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Detailed analysis of reaction mechanisms by in situ techniques are important for detecting metastable in-
termediates, analysing polymorphic transitions and thereby for the discovery of new compounds. This arti-
cle presents the first combination of serial crystallography with in situ luminescence and X-ray diffraction
(XRD) measurements to monitor the synthesis of [Eu(phen),(NOs)s] (phen = 1,10-phenanthroline). In a
batch reaction, it is found that this complex is polymorphic, crystallizing into two distinct monoclinic struc-
tures. We track the evolution of the synthesis conditions for these phases using in situ XRD combined with
real time measurements of pH value, ion conductivity, infrared (IR) spectroscopy and in situ luminescence
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analysis of coordination sensors (ILACS). However, in a flow reactor a different combination of phases is
produced. A serial crystallography experiment utilizing a nanofocused synchrotron X-ray beam to identify
individual crystallites reveals the simultaneous formation of the two phases, as well as, a third unknown
phase. This showcases the feasibility of phase detection on an individual crystallite level to track the synthe-
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1. Introduction

Due to the constant pursuit of modern chemistry to develop
new functional materials, the application of in situ analysis
methods has gained in importance in the last years."* These
characterization techniques deliver information about how re-
action parameters (temperature, reactant concentration, or
pH) influence the processes culminating in the final product
formation, like induction time, ion desolvation, crystal growth

“Institut fiir Anorganische Chemie, Christian-Albrechts-Universitiit zu Kiel, Max-
Eyth-Str. 2, 24118 Kiel, Germany. E-mail: hterraschke@ac.uni-kiel.de

b DESY Photon Science, Notkestr. 85, 22607 Hamburg, Germany

¢ Synchrotron SOLEIL, L'Orme des Merisiers, Saint-Aubin, BP 48, 91192 Gif-sur-
Yvette Cedex, France

9 Center for Free-Electron Laser Science, Deutsches Elektronen-Synchrotron DESY,
NotkestrafSe 85, 22607 Hamburg, Germany

¢ Department of Physics, University of Hamburg, Luruper Chaussee 149, 22607
Hamburg, Germany

I Centre for Ultrafast Imaging, Luruper Chaussee 149, 22761 Hamburg, Germany

+ These results have been partially reported as posters and oral presentations at
the conferences “18. Vortragstagung Fachgruppe Festkorperchemie und
Materialforschung”, September 19th-21st 2016, Innsbruck, Austria (doi 10.1002/
zaac.201605097) and “3rd joint workshop of MATsynCELL and C3”, October
6th-7th 2016, Uppsala, Sweden.

1 Electronic supplementary information (ESI) available. See DOI: 10.1039/
c9re00191c

This journal is © The Royal Society of Chemistry 2019

and phase transitions.” Such studies are driven by the desire
for rational synthesis of new materials, and are often aimed
at detecting the formation of reaction intermediates, which
could show interesting properties but would remain
undetected by ex situ analysis techniques.

Here, we investigate the mechanism of formation for dif-
ferent polymorphs of the highly luminescent complex
[Eu(phen),(NO5);].° Such lanthanide complexes have been
intensively studied for lighting,”® cell labelling® ™" and medi-
cal treatment applications.'>** This compound has been
found to crystallize into two different phases, both belonging
to the monoclinic space group C2/c with Z = 4."*'® Phase 1
(CSD ECABOZ02) has the unit cell parameters a = 9.5153(10)
A, b =15.4546(10) A, ¢ = 17.1763(10) A, f# = 93.451(10)° and V =
2521.3(3) A’. However, phase 2 (CSD ECABOZ01) crystallizes
with parameters a = 11.1555(10) A, b = 17.9698(10) A, ¢ =
13.0569(10) A, # = 100.507(10)°, and V = 2572.1(3) A3.*®

To track their formation, we detail experiments including
synchrotron-based X-ray diffraction analysis and in situ mea-
surements of pH value, ion conductivity, infrared spectro-
scopy and luminescence.

The in situ luminescence analysis of coordination sensors
(ILACS)" approach is particularly sensitive to the local envi-
ronment of lanthanide ions (Ln) due to its influence on their
spectroscopic properties.>*>*> These coordination sensors
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(CS) are incorporated into the analysed substance during syn-
thesis and changes to the coordination environment are
monitored by in situ luminescence measurements. The
spectroscopic influence of the ligand field by trivalent euro-
pium ions makes them one of the most powerful coordina-
tion sensors.>*>* This approach complements synchrotron-
based in situ X-ray diffraction methods by characterizing spe-
cies in solution or amorphous phases, and can also be flexi-
bly performed in common university laboratories.>*>’

Serial crystallography is an emergent X-ray technique that is
designed to interrogate the structure of individual micro-
crystallites.”®*® This is done using a bright, tightly focused
X-ray source and collecting a large set of short-exposure diffrac-
tion patterns. A common approach is to stream a crystal slurry
into the X-ray focus, and use a large 2D detector to collect dif-
fraction images continuously for later sorting and analysis.
While it was originally developed to mitigate room temperature
radiation damage®**' and study time-resolved protein
dynamics,*** such an approach is also amenable to wet chem-
ical materials synthesis studies. In this case, the reactants are
mixed together in a microfluidic flow reactor and the product
is delivered into the X-ray focus. Mixing serial crystallography
has already been used to study chemically induced dynamics
in protein crystals,**® however, its use as an in situ crystalliza-
tion probe has not been previously demonstrated.

The article proceeds with a description of the experimen-
tal setups wused to monitor the formation of
[Eu(phen),(NO;);], followed by a discussion of the results.
First, the syntheses performed in a common batch reactor
are tracked with in situ spectroscopy and powder diffraction.
Then, the product phases using a flow reactor are investi-
gated with ILACS and serial crystallography.

2. Experimental part
2.1. Materials

For the [Eu(phen),(NO;);] synthesis, a simplified co-
precipitation synthesis has been applied, in which an ethanolic
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solution of Eu(NO;);-6H,O (99.9%, Sigma-Aldrich Chemie
GmbH, Taufkirchen, Germany) was initially added to the reac-
tor. Afterwards, a solution of 1,10-phenanthroline (phen) (99%,
Alfa Aesar GmbH & Co KG, Karlsruhe, Germany) and acetylacet-
one (acac) (>99%, Merck, Darmstadt, Germany) in ethanol was
added to the reactor under magnetic stirring, during which the
in situ characterization techniques have been performed.
Table 1 supplies detailed information on the volumes, concen-
trations and temperatures applied for single experiment types.
All in situ batch experiments have been performed with an ad-
dition rate of 0.5 mL min " of the ligand to metal solutions.

2.2. In situ measurement assemblies for batch reactor

Setup A. For in situ XRD measurements, the high energy
and high flux of synchrotron X-rays are necessary for pene-
trating the reactor walls and the reaction solution.*® In order
to decrease the path of the synchrotron X-ray beam through
the reaction volume the setup comprises a modified glass re-
actor containing an inserted glass tube (Fig. S1}). This reac-
tor has been applied at the beamlines P07B** and P09 (ref.
41) at PETRA III facility of the Deutsches Elektronen-Synchro-
tron, DESY, and at the Psiché beamline at the SOLEIL Syn-
chrotron facility in France. At PETRA III, this reactor was
inserted in an especially designed holder (Fig. S21) with inte-
grated stirring and heating systems. The reactor holder con-
tains two openings for the entrance and exit of the X-ray
beams, besides an additional perpendicular opening for the
illumination with the excitation light source for performing
simultaneous in situ luminescence measurements. An auto-
matic pump system (neMESYS Syringe Pump, Cetoni GmbH)
enabled the addition of the solutions to the reactor. At P09
(23 keV, / = 0.5636 A), a Perkin Elmer detector (PerkinElmer
Technologies, Walluf, Germany, 2048 x 2048 pixels, 200.00
pm pixel size) was applied, recording powder diffraction pat-
terns every 30 s. As excitation sources for the in situ lumines-
cence measurements, two different UV light-emitting diodes
(LEDs) with wavelengths of 365 nm (Sahlmann Photochemical

Table 1 Experimental conditions for the investigating the formation of the [Eu(phen),(NOs)s] complex applying the in situ setups A (powder (ED)XRD),
in situ setup B (University of Kiel), in situ setup C (serial crystallography) or setup D (ex situ)

Experiment number I II III v VI vl VIIL IX X XI XII
Setup A A B B B B D D D C B
Beamline P09 P09 — — — — — — — — PSICHE P06
X-ray energy/keV 23 23 — — — — — — — — EDXRD 11
Temperature RT RT 60 °C 60 °C RT 60 °C RT RT RT RT RT RT
Excitation wavelength/nm 395 395 395 365 395 395 395 — — — — 365
Eu®* solution

Eu®" concentration/M 0.09 0.09 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.11 0.06
Volume of water/mL — — — — — — — — — — 30 —
Volume of ethanol/mL 40 40 40 40 40 40 40 5 5 5 — 2.5
Ligand solution

Phen concentration/M 0.72 0.72 0.18 0.18 0.18 0.18 0.18 0.02 0.04 0.02 1.35 0.06
Acac concentration/M — 2.15 0.53 0.53 0.53 — — — — — — —
Volume of water/mL — — — — — — — — — 2.5 2.5 1.25
Volume of ethanol/mL 5 5 5 5 5 5 5 5 5 2.5 2.5 1.25
Eu:phen:acac molar ratio 1:1:0 1:1:3 1:1:3 1:1:3 1:1:3 1:1:0 1:1:0 1:1:0 1:2:0 1:1:0 1:2:0 1:1:0
Polymorphic phase 1 2 2 2 2 1 1 1 1 2 2 1+2
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Solutions, Germany) and of 395 nm (Wha Fat Technological
Co. Ltd, China) were used. The emission spectra were recorded
every 30 s by a portable EPP2000 (StellarNet Inc., United States)
spectrometer equipped with a CCD-based detector, connected
to an optical fiber, which was submersed in the reactor con-
tent. Here, a high solution concentration is necessary to guar-
antee a better signal-to-noise ratio of the in situ XRD experi-
ments. All DESY data have been analysed with aid of the
Fit2D,** DESY data helper and in situ luminescence data helper
computer programs. An aluminium window in the beam out-
put opening of the reactor holder functioned as an external
standard for normalizing the intensities of the XRD patterns to
account for intensity fluctuation of the X-ray beam.*?

The same batch reactor geometry was used for the mea-
surements taken at SOLEIL. However, there a white X-ray
beam in the energy range of 20-80 keV was used for energy
dispersive XRD (EDXRD) with a Ge solid state detector (Can-
berra Industries, France) at a 26 angle of 4°.

Setup B. The Setup B is composed by a stationary EasyMax®
102 (Mettler Toledo, Gief3en, Germany) synthesis workstation,
with integrated automatic dosing system, stirring unit and tem-
perature control. In addition, the EasyMax® work station allow
the simultaneous measurements of in situ pH value and ion
conductivity, in combination with a total reflectance Fourier
transform infrared (ATR-FT-IR) spectroscopy (Mettler Toledo,
Gief3en, Germany). The collected IR data was analysed using
the IR spectrum of the solvent as baseline for enhancing the IR
signal assigned to the starting materials and product. In this
case, the same spectrometer and light sources as in the Setup
A were used for recording the in situ luminescence spectra.

2.3. Ex situ [Eu(phen),(NO3);] synthesis

Additional ex situ experiments have been carried out for
confirming the influence of reaction parameters such as Eu:
phen molar ratio and the presence of water in the reaction sys-
tem on the formation of the different [Eu(phen),(NOs);] poly-
morphic phases. Hence, 5 mL of a ligand solution were added
dropwise to the europium(m) nitrate solution and stirred for 30
minutes. The different solution compositions are listed in
Table 1 (Exps. VIII-X). Afterwards, the formed solid material
was centrifuged and dried at 80 °C for two hours.

For confirming the formation of the products, ex situ XRD
measurements have been performed using a STOE Stadi-p
X-ray powder diffractometer (STOE & Cie GmbH, Darmstadt,
Germany) with a DECTRIS® MYTHEN 1 K detector (DECTRIS,
Baden-Daettwil, Switzerland) with Cu Kol radiation (4 =
1.54056 A) and Ge monochromator.

2.4. In situ serial crystallography and ILACS experiments with
flow reactor

To study the early stages of the reaction, a simultaneous se-
rial crystallography and ILACS experiment was conducted at
beamline P06 of the PETRA III synchrotron. A schematic of
the measurement geometry is shown in Fig. 1. The sample
was synthesized in a capillary-based flow reactor by mixing

This journal is © The Royal Society of Chemistry 2019
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the Eu®" with the 1,10-phenantrholine solutions using equal
flow rates of 10 L min™" (exp. XI, Table 1). The output capil-
lary had in inner diameter of 200 um and a length of 30 cm.
Assuming laminar flow of the solutions, a diffusion time of
approximately 5 seconds would be necessary for them to fully
mix in a capillary of this diameter. The output of the mixer
was then transported to a 12 um thick polyimide tape that
was drawn between two rollers of a tape drive at a rate of
0.05 mm s, This device transported the formed crystals into
the interaction region, where they were probed with UV and
X-ray light. The deposition onto the tape allowed for control
of the exposure time independent of the reaction flowrates
and avoided clogging of the reactor by using a short transport
capillary. The in-capillary and on-tape transport time of the
solutions to the interaction region were 3 seconds and 2 mi-
nutes, respectively. The solutions were mixed upon deposi-
tion onto the tape by the caused turbulence, and the reaction
time was taken to be the on-tape transport time of 2 minutes.
Shortly after deposition onto the tape the turbulence ceased
and further mixing during crystal growth was dictated by dif-
fusion. This is in contrast to the experiments carried out in a
batch reactor, where the solutions were continuously mixed
throughout the growth process.

The deposited solutions spread out into a stream that cov-
ered the 1 cm wide tape. As the crystals passed through the
interaction region, 2D X-ray diffraction images and UV spec-
tra were simultaneously recorded. The X-ray energy was 11
keV and the focus diameter was around 500 nm. At this en-
ergy, the flux was expected to be on the order of 10'° photons
per second. Once the solution began to flow, X-ray diffraction
images were continuously recorded on an Eiger 4 M detector
at a repetition rate of 5 Hz with an integration time of 200

.
' | ; : .
:
:

\- Y ‘

.\\(\

Fig. 1 Simultaneous serial X-ray crystallography and ILACS setup. Two
reactant solutions are depicted as flowing into a black mixing union
and pink product crystals in a transport tube. The output is deposited
onto a yellow polyimide tape, which is being drawn onto the roller on
the right. Along the way the crystals are exposed to light from a UV
lamp and an X-ray beam that is focused normal to the tape surface.
The fluorescence is captured by a spectrometer and the X-ray diffrac-
tion pattern is collected on a large 2D detector.

React. Chem. Eng., 2019, 4, 1757-1767 | 1759
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ms. The X-ray detector was positioned in transmission geom-
etry at a distance of 95 mm. This corresponded to a 26 angu-
lar coverage of about 45 degrees and a maximum resolution
around 1 Angstrom at the edge of the detector. As individual
crystallites were seen in a live inline camera, the tape drive
was translated vertically to intercept them with the X-ray
beam. From the speed of the tape drive, crystallites on the
tape translated 10 um through the beam in this exposure
time, which is comparable to the average crystallite size.
However, the small X-ray beam size compared to the wide so-
lution stream means that less than 1 percent of the synthe-
sized crystallites were measured.

Simultaneously, fluorescence spectra of the sample on the
tape were detected by an optical fiber connected to the same
EPP2000 spectrometer and 365 nm UV LEDs used in the in
situ reactor-based XRD experiments described in section 2.2.
The streaming reaction was carried out for 1 hour. The col-
lected X-ray diffraction images were processed by the Offline
Data Analysis program,** which performs background sub-
traction and looks for sharp Bragg spots in the frame. Those
that contained a diffraction pattern from a crystal (a “hit”)
were saved for later processing. A total of 413 hit images were
found in the collected data and were later analysed.

3. Results and discussions

3.1. In situ luminescence, XRD and light transmission
measurements

Two different ligand solutions have been used to monitor po-
tential metal-ligand exchange processes during the forma-
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tion of the [Eu(phen),(NO;);]. Experiment I (Table 1) was
performed adding a 1,10-phenanthroline solution to the reac-
tor containing an europium(m) nitrate solution, while experi-
ment II used a 1,10-phenanthroline solution additionally
containing acetylacetone. For both experiments, before the
addition of the ligand solution, the characteristic emission
peaks assigned to the Dy — "Fy_4 Eu®" electronic transitions
were observed (Fig. 2). Initially, the emission intensity was
rather low, due to the quenching effect caused by the ethanol
molecules in the coordination environment of Eu®*" within
the solvation shell.*” For experiment I (Fig. 2a and b), upon
addition of the phen solution, the luminescence intensity
slightly decreased, most probably due to the increase of the
solution volume and consequent dilution. This hypothesis is
confirmed through the analysis of the normalized emission
spectrum (Fig. S61) collected at, for instance, 0 and 1 minute
after the addition of the phen solution. Even though the lu-
minescence intensity at ¢ = 1 min was slightly lower, the
emission spectrum at this reaction time was identical to the
one of Eu*" in ethanol at ¢ = 0 min, indicating that the Eu*"
coordination environment remained the same. The decrease
of the emission intensity up to ¢ = 1 min caused by a proba-
ble dilution effect is also indicated by monitoring the trans-
mitted intensity of the excitation lamp through the solution
(Fig. 5,1 2 = 386 nm, pink curve). Since the excitation light
source was placed outside the reactor and its intensity was
measured by the optical fiber submersed inside, the increase
or decrease of the lamp intensity delivers information about
the transmittance and consequently about the turbidity of
the solution. Therefore, the increase of the lamp intensity for
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Fig. 2 In situ luminescence measurements (lex = 395 nm) during formation of [Eu(phen),(NOs)s] a) and b) without acac (experiment |, Table S1}) and
c) with acac (experiment I, Table S1}), measured simultaneously to in situ XRD at the P09 DESY beamline. d) Comparison of in situ emission spectra
recorded at t = 20 min for phase 1 (experiment |, Table S1f) and phase 2 (experiment 2, Table S1f) of [Eu(phen),(NOs)s].
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t = 0-1 min indicates a decrease in the turbidity of the solu-
tion, caused by the initial dilution effect. At ¢ > 1 min, the
intensity of the lamp rapidly decreased, indicating an in-
crease of the solution turbidity and the formation of the solid
product.

The delayed nucleation of the product is also clearly ob-
served by the drastic increase of the emission intensity
(Fig. 2a). As explained in our previous work,"® the increase of
the emission intensity is caused by the desolvation process,
in which the ethanol molecules present in the Eu** solvation
shell are gradually exchanged by the phen molecules during
the formation of [Eu(phen),(NOj;);]. Due to the antenna effect,
the organic ligand absorbs the excitation light and transfers
it to the Eu®" ions, increasing its emission intensity.*® The
change in the profile of the peaks assigned to different tran-
sitions of the Eu®" spectra also indicate the formation of the
product, showing the presence of two different coordination
environments for the Eu®" ions before and after ¢ = 1 min
(Fig. 2b). One example is the presence of a peak assigned to
the D, — “F, transition within the spectrum of Eu*" in etha-
nol and its absence in the spectrum assigned to
[Eu(phen),(NO,);]. In addition, the splitting of the D, — “F;
peak, the intensity ratio between the °Dy, — “F, and °D, — “F,
transitions as well as the position of the "D, — F, transition
completely change after ¢ = 1 min, due to the incorporation
of Eu®" ions within the [Eu(phen),(NO5);] complex. The stabi-
lization of the emission intensity at ¢ ~ 10 min indicates the
end of the reaction.

Interestingly, for experiment II, upon the addition of the
acac and phen solution to the reactor, the emission intensity
first assigned to Eu®" ions in ethanol strongly decreased until
t = 2.5 min and increased afterwards (Fig. 2c). In contrast to
the measurements carried out without acac (Fig. 2a), this de-
crease at the emission intensity is not caused by dilution and
an increase of the solution volume. Instead, the decrease in
the intensity of the transmission of the excitation light (Fig.
S71) indicates an increase of the turbidity of the solution,
probably caused by the formation of a reaction intermediate.
The decrease of the emission intensity at Aex = 395 nm im-
plies that the intermediate cannot be excited at this wave-
length. A possible explanation for this phenomenon would
be the formation of [Eu(acac);(phen)] as a reaction intermedi-
ate until ¢ = 2.5 min, which excitation energy lies below 320
nm."” After ¢ = 2.5 min, the emission intensity drastically in-
creased up to ¢ = 14 min, indicating the formation of a new
compound. The emission increased at a slower rate up to ¢t =
22 min, when it stabilized, indicating the end of the reaction.

Comparing the emission spectra of the final compounds
formed with and without the presence of acac (Fig. S81), the
differences in the degeneracy of the Dy, — F; (J = 1-4) Eu*"
states imply the formation of two distinct compounds for
these two reactions.

The in situ luminescence results are confirmed by the si-
multaneously recorded in situ XRD analysis shown in Fig. 3.
For experiment I, the addition of the phen solution caused
the rise of the Bragg reflections at e.g. 3.77, 3.99, 4.33 and

This journal is © The Royal Society of Chemistry 2019
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4.58° 20, assigned to phase 1 of [Eu(phen),(NO;);]
(Fig. 3a and b). The intensity of these reflections e.g. at 4.3°
26 start to rise at ¢ = 1 min, confirming the formation of the
product detected by in situ luminescence analysis (Fig. S5%).
Interestingly, the increase of the emission intensity for this
compound occurs faster than the increase of the intensity of
the XRD reflection, indicating that the complex is also
formed in solution in parallel to the crystalline material
detected by in situ XRD. In contrast, for experiment II, the in-
crease of emission intensity started at ¢ = 2.5 min coinciding
with the increase of the simultaneously measured in situ XRD
(Fig. S6%), indicating a different crystallization behaviour
than for experiment I. The in situ XRD measurements
(Fig. 3c) also confirm this hypothesis, in which reflections
e.g. at 3.45, 3.60, 3.94, 4.39 and 4.58° 26 are assigned to
phase 2 of [Eu(phen),(NO;);] (Fig. 3d), induced by the addi-
tion of acac. Most likely, the crystallinity of the possible reac-
tion intermediate detected by the strong decrease on emis-
sion intensity (Fig. 2c¢) and by the decrease on light
transmission (Fig. S61) was too low to be detected by in situ
XRD, often observed for small crystallites.

3.2. In situ measurements of luminescence, IR and pH value

To further investigate the experimental conditions leading to
the formation of the two [Eu(phen),(NO;);] polymorphic
phases, experiments III to VII (Table 1) have been carried out
in the presence and absence of acac, characterized by in situ
measurements of luminescence, pH value, ion conductivity
and IR spectroscopy. Fig. S7{ shows, for instance, the influ-
ence of the temperature on the formation of
[Eu(phen),(NOs);], in the presence of acac (experiments III
and IV) and without acac (experiments VI and VII). Similar to
the evolution observed in experiments I and II, the in situ
emission spectra in the presence of acac at 25 °C and 60 °C
show an initial decrease of the emission intensity, indicating
the formation of a reaction intermediate. As explained in the
experimental section, an increased concentration is necessary
for experiments I and II (Fig. 2 and 3), for improving the
signal-to-noise ratio for the in situ XRD experiments. The de-
crease on concentration from experiments I and II (0.9 M) to
experiments III-VII (0.2 M), caused a delay on the crystalliza-
tion of the product 2 from ¢ = 2.5 min to ¢t = 7 min, indicated
by the increase of the emission intensity, as previously ob-
served for [Eu(bipy)y(NOs);].*® Interestingly, the time-
dependent emission spectra show no significant difference
on the crystallization behaviour when the temperature was
increased from 25 to 60 °C (Fig. S7}). However, at 60 °C, the
emission intensity is strongly influenced by temperature
quenching effects,” indicated by the increased of the emis-
sion intensity after cooling the solution down from 60 °C to
room temperature (Fig. 4).

For experiment III at 60 °C, the crystallization process be-
gan after 7 minutes, indicated by the increase of emission
intensity by in situ luminescence analysis (Fig. 4). This is ad-
ditionally confirmed by in situ IR measurements (Fig. S81)
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(d), experiment II, phase 2,'® measured simultaneously to in situ luminescence at the P09 DESY beamline.

monitoring the nitrate vibrations at 1294 cm™.*° The IR ab-
sorption remained constant during the first 6 minutes and
increased afterwards. This behaviour is expected for the par-
tial crystallization of the [Eu(phen),(NO3);] product on the tip
of the IR sensor, increasing the nitrate concentration in the
measured range in comparison to the rest of the solution.
This hypothesis is confirmed by the time-dependence of the
IR intensity at 843 cm™, assigned to the vibrations of the
1,10-phenanthroline ligand®® (Fig. S91). At 843 cm’, the IR
intensity first slowly increased, due to the addition of the li-
gand solution, then rapidly increased after ¢ ~ 6 min, due to
the crystallization of solid material on the sensor tip, identi-
fied as [Eu(phen),(NOs);] by the in situ XRD analysis (Fig. 3c).
Monitoring the vibrations of the acetylacetone ligand e.g. at
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Fig. 4 Time-dependence of the volume of added ligand solution
(phen and acac, green curve) in comparison to the time-dependence
of the temperature (red curve), emission intensity of the Dy — ’F,
Eu®* transition (orange curve) and IR absorption of nitrate vibrations at
1294 cm™ (blue curve) during formation of phase 2 at 60 °C (experi-
ment I, lex = 395 nm).
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1365 cm™" (ref. 51 and 52) indicates that the IR sensor is not
completely covered by the solid material (Fig. S121). Signal is
still detected in solution because it is not fully incorporated
into the solid material, as also shown in the in situ XRD mea-
surements (Fig. 3¢ and S$10%). The IR intensity of the acac vi-
brations support the hypothesis of the formation of a reac-
tion intermediate before the crystallization of 2, discussed in
relation to Fig. 1b and 2b. In this experiment, the acac IR
intensity slowly increased before ¢ = 6 min, most probably,
due to the uptake of the acac molecules for forming the reac-
tion intermediate in parallel to the addition of the ligand so-
lution. After ¢ = 7 min, the crystallization of 2 overcomes the
formation of the reaction intermediate, the acac molecules
are no longer consumed, and the IR intensity at 1365 cm ™"
increased due to the further addition of the ligand solution.
A further indication for the formation of an acac-
containing reaction intermediate prior to the crystallization
of 2 is given by comparing the in situ emission intensity ex-
cited at 395 nm (Fig. 4) with the one excited at 365 nm. The
excitation at the 'F, — °L¢ Eu®' transition at 395 nm is able
to excite directly the Eu®*" ions in the ethanolic solvation
sphere. Therefore, the decrease of the respective emission
intensity indicates the uptake of the europium ions from the
solution and the incorporation into the reaction intermedi-
ate, before the formation of the solid product 2. Since
[Eu(phen),(NOs);] is also excited at 395 nm (Fig. S11%), the
further increase of the emission intensity can be assigned to
the product formation and the consequent antenna effect, as
confirmed by the synchrotron-based in situ XRD measure-
ments (Fig. 3). In contrast, recording in situ emission spectra
by exciting the phen ligand at 365 nm (Fig. S12%), the emis-
sion intensity remained constant, because the wavelength of

This journal is © The Royal Society of Chemistry 2019
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365 nm is not able to efficiently excite the Eu*" ions***?
in solution or the acac-containing intermediate, as
[Eu(acac);phen] is excited by wavelengths shorter than 320 nm.*’
In order to further investigate the formation of phases 1
and 2, the in situ analysis of pH value (Fig. S13%) has been
carried out. For experiments VI and VII, the addition of basic
phen solution to the reactor containing solvated lanthanide
nitrates initially caused the pH to increase. Upon the forma-
tion of the [Eu(phen),(NO;);] product, the pH stopped in-
creasing, despite the further addition of the ligand, due to
the uptake of the phen molecules of the solution for the com-
plex formation, as described in our previous works.'*** Like
the results shown by the in situ luminescence measurements
(Fig. S71), the simultaneously recorded in situ pH values also
confirm that the increase of temperature from 25 °C to 60 °C
do not significantly influence the product formation.
Interestingly, for experiments III and V, the pH decreased
in three main phases (Fig. S13%), which can also be recog-
nized on the respective in situ luminescence spectra. For ¢t <
2.5 min, the pH value abruptly decreased upon the addition
of the ligand solution, because of the acidic nature of
acetylacetone (Hacac) due to the presence of the active meth-
ylene hydrogen.>® Then, the pH reduction slowed at t = 2.5-
7.5 min, due to the uptake of the acetylacetone molecules
from the solution for the formation of the possible
[Eu(acac);phen] intermediate, as explained above. At ¢ > 7.5
min, the pH decreased even slower, which could be explained
by the release of acac into the solution and recombination to
Hacac as well as the uptake of the NO;™ ions from the solu-
tion for the formation of the [Eu(phen),(NO;);] complex. This
difference in the pH values might explain the formation of
different [Eu(phen),(NO;);] phases with and without acac.

3.3. Influence of the solvent and Eu: phen molar ratio on the
[Eu(phen),(NO3);] formation

The influence of the Eu-to-phen molar ratio and the presence
of water in the reaction system on the crystallization of
[Eu(phen),(NOs);] have also been explored.

Experiments II-V with the acac ligand mentioned above
applied a Eu:phen:acac molar ratio 1:1:3, originally
attempting to synthesize the [Eu(acac);phen], and experi-
ments I, VI and VII without acac applied a Eu:phen:acac
molar ratio 1:1:0 for comparison, resulting in the two
[Eu(phen),(NOs);] phases (Table 1). For this reason, it was im-
portant to clarify in the next step, if the application of the
stoichiometric Eu: phen:acac molar ratio 1:2:0 for the for-
mation of [Eu(phen),(NOs);] presents an influence on the for-
mation of the polymorphic phase. Fig. S14} shows however
that phase 1 has been obtained using both the 1:1:0 and
the 1:2:0 Eu:phen:acac molar ratio. In contrast, the addi-
tion of water in the reaction system causes the formation of
the polymorphic phase 2 instead of 1.

Synthesis of [Eu(phen),(NOj;);] in water-containing reac-
tion medium (Exp. IX) was additionally monitored by in situ
energy dispersive XRD at the SOLEIL synchrotron facility,
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demonstrating the direct formation of phase 2, without the
previous formation of phase 1 (Fig. 5) or a reaction interme-
diate, due to the absence of the acac molecules. The above
presented results raises the question why the formation of
phase 2 is favoured instead of phase 1 upon the use of addi-
tives such as acetylacetone or water in the reaction medium.
Most probably, phase 2 is the more stable polymorph being
formed, even at the lowered pH values caused by the addition
of acetylacetone to the reaction medium. Additional indica-
tions that phase 2 is more stable are delivered by two addi-
tional experiments. In the first one, 50 mg of each polymorph
is added to 1 mL ethanol for one hour. After centrifuging and
drying, the peaks assigned to the phase 1 significantly de-
creased and the reflections assigned to the phase 2 are domi-
nant (Fig. S15%). In a last experiment, XRD analysis of phase
1 (Exp. VIII) and phase 2 (Exp. X) were performed three years
after their preparation. After this time, phase 1 had been par-
tially converted to the phase 2, while the phase 2 sample
remained stably pure.

3.4. In situ serial crystallography

The single crystallite sensitivity of serial crystallography was
used to gain a different view into the role that water plays in
the synthesis process, (Exp. XII of Table 1). The 413 diffrac-
tion images collected during the experiment previously de-
scribed, were identified according to the presence of the
known structures of [Eu(phen),(NOj);]. Insight into the
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Fig. 5 a) In situ energy dispersive XRD measurements performed
during the synthesis of [Eu(phen),(NOs)s] in water-containing reaction

medium (Exp. IX), b) in comparison to the calculated diffraction pattern
of 2.8
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phases formed in the early stage of this reaction was initially
gained by studying the peaks present in the merged powder
pattern, shown in Fig. 6. Peaks belonging to both phase 1
and 2 phases can be identified in the region from 0.1 to 0.3
1/A. In contrast to the smooth growth of phase 2 found in the
in situ reactor study of experiment XI (Fig. 5), the two minute
reaction time in such a flow reactor is found to be more com-
plex and polymorphic.

To obtain the merged powder pattern, each hit image was
analysed using the indexamajig program of the CrystFEL anal-
ysis package®®”” to find all of the diffraction spots and inte-
grate them. A histogram was then made from this list of spot
positions and intensities and normalized by the number of
pixels contributing to each bin. Such a merging and normali-
zation results in a pattern that resembles a typical powder
diffraction pattern.”® The difference being that the merged
serial powder pattern does not have contributions from the
background or peak broadening due to crystallite size and
strain, as they are removed during spot integration. A pattern
related to the average structure factor (F-pattern) can also be
obtained by normalizing the serial data by the number of
spots contributing to each bin in the histogram. This repre-
sentation removes effects of preferred orientation and point
group reflection multiplicities and allows for clear visualiza-
tion of high angle peaks.

As the intensity of the binned powder pattern was
unreliable, a standard powder diffraction quantitative phase
analysis was not possible. Instead, an image classification al-
gorithm was developed to quantify the phase fractions by
counting the number of images that contained peaks belong-
ing to each of the phases.

The algorithm compared the spot list for each pattern
to that of the two known phases and calculated a similar-
ity score for each, S; This was computed using a
Gaussian-based penalty relationship for the observed spot
positions
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Fig. 6 Merged powder plot (exp. XII). The merged powder plot made
from the integrated spot intensities measured in the serial
crystallography experiment is compared to the peaks from the 1 and 2
phases.
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S; = II, exp (~¢,°/207),

q,—4;
4q;
p-th peak in the image, and g; is a peak from the list belong-
ing to the i-th phase. The variable ¢ determines the allowable

where ¢, =min q( ], with g, being the position of the

precision of the spot position. When all of the spots in an im-
age are found to match a phase this metric will have a value
of 1, while if a spot is found to not agree, it will tend to 0.
Such penalty functions are the basis for Bayesian quantitative
phase analysis algorithms.>’

The similarity scores for each image are plotted in Fig. 7a.
It can be seen that the images tend to cluster into the four
corners of the plot. This was used to designate four zones
and classify the images as either 1, 2, mixed, or no match. A
total of 63 (23%), 86 (31%), 88 (31%), 42 (15%) images were
found to belong to each classification respectively. Then
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Fig. 7 Sorted powder plots (exp. Xll). (a) The similarity scores of the
hit images for phases 1 and 2 are plotted as open black rings. Those
patterns that fell into the depicted areas were designated as 1, 2,
mixed or no match. (b) The merged diffraction patterns for each of
these groups is then shown, with the colouring corresponding to that
used in (a). In each case, the intensities are normalized to depict the
F-patterns. Also, green and red vertical dashed lines depict the diffrac-
tion peaks from phases 1 and 2 respectively, while peaks found to not
agree with either are marked with a cross.
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these sorted images were used to generate four different pow-
der patterns that are shown in Fig. 7b.

The sorted patterns for phases 1 and 2 in Fig. 7b primarily
only contain peaks from each respective phase indicating the
algorithm reliably sorted the images belonging to the two
phases. The mixed phase pattern predictably contains peaks
that can be ascribed to either phase. Interestingly, the “no
match” powder pattern contains many peaks that are slightly
shifted with respect to the assumed phases, suggesting the
presence of crystallites with slightly different unit cell param-
eters. A few strong peaks were also found that do not agree
with either phase and are indicated in the figure by crosses.
Notably, these peaks were found in 10 images at different posi-
tions around the diffraction ring, indicating they are not arte-
facts from bad pixels. However, it is hard to classify the un-
known phase without indexing the images, as many other peaks
from this structure overlap with those of the 1 and 2 phases.

This phase analysis found that phase 2 is most prevalent
at this early reaction time, which agrees with the measure-
ments made in a reactor (Exp. X-XI). However, it is also clear
that the serial measurement also found a sizable fraction of
phase 1, and possibly a third product. A complete picture of
the reaction kinetics requires more measurements at differ-
ent reaction times, mixing rates and water concentrations.

Fluorescence measurements were also made to test the
possibility of performing ILACS simultaneously with the se-
rial crystallography experiments. Fig. S16f shows the emis-
sion spectrum (L, = 365 nm) recorded during this synthesis
of [Eu(phen),(NO3);] in flow regime (Exp. XII) at the P06 DESY
beamline, integrated during 5 s. This spectrum presents the
typical D, — "F,_, Eu®" transitions between 575 and 704 nm
and the multiple peaks assigned to the D, — ’F, between
575 and 585 nm indicate the presence of multiple crystallo-
graphic sites for the Eu®" cation, suggesting the formation of
multiple phases, in agreement to the serial crystallographic
results. However, additional experiments with a better spec-
tral resolution must be performed to confirm this hypothesis.

4. Conclusions

In contrast to that expected from complexation processes in-
volving well-defined moieties, such as single metal cations
and organic ligands, the outcome of the reaction mixing the
Eu®" with 1,10-phenantholine molecules is everything but
simple (Scheme 1). However, in the present article, we com-
bine broad variety on characterization techniques, including
synchrotron-based in situ X-ray diffraction, in situ lumines-
cence analysis of coordination sensors (ILACS), serial crystal-
lography and real-time measurements of pH value and infra-
red spectroscopy for understanding the mechanism behind
this reaction.

In summary, within a batch reaction system, the applica-
tion of ethanol as solvent, under different temperatures with
stoichiometric and non-stoichiometric metal-to-ligand ratios
lead to the formation of phase 1 of the [Eu(phen),(NO;);]
complex. The application of additives such as water or

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Schematic representation of synthesis conditions leading
to the formation of [Eu(phen),(NOs)s] phase 1 (represented in the
magenta color) or phase 2 (represented in the green color), besides
the third unidentified phase detected in flow reactor serial
crystallography experiments and the intermediate [Eu(acac)sphen]
(represented in the blue color).

acetylacetone on the other hand, leads to the formation of
phase 2. Within experiments with acac, the formation of an
intermediate, most probably [Eu(acac)s;(phen)] has been iden-
tified by real time luminescence and infrared spectroscopy. A
flow reaction experiment performed at early reaction times in
the presence of water found a predominance of phase 2, but
also detected the simultaneous formation of phase 1 and a
third non-identified phase. This showcases how achieving
the single-crystallite detection limit of in situ characterization
can lead to new insights into materials synthesis.
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