steady state and time-resolved emission measure-
ments. Fig. 5 shows the excitation and emission spectra. The
broad bands ranging from 250 to 410 nm in all the excitation
spectra shown in Fig. 5a are attributed to the absorption of L.
The emission spectra (Fig. 5b) are formed by a series of line-like
bands ascribed to the D, — "F; (J =0, 1, 2, 3 and 4) transitions
of Eu*" with the °D, — ’F, transition at 613 nm as the most
prominent one, which is responsible for the bright red emission
color shown in Fig. 2f. The emission intensity is highly depen-
dent on the molar ratio of L to Eu®" ratio. It increases gradually
with the molar ratio increasing and reaches the maximum when
the molar ratio is 1 : 1, further increasing the molar ratio leads
to the gradual decrease of the emission intensity. The lumi-
nescence decay curves were measured under excitation at
360 nm and can be well fitted by mono-exponential functions
(Fig. S2, ESIt), indicating that only one major emitting species
is available in the samples,***® from which the decay time was
determined and the data are shown in Table 1. The decay time
increases slightly from 0.24 ms to 0.36 ms when the L to Eu®*
molar ratio increases from 1: 3 to 1: 1, further increasing the
molar ratio leads to the slight decrease of the decay time, which
could be explained by a ligand quenching pathway caused the
C-H vibrations of some ligands.*””** Furthermore, we also
investigated the behavior of the emission intensity ratio I(°D,
— "F)/I’Dy — "F;) (R) of materials. R is typically used to
measure the degree of Eu’" ions asymmetry variation in
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Fig. 5 (a) Excitation spectra monitored at 613 nm and (b) emission
spectra excited at 360 nm of the samples in the solid state: L to Eu®*
ratiofrom3:1to1l: 3.
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Table 1 Photophysical data of the samples Eu(L),
L:Eu* 7 [ms] Ty R
3:1 0.30 3.37 3.20
2:1 0.33 2.71 3.24
1:1 0.36 2.36 3.60
1:2 0.25 3.78 3.01
1:3 0.24 4.00 2.89

different local environment and normally becomes larger with
increasing interaction of the Eu®* with its neighbours due to the
decrease in its site symmetry.*>** The largest intensity ratio
(3.60) was observed for 1:1 Eu(L);. It reflects that the lower
symmetry of the Eu** and hence a larger Eu*"-L interaction of
the complexes, implying a more complete coordination between
Eu®" to terpyridine ligand.

2.3 Sensing of low-level water in organic solvents

The attractive dynamic properties of metal-coordination bonds
make the complexes highly interesting for preparing stimuli-
responsive smart materials for such bonds provide unique
environmental sensibility.?>** Ln**-N interactions are typically
weaker than Ln*'-O interactions,* which indicates that Eu*"-N
coordination bonds in the complex in this study are easily
affected by water molecules and hence the luminescence can
tend to be quenched through vibrational coupling with high
O-H vibration overtones in or near the first coordination
spheres. Thus, the as-synthesized samples can be used to detect
water content in organic solvents. Since we have known that the
sample with L to Eu®*" molar ratio being 1:1 (Eu(L),) shows
much stronger emission intensity and much longer decay times
than that with other molar ratios, we therefore test the perfor-
mance of Eu(L); as a luminescent sensor of moisture in organic
solvents. The exposure of Eu(L); to the vapors of ether con-
taining aliquots of water (0-5% v/v) for 20 min leads to obvious
reduction in the brightness of the emission light and the
remarkable changes in emission color as shown in Fig. 6a,
which reveals that the bright emission color becomes yellowish
when the water level in ether is up to 5%. The observed emis-
sion colors match well with the calculated chromaticity coor-
dinates based on the CIE (Commission Internationaled’
Eclairage) chromaticity diagram and can be easily and directly
observed by naked eyes under an UV lamp (Fig. 6b). Their cor-
responding emission intensity of °D, — ’F, decreases gradually
with the increase of water in ether as shown in Fig. 6¢c and d. The
histogram in Fig. 6¢ clearly shows that even a very small amount
(0.1%, v/v) of H,O to anhydrous ether cause about 6% decrease
of the emission intensity. When the water content is up to 5%
(v/v), the emission intensity is decreased to 8% of its original
value. Furthermore, the emission intensity ratio R of 613 nm
(°Dy — "F,) and 591 nm (°D, — F,) changes remarkably as the
water content changes. It reduces from 2.65 for the pure ether to
1.17 for that containing 5% (v/v) water (Table S1, ESIT), indi-
cating that the symmetry of the Eu®" sites has changed
remarkably, possibly caused by the coordination of water
molecules to Eu®* ions via the replacement of L, owing to the

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Photophysical parameters of Eu(L); after exposure to ether with
increasing amount of water (0% to 5%, volume fraction): (a) digital
photographs under near UV irradiation at 365 nm; (b) CIE chromaticity
coordinates; (c) normalized luminescence emission intensity at
613 nm; (d) emission spectra excited at 360 nm; (e) two-separated
fitted curves between R and the water molecular content in ether (0—
5%, v/v).

dynamical feature of N-Eu®" coordination bonds. This can be
further supported by the decrease of the luminescence decay
time calculated from the decay curves as shown in Table S1.}
Interestingly, two-separated linear fitting in Fig. 6e shows that R
is changed linearly with the increasing water concentrations
added to ether solution, the functions are shown in Table S2
(ESIY), with a correlation coefficient of 0.993. This indicates that
Eu(L); is an excellent self-calibrated luminescent sensor for
quantitative analysis of water in ether, which can make the
water molecular detection independent of the local environ-
ment, thus conquering the main disadvantages of single emis-
sion intensity-based measurements.>>>®

Eu(L), is also tested as a moisture sensor in THF. The pho-
tophysical parameters such as luminescence colors, emission
intensity and chromaticity coordinates change along with the
variation of water content in THF are shown in Fig. 7. The
variations of R and luminescence lifetime of Eu(L); are
decreased as water increases from 0% to 5% v/v (Table S3, ESIT).
The linear relationship between R and the water molecular
content in THF (0-5%, v/v) could be fitted to the function shown
in Fig. 7e and Table S2 (ESIf).

2.4 Temperature-dependent photoluminescence

The luminescent behavior of the complex can also be tuned by
temperature variation and the temperature dependent lumi-
nescence spectra of Eu(L); are shown in Fig. 8. When the
temperature varies from 80 to 300 K (A7 = 20 K), the emission
peak remains unchanged, while the normalized luminescence
intensity of °D, — ’F, transition at 613 nm band is gradually

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Photophysical parameters of Eu(L); after exposure to THF with
increasing amount of water (0% to 5%, volume fraction): (a) digital
photographs under near UV irradiation at 365 nm; (b) CIE chromaticity
coordinates; (c) normalized luminescence emission intensity at
613 nm; (d) emission spectra excited at 360 nm; (e) the fitted curve
between R and the water molecular content in THF (0-5%, v/v).

Intensity /a.u.

3
.S
2
]
<
2
=
00

640

0 68
Wavelength/nm Wavelength/nm

%
K
4

o ‘o
® o

2
o (-4
»

14
FS

300-420 K

»

@
o
N

Normalized 5D,-F, /a.u.
° ° o -
& 2

Normalized 1 5Dy-"F, /

e
o

o

100 150 200 250 300 300 350 400 450 440 390 340 290
Temperature / K Temperature / K

Fig. 8 Temperature-dependent emission spectra and normalized
luminescence intensity of Eu(L); within the temperature ranging from
80-300 K (a and b) and the temperature in heating process from 300-
470 K and cooling process from 450-300 K (c and d). The red and blue
lines are the fitting curves. Inset: digital photographs (taken under
illumination with 365 nm UV light) of Eu(L); powder.

decreased (Fig. 8a). The temperature (7}) can be linearly related
to the luminescence intensity (I;) within the range from 80 to
300 K by eqn (1) with a correlation coefficient of 0.995 (Fig. 8b):

Ty = 491.1 — 4051, (1)

Remarkably, approximately 53% of the luminescence
intensity of the Eu®" center decreased with a stepwise increase
in temperature from 80 to 300 K, and the change in intensity

RSC Aadv., 2017, 7, 14314-14320 | 14317
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ratio was 0.24% per K (Table S4, ESIt). In addition, the
temperature sensibility of Eu(L); can further be confirmed by
the luminescence lifetime, which is decreased from 0.22 ms to
0.18 ms when the temperature enhanced from 80 to 300 K.

The aforementioned properties make the as-synthesized
complex Eu(L); a potential candidate for temperature-sensing
from cryogenic temperatures to room temperature. Very inter-
estingly, it shows excellent sensibility for the temperature range
from room temperature up to 470 K. Fig. 8c shows that the
luminescence intensity at 613 nm band decreases profoundly by
more than 98% upon raising the temperature from 300 to 470 K.
The luminescence intensity of Eu(L); gradually decreased with
a stepwise increase in temperature. In addition, the change in
luminescence performance was easily visible by the naked eye
on excitation under UV lamp (Fig. 8c, inset). Moreover, the
relation between the normalized luminescence intensity (I,)
and temperature (7) in the range from 300 K to 420 K (AT = 10
K) present a good linearity (eqn (2), R = 0.998, Fig. 8d):

T, = 427.4 — 1251, )

The luminescence intensity decreases by 0.77% per K on
increasing temperature (Table S4, ESIt), this indicating rather
high sensitivity in wide temperature range from room temper-
ature up to high temperatures.

Although several luminescence-based thermometers with
a wide operating range have been reported,”” - single Eu®'-
containing luminescent thermometers with a linear response
over the temperature range from cryogenic temperatures to
high temperature are rarely reported. The sample we present in
this work allows for the design of a thermometer with an
excellent linear response to temperature over a wide range, from
80 to 420 K with a high relative sensitivity of 0.52% per K at 300
K and an unprecedented high sensitivity of 10.26% per K at 420
K (Fig. S3, ESIt).®** It is clear that these values are 5-40 times
higher than which previously reported in ref. 65 and are rarely
observed for luminescence thermometry. These results indicate
that Eu(L), is an excellent and useful luminescent thermometer.

It worthy to note that the emission intensity of Eu(L); was
almost fully quenched at 420 K as shown in Fig. 8c, which was
normally caused by the thermal activation of nonradiative
deactivation pathways.*>**¢” However, the dissociation of the
Eu-L bond could not be excluded.®®®® The attractive dynamic
property of Eu-L coordination bond makes Eu(L); reveal good
temperature-dependent luminescence behavior. As shown in
Fig. 9, heating and cooling can result in the dissociation and
formation of the dynamic bond. To further verify the revers-
ibility of the dynamic connection of Eu®** and L, we also detect
the luminescence behavior of the complex with a stepwise

0 D ’ 0 Heating Q Q

o0 e 0060e ‘F) 0@ 4+ @
D QQ Q 'ooling IS o

Fig. 9 The dynamic interaction of Eu(mn) and L in the heating and
cooling process.
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decrease in temperature from 450 to 300 K (AT = 10 K) after the
environmental temperature of Eu(L); was heated to 470 K.
Interesting, the emission intensity of Eu(L); was gradually
increased and recovered to 66.3% of its original value as shown
in Fig. 8d, implying that the re-formation of Eu*'-L complexes,
which is in good agreement with our assumption. The rela-
tionships between the normalized luminescence intensity (I3) of
the complex and temperature (73) in cooling process were
established and linearly fitted to the function shown in Table S4
(ESIt), with the correlation coefficient reach up to 0.998. The
luminescence intensity decreases by 0.59% per K on stepwise
decreasing temperature. The result indicates that Eu(L); also
has high sensitivity in wide range of temperature in the cooling
process.

3. Experimental
3.1 Materials

EuCl;-6H,0 (99.99%) was purchased from Beijing HWRK Chem
and L (96%) was purchased from Sigma-Aldrich. They were used
without further purification.

3.2 Mechanochemical synthesis of Eu(L),

L (27.0 mg, 0.05 mmol) and EuCl;-6H,0 (18.3 mg, 0.05 mmol)
were manually ground in a mortar with a pestle for 10 min.

3.3 Exposure to organic solvents (water content from 0 to 5%
v/v)

The powder samples of Eu(L); were prepared for the detecting
experiments. For each experiment, 200 mg Eu(L); were put in
a small bottle and exposed to solvents (water content from 0%
to 5%, v/v). The powder samples (Eu(L);) and the small bottle
were placed into a sealed container (about 100 mL), which
contains about 4 mL organic solvent for 1 h.

3.4 Characterization

Infrared (IR) spectra were obtained with a Bruker Vector 22
spectrophotometer by using KBr pellets for solid samples from
400 to 4000 cm ™ at a resolution of 4 cm ™', Elemental analysis
was performed on an Elementar Vario EI system. SEM images
were obtained from a FE-SEM (Hitachi S-4300) at an accelera-
tion voltage of 10 kV. Samples on quartz substrate were directly
put in the chamber of the instrument, for the photophysical
measurements. The steady-state luminescence spectra and the
lifetime measurements were measured on an Edinburgh
Instruments FS920P spectrometer. Absolute quantum yield
measurements were carried on the aforementioned fluores-
cence spectrophotometer equipped with an integrating sphere.
A UV-visible Agilent Cray 100 spectrometer, with a quartz
cuvette with path length 10 mm, was used to determine the
wavelength of the maximum UV absorbance peak. The absor-
bance was measured from 200 to 800 nm.

This journal is © The Royal Society of Chemistry 2017
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4. Conclusions

In summary, a solid state Eu®*" complex was successfully
synthesized by mechanochemical synthetic method. Without
using any solvents and requiring only a few minutes, the single-
step mechanochemical reaction serves as a “green” approach to
prepare complex by the self-assembly process between Eu** and
bis-terpyridine compound. Remarkably, all photophysical data
reported herein point towards the same conclusion that Eu(L);
(ligand : Eu** = 1:1) shows the best luminescence perfor-
mance and well stimuli-responsiveness (including temperature,
moisture). Eu(L); can act as a highly efficient luminescent
sensor for detecting, in real time, traces of water (0.1-5% v/v) in
ether and THF, which is based on the ratiometric luminescence
determination method. Furthermore, Eu(L); reveals excellent
linear correlation between emission intensity and temperature
ratio from 80-300 K, and 300-420 K, with high relative sensi-
tivity values of 0.52% per K at 300 K and 10.26% per K at 420 K,
enabling it to be a candidate for luminescent thermometer.
Surprisingly, the emission intensity of the complex can be
recovered to 66.3% of its original value in the cooling process
from 450 to 300 K, which is attributed to the re-formation of Eu-
L, making Eu(L); as an unprecedentedly smart material. We
believe that our strategy will open up a new perspective for the
development of luminescent complexes in the near future.
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