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Here, we introduce the principle of the novel in situ luminescence analysis of coordination sensor (ILACS)
approach for monitoring the formation of solid materials, recording information from the formed solid
compounds as well as from the surrounding solutions. This technique utilizes as a main tool the sensitivity
of luminescence properties of lanthanide (Ln) ions on the coordination environment, being incorporated
as local sensors by the investigated material during synthesis. The luminescence spectra and their
environment-dependent developments are monitored in situ from the early stages of the reaction until
the final product formation under real conditions with a high time resolution. The ILACS principle is
demonstrated here for monitoring the formation of [Eu(phen),(NOs)s] (phen = 1,10-phenanthroline) and
further metal-ligand exchange processes during its conversion to [Sn(phen)Cl,]. These reactions were fol-
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lowed, for instance, analyzing the antenna effect, shift of the Do = “F4 EU®* transition and quenching
effects. In addition, these results have been validated by comparison with other in situ techniques. The
results demonstrate that ILACS is a new powerful, fast, broadly available in situ characterization method,
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Introduction

In situ techniques are important for detecting phenomena
occurring during chemical reactions, e.g. synthesis of solid
materials in liquid media, such as nucleation, crystal growth,
formation of (amorphous) intermediates or polymorphic
phase transitions." Hence, the in situ approach allows the dis-
covery of new metastable compounds, and optimization of syn-
thesis conditions for maximizing product yield or rather
avoiding side products, besides providing a new understand-
ing about the hierarchical development of the crystal structure
and their related properties in functional materials. Several
powerful in situ methods have been reported in the past for
studying the mechanisms of chemical reactions like X-ray diffr-
action (XRD),>® pair distribution function (PDF),”® X-ray
absorption spectroscopy (XAS),'°** Raman'>'* or infrared
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which is applicable for liquids, amorphous samples, and very small crystallites besides for large crystals.

(IR)">'® spectroscopy, nuclear magnetic resonance (NMR)""°
and mass spectroscopy (MS).>>*! However, XRD does not
provide information about local structural arrangements in
amorphous materials or liquids and cannot detect side pro-
ducts present in the sample in low concentrations or very
small crystallites. For comprehending the formation of solid
materials from solutions, it is essential to understand not only
the phenomena occurring during crystallization and crystal
growth but also the chemical processes in the liquid surround-
ings, which is not possible by means of XRD-based methods.
Even though XAS delivers valuable information about changes
in the coordination environment of atoms during
synthesis,"® " it depends on access to synchrotron radiation,
drastically reducing its availability. While IR and Raman spec-
troscopy are more appropriate for organic molecules, recording
in situ NMR spectra may take several minutes, and so it is not
able to adequately characterize fast phenomena such as
nucleation and rapid phase transitions."

Here, we report the development of a novel in situ method
for complementing the above-mentioned approaches offering
a solution for the respective measurement limitations. The
novel in situ luminescence analysis of coordination sensors
(ILACS) benefits from the influence of the coordination

This journal is © The Royal Society of Chemistry 2016
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environment on the optical properties of lanthanide (Ln) ions
for obtaining local structural information during e.g. desolva-
tion/ligand exchange, nucleation, crystal growth, phase tran-
sitions and further chemical reactions. Applying, for instance,
Ce* and Eu”* as coordination sensors, changes in the
coordination number, bond length and covalence of chemical
bonds to the ligands around these cations can be detected by
shifts in their emission spectra, since their 5d — 4f transitions
leading to light emission involve the d-electronic states, being
therefore, strongly influenced by the crystal field splitting.>* >
In contrast, applying other trivalent lanthanides as coordi-
nation sensors, no strong shift in the emission spectrum is
expected, because the electrons involved in the 4f — 4f tran-
sitions responsible for the emission of light are shielded by
the 5s and 5p orbitals of these ions.**?* Nevertheless, for
example for Eu**, changes in the coordination environment
causes slight shifts and changes the splitting behavior of the
respective °Dy — F, (J = 0-6) transition, delivering information
about the symmetry around the cation sites.”*”>° Moreover,
quenching or antenna effects evidence the occurrence of
metal-ligand exchange processes especially in organic-
inorganic hybrid materials, while the number of signals
assigned to the Eu** °D, — “F, transition in Cy,, C,, or Cs sym-
metries indicates the number of available cation sites for Eu**
in the crystal structure.’>*' Within the ILACS technique, the
suitable coordination sensor is introduced into the investi-
gated material by different approaches like e.g. producing an
Ln-based compound itself or incorporating Ln ions in very
small amounts by doping them into the studied host lattice.
The changes in the optical properties of the local sensors are
detected during the reaction by submersing an optical fiber
into the reaction vessel, which transports the emitted light to a
fast charge-coupled device (ccd)-based detector, achieving a
time resolution up to hundreds of spectra per second.

For testing the feasibility of this promising technique,
ILACS has been applied here for monitoring metal-ligand
exchange processes during synthesis of the luminescent
complex [Eu(phen),(NO;);]**** (phen = 1,10-phenanthroline)
and its stability in the presence of other ions. Luminescent
complexes are important for the production of security phos-
phors, sensors or cell markers for bioimaging.*>**° Especially
for biomedical applications, the luminescent markers are
used under complex media as cell cultures and must remain
stable upon the presence of foreign ions. For validating the
ILACS method, its results have been compared to other in situ
characterization methods applying two different assemblies
(1 and 2). The preliminary experiments carried out with
assembly 1 (Fig. 1) consist of the combination of the ILACS
approach with in situ pH and conductivity measurements. In
assembly 2 (Fig. 2), on the other hand, in situ luminescence
was combined with in situ XRD and attenuated total reflec-
tance Fourier transform infrared (ATR-FTIR) spectroscopy at
beamline P09 at PETRA III (DESY).>” To the best of our knowl-
edge, the simultaneous measurements of in situ lumine-
scence, XRD and IR spectroscopy are reported in this work for
the first time.

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Assembly 1: experimental setup for combining ILACS with in situ
pH and conductivity during the synthesis of [Eu(phen),(NO3)s].
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Fig. 2 Assembly 2: experimental setup for measuring in situ lumine-
scence at the German Electron Synchrotron DESY in combination with
in situ XRD and IR spectroscopy.

Experimental
Materials

As mentioned above, the experiments presented in this work
were possible, thanks to the application of two different
assemblies (1 and 2). For assembly 1, 5 mL of an 0.269 M etha-
nolic solution of anhydrous 1,10-phenanthroline (99%, abcr
GmbH, Germany) was added to the reactor containing 30 mL
of a 0.022 M solution of Eu(NO3);-6H,0 (99.9%, abcr GmbH,
Germany). For assembly 2, the Eu(NO3);-6H,0 and phen solu-
tions required an increase of the respective concentrations by
a factor of 5, in order to gain the adequate signal intensity for
XRD and IR measurements. After approximately 60 minutes,
5 mL of a 1.121 M solution of SnCl,-2H,0 (>98%, Sigma-
Aldrich Chemie GmbH, Germany) was added to the reactor.

Assemblies for in situ measurements

Assembly 1 is composed of a combination of an EasyMax™
reactor system (Mettler Toledo GmbH, Germany) and a separ-
ated luminescence setup. In this context, the EasyMax™
reactor system enables the control of the synthesis parameters

Analyst, 2016, 141, 2588-2594 | 2589
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such as temperature, stirring and dosing as well as monitoring
the pH and conductivity during the reaction. The lumine-
scence setup comprises a portable EPP2000 (StellarNet Inc.,
United States) spectrometer, equipped with a ccd-based detec-
tor and an attached optical fiber. This optical fiber is sub-
mersed in the contents of the EasyMax™ glass reactor for
recording the in situ emission spectra. Excitation of the reactor
content was achieved by irradiating UV light by means of light-
emitting diodes (LEDs) with wavelengths of 365 nm (Sahlmann
Photochemical Solutions, Germany) or 395 nm (Wha Fat Tech-
nological Co. Ltd, China) through the observation window of
the EasyMax™ reactor system. Even though the glass window
and glass reactor wall partially absorb UV light, the intensity
of the excitation light was high enough for irradiating the
reactor content. A slight red shift for long wavelengths was
detected by the applied portable StellarNet spectrometer.
However, it was possible to clearly identify the typical D, —
’F; (J = 1-4) Eu*' transitions.”® Ex situ XRD was measured
by using a STOE Stadi-P powder diffractometer (Cu-K,; radi-
ation, 4 = 1.540598 A, Ge monochromator) in transmission
geometry.

For assembly 2, in situ luminescence measurements have
been carried out using a USB4000-FL portable spectrometer
(Ocean Optics GmbH, Germany), also equipped with a ccd
detector. Similarly as for assembly 1, the emission light was
transported from the reactor to the detector by using an optical
fiber and the sample was excited by using a 395 nm LED from
outside the glass reactor. ATR-FTIR spectra were recorded by
using a ReactIR45TM spectrometer (Mettler Toledo GmbH,
Germany). Here, the peaks of the solvent (ethanol) have been
applied as the baseline for highlighting the peaks related to the
reagents. In situ XRD measurements were performed in trans-
mission geometry at the beamline P09 of the German Electron
Synchrotron (DESY),”” using monochromatic radiation at
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22999.95 eV (0.053905 nm) and a Perkin-Elmer detector (2048 x
2048 Pixel, detector distance 60.4 cm).

Results and discussion

Fig. 3 displays the effect of the addition of phen to the
Eu(NO3); solution on the collected in situ emission, pH and
conductivity measurements. Firstly analyzing the initial emis-
sion spectra of Eu’* dissolved in ethanol before the addition of
the phen solution (Fig. S17), broad and weak peaks assigned
to the Dy — "F; (J = 1-4) Eu®" transitions, massively quenched
by the OH vibrations of the solvent molecules®® are observed.
Subsequently, upon addition of the phen solution, the inten-
sity of these signals strongly increased, becoming better
resolved and indicating a gradual exchange between the
ethanol molecules coordinating Eu®" in the solvation shell
against the phen ligand to form [Eu(phen),(NO3);] (Fig. S27).
This intensity increase is caused by the antenna effect, in
which the excitation energy is widely absorbed by the extensive
conjugated n-system of the ligand and transferred to the Eu®*
ion, enhancing its luminescence.>*”° Interestingly, ILACS
shows for different experiments, applying for instance the
wavelengths of 365 nm (Fig. 3b) and 395 nm (Fig. S37), that
the emission intensity does not immediately increase after the
phen addition, but rather after 3-5 minutes, indicating a poss-
ible delayed nucleation process for [Eu(phen),(NO;)s;]. This
assumption is supported by the ex situ XRD analysis (Fig. S47),
which shows the presence of a crystalline material after a reac-
tion time of ¢ = 5 min. The sample removed from the reactor
for e.g. t = 2 min did not provide solid material for ex situ XRD
analyses.

An additional interesting aspect of examining the time-
dependent profile of the intensity of the D, — ’F, Eu*"
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Fig. 3 Time dependence of (a) the addition of the phen to the Eu(NOs)s
and °Dg — ’F, Eu®* transition as well as (c) the pH and (d) conductivity for
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solution in comparison with (b) intensity of the excitation source (365 nm)
assembly 1.

This journal is © The Royal Society of Chemistry 2016
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transition is that its increase rate is divided into two parts (I and
11, Fig. 3b), suggesting that the crystal growth process may be
divided into two different stages. Supplementary analysis of
the intensity profile of the excitation light may supply
additional information about the reaction, since it indicates
changes in the transmittance of the light or rather in the tur-
bidity of the reaction medium during the growth of the solid
material. Hence, the decay of the intensity of the excitation
light or the increase of the turbidity is divided into two parts
(I and 1V, Fig. 3b), also evidencing the presence of two dis-
tinct growth rates. Finally, the double-rate growth profile is
indicated by different increase rates in the in situ pH measure-
ments during the addition of the phen solution for
t = 0-10 min. The beginning of crystal growth shown by the
extreme increase of the emission intensity (Fig. 3b) is
accompanied by a simultaneous peak in the in situ pH curve
(Fig. 3c) and a depression of the conductivity (Fig. 3d). The
addition of the alkaline 1,10-phenanthroline ligand at
t = 1-10 min causes a continuous increase of the pH value of
the reaction. In agreement with the in situ luminescence
measurements, the Eu(phen),(NOs); product starts to crystal-
lize, incorporating the phen ligands from the solution, causing
a decrease of the pH value. The subsequent rise of the pH is
triggered by the further addition of the phen solution. When
the addition of the phen solution stops at ¢ = 10 min, the
profile of the pH curve is mainly governed by the uptake of
phen from the solution during crystallization, explaining the
PH decrease. It is expected that the acidic nature of the initial
Eu(NOj3); solution promotes the deprotonation of the ligand,
favoring high product yield. Similar results are obtained by
analogous experiments carried out with assembly 1 by apply-
ing a light source with a wavelength of 395 nm (Fig. S37).

For ex situ XRD experiments, the samples must be recovered
from the reactor, quenched, washed and dried, often modify-
ing the structure of the studied compounds. This is a serious
problem, especially for the highly soluble [Eu(phen),(NO3);],
which cannot be easily washed. For this reason, the structural
changes around the Eu®" ions during the formation of
[Eu(phen),(NO3);] detected by the ILACS technique have been
additionally monitored with in situ XRD measurements,
carried out directly in the reactor by applying synchrotron radi-
ation. Furthermore, these techniques were supplemented with
simultaneous ATR-FTIR spectroscopy, applying the above-
mentioned assembly 2. After [Eu(phen),(NO;);] was formed,
a SnCl, solution was added to the reactor in order to test the
stability of this complex in the presence of foreign ions. If
[Eu(phen),(NO3);] is stable in the presence of tin ions, SnCl,
could be applied in the future under an inert gas atmosphere
for reducing europium to its divalent oxidation state and for
synthesizing Eu®>" phenanthroline complexes, monitoring the
redox reaction by recording the change between the lumine-
scence of f — f Eu’* and d — f Eu”" transitions. This conversion
of oxidation states is highly interesting from the technological
point of view, since europium d — f transitions are allowed
and provide much stronger luminescence than Eu** analogous
compounds. However, upon the presence of tin ions under the

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

tested conditions in air, [Eu(phen),(NO;);] undergoes a
further metal-ligand exchange process, resulting in its conver-
sion to [Sn(phen)Cl,] (Fig. S51). According to the literature,*
Sn*" ions are formed by the reaction of SnCl, with atmospheric
oxygen in acidic solutions, as demonstrated for the applied
solution by the in situ pH analysis in Fig. 3c.

Similarly to the in situ luminescence measurements per-
formed for assembly 1, the exchange of the ethanol ligands
against the phen molecules has been initially detected for
assembly 2 by the strong enhancement of the emission inten-
sity due to the antenna effect (Fig. 4). Before discussing
further details of Fig. 4, it is important to mention that the
structural change caused by the formation of the europium
complex was additionally detected in the in situ luminescence
spectra by means of the shift of the peak assigned to the
allowed electric dipole D, — ’F, Eu®*" transition to higher
energies (Fig. 5). This blue shift reveals a larger energy gap
between the °D, excited and the F, ground state,"" resulting
from the stronger interaction between Eu’" and the phen
ligands in [Eu(phen),(NO,);] than between Eu*" and the co-
ordinating ethanol molecules in the solvation shell. The stronger
metal-ligand interaction in the europium complex is expected
for two main reasons: (i) a slight nephelauxetic effect caused
by the coordinating nitrogen atoms of phen molecules®* and
(ii) the shorter interatomic distance expected for solid
materials due to the lattice strength. The addition of SnCl,
and subsequent formation of [Sn(phen)Cl,] were detected
by the strong decrease of the emission intensity until this
signal disappeared (Fig. 4). This observation indicates that
[Sn(phen)Cl,] is not luminescent or cannot be excited with the
same wavelength as applied for [Eu(phen),(NO;);].

The ligand exchange process detected by the ILACS tech-
nique was confirmed by simultaneous in situ XRD measure-
ments (Fig. 6). Upon addition of the phen solution, reflections
at 3.57, 3.80, 4.13, 4.36, and 5.35° 20 start to grow, demonstrat-

Fig. 4 In situ luminescence measurements (lex = 395 nm) carried out at
DESY during the synthesis of [Eu(phen),(NO3)s] (assembly 2).

Analyst, 2016, 141, 2588-2594 | 2591
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In situ IR spectroscopy measurements carried out at DESY
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ing the formation of the [Eu(phen),(NO;3);] complex
(Fig. S61).>>3 After the addition of the SnCl, solution, the
reflections assigned to the europium complex disappear and
those of [Sn(phen),Cl,] appear at e.g. 3.65 and 4.33° 26 eviden-
cing the formation of the Sn complex.*? The in situ IR spectra
(Fig. 7) exhibit signals of the NO, vibrations*’ at e.g. 875, 1024,
1285 and 1516 cm ™" for the initial Eu(NOs); solution. After
addition of the phen solution, the intensity of these bands
decreases, indicating the uptake of the NO;™ ions from the
solution and incorporation into the solid [Eu(phen),(NO3);]
complex. On the other hand, after addition of tin, [Sn(phen)
Cl,] is formed, releasing the NO;~ ions back into the solution
causing the increase of the respective IR bands.

Conclusions

In summary, the ILACS technique could be successfully
applied for monitoring the formation of [Eu(phen),(NO;);]
and its further conversion into [Sn(phen)Cl,], confirmed by
supplementary in situ measurements like the pH value, ion
conductivity, XRD and IR spectroscopy. As summarized in
Scheme 1, these results suggest that the exchange of the
ethanol molecules in the solvation shell against the phen
ligands and the consequent crystallization of the Eu®*" complex
do not occur spontaneously but are fairly delayed. Moreover,
the time-dependent profile of the D, — “F, Eu®" intensity
indicates that the growth of the europium complex involves
not only one but two distinct steps. Upon addition of SnCl,,
the phen ligands detach from the Eu®" ions and coordinate to
the in air formed Sn*" ions*° for the formation of [Sn(phen)Cl,],
which was detected by the luminescence extinction, showing
the higher affinity of the phen ligands for Sn** in comparison
with Eu®". The instability of [Eu(phen),(NO;);] against the
tin ions require further experiments to find out whether
this complex is adequate for applications in complex media as
e.g. markers for cell imaging or for being reduced to Eu*" by
the addition of SnCl, under an inert gas atmosphere. The new
in situ luminescence analysis of coordination sensors demon-
strated to be a useful tool for detecting metal-ligand exchange
processes with a high time-resolution, sensitivity and avail-
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Scheme 1 Schematic representation of ligand exchange from (a)
ethanol molecules of the initial solvation shell around Eu®* to (b) the
incorporation of the phen ligands for the formation of [Eu(phen),(NO3)s]
and (c) metal exchange for the formation of [Sn(phen)Cl,].

This journal is © The Royal Society of Chemistry 2016
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ability for being independent on synchrotron radiation. Optim-
ization of the technique can be achieved by application of
high-performance detectors for improving the resolution of
the single spectral lines of the trivalent europium emission, in
order to evaluate the symmetry around the Eu®** ions in more
detail.
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