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This work introduces the application of the in situ luminescence analysis of coordination sensors (ILACS)
technique for monitoring the emission of Ce®* 5d-4f electronic transitions under real reaction
conditions during the formation of [Ce(phen),(NOs)s] (phen = 1,10-phenanthroline). The mechanism of
formation indicated by the ILACS data was confirmed by several additional methods, including ex situ
and synchrotron-based in situ X-ray diffraction (XRD) analysis, in situ light transmission, and in situ
infrared (IR) spectroscopy, among others. Initially, the in situ luminescence measurements presented
a broad emission band at 415-700 nm, which was assigned to the Ce®* ions in ethanolic solution. Upon
the addition of the phen solution to the reactor, a gradual shift of the emission band to lower energies
(500-900 nm) was observed. This occurs due to the changes in the Ce®* coordination environment
during its incorporation into the solid [Ce(phen),(NOsz)s] complex. In situ IR measurements during the
crystallization of [Ce(phen),(NOs)s] confirmed the kinetics of the crystallization process by detecting
changes in the phen and nitrate vibrations at e.g. 842 and 1301 cm™?, respectively. Simultaneous in situ

XRD measurements confirmed the induction time of approximately 3 minutes after the addition of the
Received 7th July 2017 h Wt . lv detected by the in situ lumi t incidi ith th t
Accepted 7th November 2017 phen solution, previously detected by the in situ luminescence measurements, coinciding wi e onse
of the [Ce(phen),(NO3)s] Bragg reflections. In situ monitoring of events occurring during the formation of
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Introduction

The attention given to in situ characterization techniques has
increased considerably in the past few years, in particular
because of the knowledge they provide about structural changes
during formation of solid materials such as nucleation, crystal
growth, metal-ligand exchange processes, formation of inter-
mediates, polymorphic phase transitions, and many others.'”
In situ monitoring of chemical reactions allows, therefore, not
only the development of rational synthesis strategies (i.e.
improving reaction conditions, increasing product yield or
avoiding the formation of side products) but also allows tar-
geted manipulation of synthesis parameters to alter the product
structure and, consequently, their structure-related
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structure-related properties, such as luminescence.

properties."*” The in situ luminescence analysis of coordina-
tion sensors (ILACS) approach®'' enables monitoring of
synthesis processes in real time, under real reaction conditions.
Using the spectroscopic sensitivity of lanthanide ions (Ln)*>™®
as coordination sensors, it is possible to obtain structural
information about changes in the coordination environment of
the Ln ions, throughout the entire reaction, from the early
stages of the product formation by means of in situ lumines-
cence measurements. A similar approach has been shown by
Tiseanu et al."” to investigate the transition between the amor-
phous to crystalline phase of ZrO,. Among the advantages of the
ILACS strategy is the possibility of carrying out experiments in
conventional university laboratories (without the need for
synchrotron radiation) and being able to characterize ions,
small crystallites, amorphous materials and potential side
products present in very low concentrations, ideally com-
plementing other techniques as in situ X-ray diffraction (XRD)
analysis.® Traditionally, Eu** and Tb*>* have been used as coor-
dination centers for ILACS measurements, following the
behavior of the emission peaks generated by 4f-4f electronic
transitions of these ions for monitoring the formation of solid

This journal is © The Royal Society of Chemistry 2017
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materials.**® These 4f-4f transitions are parity-forbidden,
causing them to have a low absorption coefficient and sharp
absorption bands, which, in turn, generally lead to low emission
intensities. Due to shielding effects of the 55> and 5p® subshells
on the 4f-orbitals, the position of the emission peaks of the 4f-
4f transitions are also almost invariable, being relatively
insensitive to changes in coordination environment in
comparison to the emission bands assigned to the 5d-4f elec-
tronic transitions of lanthanide ions.**"'*®

In contrast, 5d-4f electronic transitions, such as those
observed for Eu** and Ce®, are parity-allowed, therefore very
fast and the respective emission intensities are much higher.*®
Additionally, the 5d excited state is not shielded by other outer
orbitals, allowing the energy and position of the emission
maximum to vary strongly in response to changes in the inter-
play of the 5d electron and its environment.' Taken together,
these properties make 5d-4f emitters ideal local coordination
sensors for detecting changes in covalence (nephelauxetic
effect) and crystal field splitting around the cation sites. Since
Eu”" is easily oxidized to its more stable trivalent oxidation
state, requiring an inert atmosphere to remain reduced, Ce* is
the preferred coordination sensor for in situ monitoring of 5d-
4f transitions during synthesis in solution under atmospheric
conditions. Trivalent cerium ions possess only one optically
active electron. In the ground state, this electron is in the 4f-
shell (4f"), and, in the excited state configuration, it is in the
5d-shell (5d"). The 4f'-state possesses two energy levels ("Fs,
and ’F,,) which are separated by ca. 2000 cm™*. The 5d"-state is
split by the crystal field into two to five components.** Emission
occurs when the electron transitions from the lowest crystal
field component of the 5d" excited state to the two levels of the
4f' ground state, yielding in a double-band shaped emission
spectrum.” The spectrum can be particularly well resolved for
measurements at low temperature or low doping concentra-
tions.”* A second interesting in situ spectroscopic analysis
exploiting the optical properties to monitor complex formation
is light transmission spectroscopy, which provides information
about the turbidity of the reaction solution as the reaction
progresses.” To perform these measurements, reaction solu-
tions are irradiated with an external light source. An optical
fiber submersed in the solution measures the intensity of the
light penetrating the solution throughout the progression of the
reaction. When solid material begins forming, the turbidity of
the solution increases, causing a proportional decrease in the
intensity of transmitted light.> Since this method does not
require luminescence properties or the use of specific wave-
lengths of irradiating light, it is highly versatile and more
broadly applicable than in situ luminescence measurements.

Recognition of the potential biological and technical suit-
ability of lanthanide complexes as markers for bioimaging and
the production of organic light-emitting diodes (OLEDs)* has
provided additional incentives to investigate complexes con-
taining these ions in their own right. A clear understanding of
their structures and the crystallization processes responsible
may ultimately allow for monitoring and controlling the struc-
tural formation of these materials and for fine-tuning of the
structure-related optical properties, relevant for their use in
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these expanding fields. Among the complexes interesting in this
regard is [Ce(phen),(NO;);] (phen = 1,10-phenanthroline).
[Ce(phen),(NO3);] crystallizes as yellow prismatic crystals in the
space group C2/c. The cerium central atoms are coordinated by
six oxygen atoms of the three nitrate units and four nitrogen
atoms of two phen, creating a distorted dicapped square anti-
prism environment around the metal center.>*

This work aims to explore the sensitivity of 5d-4f transitions
using the ILACS technique for the monitoring of [Ce(phen),(-
NOj;);] formation, confirmed by ex situ and synchrotron-based
in situ XRD analysis, in situ infrared (IR) spectroscopy as well
as in situ measurements of light transmission, pH values and
ion conductivity. While the in situ luminescence measurements
provide information about the short-range, in situ XRD
concerns the long-range cation order. In situ IR is able to detect
the presence of the nitrate and 1,10-phenanthroline ligands in
solution or in the complex and in situ measurements of light
transmission is able to detect the formation of the solid mate-
rial by the increase of the solution turbidity. On the other hand,
the formation of the complex is detected by in situ pH
measurements by the decrease in basicity upon the uptake of
phen molecules and by the in situ conductivity measurements
by the decrease in conductivity upon the uptake of the ions from
the solution. To the best of our knowledge, the optical proper-
ties and the mechanism of crystallization of [Ce(phen),(NO3);]
are reported here for the first time.

Experimental part
Materials

The experiments reported in this work were completed using
two distinct experimental setups. Setup I consists of the in situ
crystallization cell at the University of Kiel and the Setup II
comprises a specially designed mobile cell for performing in situ
XRD measurements at synchrotron facilities. For both experi-
mental setups, the preparation of reaction solutions was iden-
tical. Initially, 30 mL of an 0.023 M ethanolic solution of
Ce(NO3)3-6H,0 (99.99%, Alfa Aesar, Germany) was placed in
the reactor. Afterwards, 5 mL of a 0.276 M ethanolic solution of
1,10-phenanthroline (99%, Alfa Aesar, Germany) was added to
the reactor at a rate of 0.5 mL min ', under magnetic stirring
and at room temperature (Table S1}). In situ characterization
methods, explained in detail below, were carried out concomi-
tantly. Following the reaction, the product was centrifuged,
dried at 80 °C for 2 h, and subjected to ex situ XRD analysis.

In situ measurement assemblies

Setup I. Most of the experiments reported here were per-
formed in the in situ crystallization cell of the University of Kiel
(Setup I, Fig. S17).>* This setup allows for the combination of
ILACS with the in situ measurements of pH value, ion conduc-
tivity, and attenuated total reflectance Fourier transform
infrared (ATR-FT-IR) spectroscopy (Mettler Toledo GmbH, Gie-
Ben, Germany), and utilizes an Easy Max™ reactor system
(Mettler Toledo GmbH, Giefen, Germany). For the in situ
infrared spectroscopic measurements, the spectrum of the
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solvent (ethanol) was subtracted as a baseline for improving the
resolution of the spectra of the starting materials and product.
Besides the collection of in situ data, the Easy Max™ reactor
system allows setting the stirring velocity, an automatic temper-
ature control and dosing rates. The simultaneous in situ lumi-
nescence measurements were performed using a Fluorolog-3
fluorescence spectrometer FL322 (HORIBA Jobin Yvon GmbH,
Unterhaching, Germany), which contains an iHR-320-FA triple
grating imaging spectrograph combined with a Syncerity CCD
detector and a 450 W xenon lamp. A Y-shaped optical fiber was
used to transmit excitation light from the spectrometer to the
reactor solution and the emitted light from the reactor to the
Syncerity CCD detector. In situ luminescence spectra were
recorded every 30 s. Ex situ luminescence spectra were recorded
using a Fluorolog3 R928P photomultiplier.

In order to confirm the measurements obtained from in situ
experiments, ex situ XRD analysis were performed on samples
removed at e.g. minutes 5, 7, 10, 12, 15, and 20 of the reaction
period. As was done with the final product, these samples were
centrifuged and dried at 80 °C for 2 hours. The ex situ XRD data
was measured in transition geometry on a STOE Stadi-p X-ray
powder diffractometer (STOE & Cie GmbH, Darmstadt, Ger-
many) with Cu K, radiation (A = 1.54056 A), a Ge monochromator
and DECTRIS® MYTHEN 1K detector (DECTRIS, Baden-Daettwil,
Switzerland). The reflection spectra were recorded at room
temperature with a Varian Techtron Pty UV/Vis/NIR two-channel
Cary 5000 spectrometer, using BaSO, as a reference material.

Setup II. Even though ex situ XRD measurements are helpful
for acquiring insights about the structural changes occurring
during the reactions, they offer only a limited time-resolution. In
addition, since the samples must be quenched, centrifuged,
washed and dried after being removed from the reactor, the
structure of the product might change before the ex situ XRD
analysis and might not reflect exactly the events occurring during
the reaction. For this reason, additional experiments have been
carried out, combining in situ measurements of XRD and optical
properties e.g. in situ light transmission analyses were carried out
at the PETRA 1III (Positron-Elektron-Tandem-Ring-Anlage) of the
Deutsches Elektronen-Synchrotron (DESY, Hamburg, Germany)
synchrotron facility, at beamlines P07B> (87.1 keV, 0.14235 A)
and P09 ** (23 keV, 0.53905 A). The setup used at DESY (Setup II,
Fig. S2}) consisted of an adapted glass reaction vessel containing
an incurvated cavity in one of its walls to decrease the pathway
length of the X-ray beam through the reaction volume. This vessel
was placed in reactor holder® containing an integrated stirring
system designed to flexibly fit different beamlines without
requiring realignment after each reaction. Additionally, the
reactor holder contained two openings for the entrance and exit
of X-ray beams and a larger opening arranged at 90° to the path of
the X-ray beam for the irradiation of the reactor with a light
source for light transmission measurements. The light source for
transmission measurements was a UV-LED (365 nm, Sahlmann
Photochemical Solutions). Light intensity was measured during
the synthesis of the [Ce(phen),(NO3);] complex using an optical
fiber submersed in the solution and connected to a portable
spectrometer (StellarNet Inc., Tampa, FL, USA) equipped with
a CCD detector.
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Results and discussion

The emission spectrum of Ce** in ethanolic solution consists of
a broad band between approximately 415 and 700 nm (Aex =
400 nm, Fig. 1, blue curve) with full width at half maximum
(FWHM) of 5161 cm ™", which is assigned to the 5d-4f electronic
transitions of trivalent cerium ions. The emission spectrum of
[Ce(phen),(NO3);] presents a broad band between approxi-
mately 500 and 900 nm with FWHM of 4006 cm ™", also ascribed
to the Ce®" 5d-4f transitions (A, = 400 nm, Fig. 1, red curve).
Using the emission spectra shown in the Fig. 1 (top), the
Commission Internationale d'Eclairage (CIE) 1931 color coor-
dinates were calculated, reaching x = 0.4494, y = 0.4339 for the
emission of Ce*" in solution and x = 0.6693, y = 0.3231 for Ce*"
within the [Ce(phen),(NOs);] complex (Fig. 1, bottom). Ex situ
excitation spectrum of [Ce(phen),(NO;);] (Aem = 670 nm,
Fig. S31) consists of a broad band with maximum at 395 nm,
matching the absorbance range indicated by reflectance spectra
of [Ce(phen),(NO3);] and the pure 1,10-phenanthroline ligand.

Detectable differences in the optical properties of isolated
Ce** as starting material solved in ethanol and Ce*" within the
[Ce(phen),(NO;);] product enables the use of ILACS as a method
to monitor the crystallization process. Therefore, the in situ
luminescence spectra (.x = 400 nm) were recorded for the
duration of crystallization processes of [Ce(phen),(NO3);] using
Setup I (Fig. S47). Intensity of emission intensity at 500 nm and
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Fig.1 Exsitu emission spectra of Ce®* in ethanol (blue curve) and after
incorporation into the [Ce(phen),(NOs)s] complex (red curve) at Aoy =
400 nm (top). CIE 1931 chromaticity diagram plot of the color coor-
dinates of the Ce®* in ethanolic solution (x = 0.4494, y = 0.4339, A)
and of [Ce(phen)>(NOs)3] (x = 0.6693, y = 0.3231, ) (bottom).
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at 700 nm were selected for monitoring respectively, the high
and low energy bands, to minimize overlap of the precursor and
product signals. Fig. 2 and S4t1 depict the time dependent
transformation of the emission band at high energies assigned
to Ce** in ethanol, before the addition of the ethanolic solution
of 1,10-phenanthroline and its gradual conversion to the low-
energy emission band assigned to the product complex during
the synthesis reaction.

Approximately 3 minutes after initiating addition of the
ligand solution (Fig. 2, black curve), the intensity of the high
energy band at 500 nm (blue curve) begins decreasing. This
corresponds to a simultaneous increase in the intensity of the
low-energy emission band of [Ce(phen),(NO3);] at 700 nm
(Fig. 2, red curve), indicating the formation of the product
complex. The shift in the energy of the Ce** emission between
the starting material and the formed product can be explained
by the changes on the coordination environment around the
Ce®* ions during the desolvation and ligand exchange
processes, during the uptake of the Ce*" ions from the solution
as well as the consecutive attachment of the phen ligands for
the formation of the complex, explained by the nephelauxetic
effect. This effect is caused by the coordination of the nitrogen
atoms of the phen ligand, enhancing the covalence of the
coordination sphere of the trivalent cerium ions in comparison
to the ethanolic solvation shell, increasing therefore the crystal
field splitting, which leads to the emission band to longer
wavelengths.'® This clear shift in the emission spectra assigned
to the 5d-4f transitions of Ce**, showing the transfer between
the Ce’* ions from the solution to the [Ce(phen),(NO;);] product

S1.0Fae : N aao ® o
A 0.8 -Agiz B ﬁ°::':,og"o°°°o°g\ “:‘ / 5’.\9/ 230300, /49, QE
NToelell oY% % ?7\°‘\/‘\/'\ ) I U/
E%O:4Z“6 oowo:/o\/d; T ooo"“o*“o\e’o“'-
5 502F \,o;o,f“"' ®:{ —e—Emission at 500 nm -
Z2c gg WQO:‘ ; —e— Emission at 700 nm -
o .

5 a0} ]
o
> €
> Za0f -
£
[« 0.0 1 1 1 1 =
6.0 - -
S
E 5.5
Z 50} ;
e 45 -
2 100 ;
S 98 ]
§ -XE 96 y
3 s ;
o~ 92
0 90 P 1 i i 1 i 1 i 1 i

i
0 5 10 15 20 25 30
Reaction time / min

Fig. 2 Time-dependence of the normalized emission intensity (Aex =
400 nm) at 500 nm (blue curve) and 700 nm (red curve), added volume
of the 1,10-phenanthroline solution (back curve) as well as in situ
measurements of pH value (orange curve) and ion conductivity (green
curve) (experiment 1, Table S17).
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offer a significant improvement to the ILACS technique in
comparison to the application of Eu*" ions as coordination
sensors. In our previous work,® for instance, the emission
spectra assigned to the 4f-4f electronic transitions of Eu*" do
not shift and the incorporation of Eu** ions from the solution
into the [Eu(phen);(NO;);] complex is detected mostly by
changes in the intensity of the emission spectra.

In addition to the comparison of emission intensity at
500 nm and 700 nm, Fig. 2 shows changes in the total added
volume of the 1,10-phenanthroline solution, in situ measure-
ments of pH value (orange curve), and ion conductivity (green
curve) across the reaction period. In order to better analyze the
individual processes involved in the mechanism of formation of
the [Ce(phen),(NO;);] complex, the reaction was divided in
three stages: A, B and C (Fig. 2). Stage A comprises the reaction
time between approximately 0 and 3 min, stage B the reaction
times from approximately 3 to 10 min, and stage C the reaction
time from 10 min onward. During reaction stage A, the pH value
increased due to the addition of the basic 1,10-phenanthroline
solution. The intensity of the bands at 500 nm, at 700 nm and
the ion conductivity do not significantly change. This period
may, therefore, be characterized as an induction period, before
the formation of the product. At the beginning of stage B,
increases in the emission intensity at 700 nm, assigned to the
[Ce(phen),(NO3);] complex, are accompanied by a rapid
decrease in the high energy emission band at 500 nm, assigned
to the Ce*" ions in solution, indicating the begin product
formation. The intensity of the emission band at 700 nm
continues to climb throughout stage B, reaching a steady state
and leveling off in the early part of stage C, indicating no
significant complex formation after this period and the
completion of the reaction. After its initial drop off, the intensity
of the 500 nm emission band begins to climb again, also
leveling off in the early part of stage C. The rise in intensity seen
at this high-energy band occurs, most probably, due to the
slight overlap with the emission band generated by the product
and is not from isolated Ce** ions (Fig. 1 and S41). Interestingly,
the position of the band assigned to the [Ce(phen),(NO;);]
complex remains invariable, indicating no significant variation
of the coordination environment of Ce®" between the des-
olvation of the Ce®" ions and their incorporation to the product
lattice. This indicates that [Ce(phen),(NO3);] is directly crystal-
lized, without the formation of reaction intermediates.

The timeline indicated by the ILACS approach was
confirmed by concurrent changes in pH value and ion
conductivity (Fig. 2). Approximately 3 minutes after addition of
the ligand, concomitant with the changes in the emission
spectra, there is a transient decrease in pH value as 1,10-phe-
nanthroline molecules are removed from the solution and
incorporated to the solid complex. The pH quickly returns to
higher values, as additional basic ligand solution is added to
the reaction content more quickly than the ligand can be
incorporated into product complexes. The pH continues to rise
until ¢ = 10 min, at which point no additional ligand is being
added, and the pH starts to level off into a steady state, indi-
cating the completion of the reaction. Similarly, at ¢ = 3 min,
ion conductivity begins to decrease due to the uptake of free
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ions out of the solution and into the complex, further con-
firming the start of the crystallization process. These values
continue to decrease until ¢ = 10.5 min, at which point they
stabilize.

In order to confirm the formation of the [Ce(phen),(NO;);]
complex, samples were removed from the reactor at pre-
determined times during the crystallization process and
subsequently characterized by means of ex situ XRD analysis. As
shown in the Fig. S5t (e.g. for experiment 2, Table S1%), for all
carried out experiments, the measured XRD patterns matched
the theoretically calculated diffraction pattern for [Ce(phen),(-
NOj3);] complexes. Moreover, the reflection patterns also indi-
cate a direct pure phase formation of the product, confirming
that the high energy emission band observed before crystalli-
zation is assigned to Ce** ions in the ethanolic solution and not
to a crystalline reaction intermediate.

In situ IR spectra further validate mechanism of complex
formation. As expected, at ¢ = 0 min, before the addition of the
1,10-phenanthroline solution, the in situ IR spectra show the
characteristic bands assigned to the NO;~ vibrations at e.g.
816 cm ', 872 cm ', 1036 cm ™ " and 1300 cm " (ref. 27 and 28)
within the cerium(m) nitrate solution (Fig. 3 and S6%). Consis-
tent with the data obtained from the all other in situ analyses,
there was no change in the intensity of the nitrate IR bands
during the first 3 minutes following the addition of the phen
solution. After this point, the intensity of the nitrate IR signal
begins to increase, indicating the reaction period during crystal
growth, and continues to do so until ¢ = 10 min, at which point
the intensity stabilizes and remains constant, indicating the
end of the reaction. A possible explanation for the observed
increase in IR intensity is the crystallization of the
[Ce(phen),(NO;);] complex on the tip of the sensor, which could
cause an increase in the concentration of NO; ™ ions within the
measured area during crystal growth. This hypothesis was
confirmed by a similar time-dependent profile of the IR bands
at e.g. 842 cm ', 1420 em ' and 1510 cm ', assigned to the
1,10-phenanthroline vibrations® (Fig. 3 and S7t). Before the
crystallization, the concentration of the 1,10-phenanthroline
molecules up to ¢t = 3 min (13.15 x 107> mol L) is low,

Fig. 3 Time-dependent in situ IR spectrum recorded during crystal-
lization of [Ce(phen),(NO3)s] (experiment 3, Table S17).
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generating only slight increases in the intensity of its IR bands
(Fig. S77). Upon crystallization on the sensor tip, the concen-
tration of phen ligand molecules within the measured area
increases, corresponding to higher increases in the intensity of
the respective IR bands disproportionate to the increases in
phen ligand concentration supplied by the continued dosing. In
agreement with the in situ measurements of pH value, ion
conductivity and luminescence mentioned above, no significant
change in the intensity of the IR bands are observed after ¢ =
10 min, also indicating the completion of the crystallization
process.

To improve the time resolution of the preliminary data
concerning the mechanism of product formation generated by
ex situ XRD experiments, synchrotron-based in situ XRD
measurements were performed at the beamlines P07B*
(experiment 4, Table S1}) and P09 *® (experiment 5, Table S1t) at
PETRA III (DESY, Hamburg). Fig. 4 shows, for instance, the
time-resolved in situ X-ray diffraction patterns recorded at the
P07B beamline during the addition of the 1,10-phenanthroline
solution to solved cerium(m) nitrate. Similar to the results out-
lined in Fig. 2 for in situ luminescence measurements, in situ
XRD indicate that [Ce(phen),(NO3);] does not immediately
crystallize (Fig. S8 and S9t). Instead, the reflections assigned to
the [Ce(phen),(NOs);] complex first arise after an induction
period of approximately 3 minutes. The intensity of these
reflections continuously grows across the reaction period, with
a greater rate of increase seen during the addition of the 1,10-
phenanthroline ligand. Also in accordance with the in situ
luminescence results, in situ XRD measurements show no
reflections that could be attributed to a reaction intermediate,
indicating that the [Ce(phen),(NO3);] product is directly
crystallized.

As demonstrated in our previous works,*” simultaneous in
situ light transmission analysis was carried out simultaneously
with in situ XRD analysis at the P09 beamline, allowing obser-
vation of phenomena occurring in the solution before the onset
of the crystallization process (Fig. 5). The results generated from

Fig. 4 Time-dependent in situ XRD patterns recorded during crys-
tallization of [Ce(phen),(NO3)s] at the DESY PO7B beamline (experi-
ment 4, Table S11).

This journal is © The Royal Society of Chemistry 2017
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these experiments showed a strong decrease in light trans-
mission upon the addition of the 1,10-phenanthroline to the
cerium(m) nitrate solution which continued to decrease
throughout the reaction period, reaching its lowest levels
following complete crystallization. Interestingly, the initial
decrease in light transmission occurred immediately after the
addition of 1,10-phenanthroline, several minutes before the
reflections assigned to the crystalline [Ce(phen),(NO;);] product
could be detected via XRD (Fig. S10-S131). Three hypotheses
may explain this observation: (i) the formation of an amorphous
phase before [Ce(phen),(NOs);] crystallization increased the
turbidity of the solution, (ii) an initial formation of
[Ce(phen),(NO3);] in solution at concentrations too low to
precipitate increased the turbidity of the solution or (iii) 1,10-
phenanthroline molecules absorbed irradiating light (at 365
nm), decreasing the measured intensity of the light source.
We evaluated the viability of each of these hypotheses based
on the in situ luminescence measurements shown in Fig. 2 and
S3.1 If hypothesis (i) were true, there would be a change the
coordination environment around the Ce®" ions during the
formation and dissolution of the amorphous phase, inducing
shifts on the Ce*" emission spectra before crystallization. Since
this phenomenon was not observed and the typical emission
band of Ce*' in ethanolic solution (Fig. 1) was invariably
detected until the rise of the [Ce(phen),(NO3);] emission band,
hypothesis (i) could be disregarded. Though [Ce(phen),(NO;);]
is capable of absorbing light at 365 nm (Fig. S3t), making
hypothesis (ii) at least theoretically viable, such solution of this
complex would induce changes in the ILACS spectra. Since no
[Ce(phen),(NO3);] emission band was detected prior to crystal-
lization (Fig. 2 and S971), hypothesis (ii) also could not explain
the decrease of the light transmission prior to crystallization
(Fig. 5). The existence of a 3-4 minute induction period of in all
experiments (Fig. 2, S6, S9 and S117), eliminates all but
hypothesis (iii) as a possible explanation. Therefore, the
absorption range of the 1,10-phenanthroline molecules shown
by the reflectance spectra in Fig. S37 also overlaps with the
spectral range of the irradiated light at 365 nm. Hence, the
decrease in light transmission observed immediately following
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Fig. 5 Time-dependent light transmission at 365 nm, measured
simultaneously to in situ XRD at the DESY P09 beamline (experiment 5,
Table S1+t).
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the introduction of the 1,10-phenanthroline solution is caused
by absorption of light by the added reactant. After the induction
period, the crystallization of the solid material causes the
increase of the turbidity of the solution blocking the light
transmission, which reaches at this reaction stage its lowest
values.

Though it is clear the induction period at the beginning of
the crystallization process exists, it is not abundantly clear why
the reaction does not immediately take place. We hypothesize
the delay is caused by the low pH values of the initial cerium(u)
nitrate solution (Fig. 2), which gradually increases during the
course of the reaction, eventually reaching the critical pH value
of 5.5, at which point the ligand can deprotonate and coordi-
nate the Ce®". This pH is reached at approximately ¢ = 3-4 min
and allows the crystallization process to start.

Conclusions

In conclusion, ILACS was successfully applied to monitor the
emission of 5d-4f Ce®" electronic transitions in order to acquire
information about the crystallization mechanism of the
[Ce(phen),(NO;);] complex. Due to the sensitivity of the emis-
sion properties of Ce®" ions to its coordination environment, it
was possible to detect, following an induction time of few
minutes, a decrease in the emission band at 415-700 nm (Aex =
400 nm) assigned to the Ce®* in ethanolic solution, indicating
the begin of a desolvation process. The crystallization of the
[Ce(phen),(NO3);] complex could be monitored through
measurement of its emission band at 500-900 nm (A¢, = 400
nm). During the reaction, no additional emission bands besides
those assigned to Ce®" in solution and in the solid product
could be observed, indicating that the [Ce(phen),(NO;);]
complex is directly formed, without the formation of a reaction
intermediate. These results were confirmed by the following
additional characterization approaches: in situ measurement of
the pH value, ion conductivity, infrared spectroscopy, light
transmission as well as ex situ and synchrotron based in situ X-
ray diffraction analysis, showing the high potential of applying
Ce*" ions as coordination sensors for monitoring crystallization
processes.
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