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ABSTRACT Redox-isomerism, i.e. the change of metal cation valence state in organic

complexes, can find promising applications in multistable molecular switches for various



molecular electronic devices. However, despite a large amount of studies devoted to such
processes in organic complexes of multivalent lanthanides, redox-isomeric transformations were
never observed for europium. In the present work, we demonstrate the unique case of redox
isomerization of Eu(IIl)/Eu(Il) complexes on the example of Eu(Ill) double-decker octa-n-
butoxyphthalocyaninate (Eu[(BuO)sPc]2) under ambient conditions (air, room temperature). It is
shown that assumption of the face-on orientation on the aqueous subphase surface, in which two
of each phthalocyanine decks in Eu[(BuO)sPc]2 are located in different media (air and water),
leads to the intramolecular electron transfer that results in formation of divalent Eu(II) cation in
the complex. Lateral compression of the thus formed monolayer brings on the reorientation of
the bisphthalocyaninate to the edge-on state, in which the ligands can be considered identical,
and occurrence of the reverse redox-isomeric transformation into the complex with trivalent Eu
cation. Both redox-isomeric states were directly observed by XANES spectroscopy in ultrathin

films formed under different conditions.

INTRODUCTION
Design of molecular-based electronic and spintronic materials for high density data storage and
advanced sensing applications requires implementation of multistable compounds, properties of
which can be controlled by various external stimuli.'> Among them, special attention is paid to
coordination compounds that can undergo stimulated and reversible intramolecular electron
transfer between metal centers and organic ligands, which is known either as redox isomerism or
valence tautomerism.

Redox isomerization is typically achieved by thermal action, application of high hydrostatic
pressure or magnetic field, irradiation with light or X-rays, etc. This process is accompanied by

alteration of optical and magnetic properties of the complexes, which can be read-out by



physical-chemical measurements in order to form the basis of their practical applications.** This
phenomenon is commonly studied on the examples of complexes formed by d-metals that are
characterized by several accessible redox states — typically, vanadium, manganese, iron, cobalt,
nickel, copper, etc, with non-innocent ligands such as diimines, dioxolenes, phenoxyls,
tetrapyrrolic macrocycles, etc. Since the first publication in 1980 reporting on valence
tautomerization of cobalt complex with semiquinone and dioxolene ligands,>® numerous
examples of redox-isomeric d-metal complexes were described and comprehensively reviewed.””
1

In contrast, the examples of redox-isomerism among electron-rich f-element complexes remain
exceptional, although almost every lanthanide can form coordination compounds with either
trivalent or di-/tetravalent state of the metal center.!? Binuclear ytterbium complexes with non-
innocent bisiminoacenaphthene (bian) ligands were among the first reported examples of
lanthanide complexes, where the intramolecular electron transfer between Ln*" and ligand was
observed  (Figure  1).!*  These  complexes  undergo  redox-isomerization
(bian*)Yb**X<«>(bian™) Yb**X upon temperature change both in solution and in crystalline
phase. This transformation became possible particularly due to low potential of Yb*" reduction
that leads to a filled 4f'* shell.”® Although europium is also characterized by low reduction
potential E°(Eu*"/Eu?") providing a stable half-filled 4f” shell, its bian complexes did not exhibit

redox isomerization upon similar action,'®!’

and to the best of our knowledge, Eu-based redox-
isomeric systems remained unknown.
It should be noted, that among redox-active lanthanides, cerium attracts special attention, since

its tetravalent state with closed shell configuration (4f°) is sometimes even more stable than its

trivalent counterpart. In coordination compounds, the stability of certain form of Ce cation can



be finely tuned by appropriate ligand surrounding. For example, in the case of double-decker
complexes with porphyrin and phthalocyanine ligands, Ce metal center is typically tetravalent,
but attains trivalent state in the electron-rich naphthalocyanine surrounding due to the
delocalization of electron from the ligands to the metal center, which was quantified by Li-edge
X-ray absorption near-edge structure (XANES) profiles.'® One more example of redox-isomeric
transformation of f~element compounds was recently discovered by us: crown-substituted cerium
bisphthalocyaninate Ce[(15C5)4Pc]> revealed unprecedented redox-isomeric behavior, where
intramolecular metal-ligand electron transfer was triggered in Langmuir monolayers by change
of molecular orientation at the air/water interface.'® Le. spreading of its chloroform solution onto
the air/water interface and lateral compression of the resulting Langmuir monolayer leads to a
reversible redox-isomerization and concomitant interchange between Ce(III)/Ce(IV) states in the
monolayer.

In the present work, we exploit this orientation-induced redox-isomerization approach to tune
the wvalent state of the europium cation in double-decker europium(IIl) octa-n-
butoxyphthalocyaninate Eu[(BuO)sPc]2, in order to achieve Eu(III)/Eu(Il) redox isomerization.
Apart from fundamental interest in this novel manifestation of redox-isomeric behavior, the
described system can pave way to the development of novel optoelectronic devices where the
studied bisphthalocyaninates can be incorporated as a functional component in the form of thin

solid films.?0 22
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Figure 1. Several examples of lanthanide complexes redox-isomerism and a schematic of
electronic changes occurring in lanthanide bisphthalocyaninates upon intramolecular electron

transfer.

RESULTS AND DISCUSSION
Analogously to the study of cerium bisphthalocyaninate, on the first stage of the present research
we formed Langmuir monolayers of the Eu[(BuO)sPc]2 (structure and approximated spatial
dimensions are shown in Figure 2) on the surface of deionized water. During this process, we
recorded absorbance spectra in the visible range, which are represented in Figure 3 that also
shows the absorbance spectrum of the chloroform solution (curve 1) used for the procedure. It

can be seen that in the first moments of the spreading, the obtained monolayer spectrum



(curve 2) strongly resembles the one in solution. However, after some time, in which the solvent
evaporates from the water surface, the monolayer spectrum begins to change. The prominent
change manifests in the redistribution of the Q-band components of the complex between the
positions at 681 nm and 721 nm. The kinetics of this process can be conveniently estimated by
plotting the dependence of the ratio between the absorbance intensities at designated

wavelengths on exposure time. Thus, we can use coefficient Ko, defined as
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where 472; and Ags; are observed absorbance intensities at 721 and 681 nm, respectively.
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Figure 2. Chemical structure and estimated spatial dimensions of Eu[(BuQO)sPc]2 complex

(calculated by PM6-DH2 method, SPARKLE was used for Eu ion).
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Figure 3. Visible range absorbance spectra of Eu[(BuQO)sPc]2 in (1) chloroform solution, (2) and
(3) monolayer at air/water interface: (2) just after spreading of the solution, and (3) after 10 min

of solvent evaporation.

The plot of this coefficient as a function of Eu[(BuQO)sPc]2 monolayer exposure time is shown
in Fig. 4. As can be seen, in the first moments of monolayer formation, the band at 681 nm, also
observed in the solution used for monolayer formation, is predominant. However, after
ca. 4 min, the intensities of the bands under consideration become equal, and after ca. 7 min, the
ratio Ko stabilizes at the value around 1.15, which signifies that at this point the band ca. 721 nm
becomes predominant. No further changes are observed in an undisturbed Eu[(BuO)sPc]2

monolayer.
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Figure 4. Change of the Kq value during the solvent evaporation phase of the Eu[(BuO)sPc]2

monolayer formation.

As was the case in the study of cerium phthalocyaninate,! it can be hypothesized that such
change of the spectrum is due to intramolecular electron transfer from the phthalocyanine ligand
to the metal center cation, which results in the Eu(Il) state (as represented schematically on the
right side of Figure 1). Evidently, like in the case of the cerium compound, this is the result of
uncompensated surface forces: discotic sandwich complex molecules assume face-on orientation
at the interface, when they are given enough space, and in such a way, one of the ligand decks
becomes solvated by water from the subphase, while the other one is not. Such conditions make
phthalocyanine decks non-equivalent, which in its turn becomes a driving force for the redox-
isomeric transformation.

In this light, a possible re-orientation of the phthalocyaninate molecules into edge-on
orientation, where both macrocyclic ligands would be equivalent could lead to the reverse

intramolecular electron transfer with a low activation barrier. To achieve this, similarly to the



study of redox-isomeric behavior of cerium complexes, one could exploit the natural tendency of
tetrapyrrolic compounds to form stacking aggregates in monolayers upon lateral compression.
Figure 5 shows evolution of the absorbance spectra of the Eu[(BuO)sPc]2 monolayer upon
compression. It is clear that at some point, the band at ca. 721 nm ceases to be a dominant
feature of the spectrum, and the Q-band at 681 nm reappears. More detailed examination of this
process can be performed by analyzing the compression isotherms along with kinetics of spectral

changes, i.e. dependence of the ratio Kp on mean molecular area during compression.
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Figure 5. The evolution of the absorbance spectra of Eu[(BuQO)sPc]2 monolayer upon lateral

compression up to surface pressure of 25 mN/m.

A typical 7 — A4 compression isotherm of the Eu[(BuO)sPc]2 monolayer is shown in Figure 6
(curve 1). The first main feature — the onset of surface pressure increase — is observed at
ca. 560 A%, which corresponds to the area of discotic approximation of the Eu[(BuO)sPc]2
molecule in a face-on orientation (Figure 2). The bend observed at around 230 A? can be

explained by the achievement of the limiting area occupied by a phthalocyanine discotic



molecule in an edge-on orientation. More in depth analysis of these data can be carried out using
the dependence of the monolayer compressibility modulus ¢ on mean molecular area during the
compression of the monolayer. The former can be obtained by using the derivative of the 7 — 4

isotherm, according to a known formula (2).

e= -4(3), )

84

where 7 is surface pressure and 4 is mean molecular area.
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Figure 6. Typical (1) Eu[(BuO)sPc]2 monolayer compression isotherm, (2) calculated

compressibility modulus, and (3) ratio Kq at corresponding mean molecular area value.

The obtained dependence is shown in Figure 6, curve 2. As expected both significant mean
molecular area values discussed above are well pronounced on this graph in form of sharp
increase of compression modulus, when molecules in the monolayer are forced into contact with
each other in face-on orientation (ca. 560 A?), and an abrupt drop, when all phthalocyaninate

discs in the monolayer assume edge-on orientation (ca. 230 A?). However, another feature of this

10



curve is a significant bend at ca. 450 A? that signifies a change of the compressibility of the
monolayer after this mean molecular area is reached. Such value is quite hard to associate with
any geometrical parameters of the discotic approximation of the Eu[(BuO)sPc]2 molecule. It
probably corresponds to the limiting area of the molecule that has butoxyl chains interlocked
with the neighboring molecules in the monolayer and/or slight decrease of spatial molecular
dimensions due to the “flexibility” of the butoxy substituents. In any case, compression after this
mean molecular area value should lead to a forced re-orientation of the molecules in the
monolayer into edge-on orientation.

What is more interesting is that Ko — A4 curve calculated from the spectral data obtained during
the compression of Eu[(BuO)sPc]2 monolayer (Figure 6, curve 3) plotted in the same graph has
a maximum that coincides with the discussed bend on the ¢ — 4 curve. The increase of the Ko
value before this inflection point probably corresponds to the increasing density of the
monolayer that in its turn leads to a general increase of the absorbance at 721 nm due to a higher
packing of the phthalocyaninate molecules characterized by this band per unit of surface area.
However, the steep decrease of the Ko after ca. 450 A? and until the end of compression (where
this ratio reaches values close to the ones observed at the first moments of monolayer formation)
can be explicitly interpreted as redistribution of the Q-band components in favor of the short
wavelength position around 681 nm.

This behavior, like the reverse redox-isomeric transformation of cerium cation described
previously,! can be explained by the reverse intramolecular electron transfer from the divalent
europium center to the phthalocyanine ligand with the formation of Eu(Ill) state. The
coincidence of the mean molecular areas, at which inflections of both ¢ — 4 and Ko — 4 curves is

observed (ca. 450 A?), leads to a logical assumption that at this point in monolayer compression,

11



the densest packing of Eu[(BuO)sPc]2 molecules in face-on orientation is achieved. Further
compression of the monolayer leads to re-orientation of the bisphthalocyaninate discs into edge-
on position, in which both ligands in the sandwich complex are solvated in the same way, and
can be considered identical/equivalent. Upon compression, more and more molecules assume
this orientation and undergo intramolecular electron transfer back from the metal center to the
phthalocyanine ligands that results in the appearance of the complex with a trivalent europium.
These orientation changes can be visualized by atomic force microscopy images for the films
transferred from monolayers with corresponding organization (data and discussion are provided
in Supplementary Information).

To confirm the orientation-induced redox isomerism hypothesis, we formed a Eu[(BuQO)sPc]2
monolayer on a limited water surface area, in such a way that the mean molecular area in the
forming monolayer would not exceed 250 A2, thus inhibiting the initial face-on orientation of the
molecules. As was expected, the Q-band ca. 681 nm position in the spectrum of such monolayer
is predominant, and does not change significantly after solvent evaporation during prolonged
exposure time. It is interesting to note that cyclic compression—expansion of thus formed
monolayer demonstrates reversibility of the above described spectral changes.

On the next stage of the present research we investigated the possibility to form thin films of
Eu[(BuO)sPc]2 in different redox-isomeric forms on solid substrates. For this, we transferred the
studied monolayers onto quartz substrates using Langmuir-Blodgett technique. To obtain
samples of Eu[(BuO)sPc]: Langmuir-Blodgett films (LBFs) with exclusively divalent and
trivalent metal centers, we transferred the films from Langmuir monolayers formed on large or
limited available water surface area, respectively, as was described above. Observed UV-Vis

absorbance spectra of these samples confirm that redox-isomeric state mainly persists through
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the transfer procedure, as evidenced by the dominant Q-bands in positions respective to the
complexes with divalent and trivalent europium metal center (Figure 7). It should be noted that a
film formed by drop casting the Eu[(BuO)sPc]2 chloroform solution onto a solid substrate (cast
film) (Figure 7, curve 3) exhibits a spectrum quite similar to the solution, and by extension to the
film formed on a limited available surface area (Figure 7, curve 2), since in both cases europium

metal center is trivalent.
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Figure 7. UV-Vis spectra of Eu[(BuO)sPc]: LBFs on quartz substrates, transferred from

monolayers formed (1) on large and (2) limited available water surface area, as well as (3) a cast

film (CF) formed by drop casting the chloroform solution onto the substrate.

Although spectral data point to the redox-isomeric transformations occurring in the process of
monolayer formation and compression, they cannot be regarded as a direct proof of europium
metal center valence change. Thus, we employed bright synchrotron source X-ray absorption
near edge structure (XANES) technique to determine the valence of the Eu[(BuO)sPc]2 metal
center in the LBFs, transferred under different conditions onto silicon substrates, as explained

above.
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Figure 8 shows XANES spectra obtained along europium Lii-edge for the studied LBFs on
silicon surface, as well as the spectra of the divalent and trivalent inorganic Eu references used
(Figure 8, a and b, respectively). As can be seen from the graph, the spectrum of the thick film
formed by drop-casting the Eu[(BuO)sPc]2 chloroform solution onto silicon substrate (Figure 8,
curve 1) clearly corresponds to the absorption of trivalent Eu, which is the state the metal center
exists in solution and without any effect of the air/water interface. The LBF obtained from the
monolayer formed on the limited water surface area, in which case the visible absorbance spectra
corresponded to the complex with trivalent metal center, exhibits analogous absorption edge
profile, thus confirming again the trivalent state of europium cation in this case as well.
However, the XANES spectrum of an LBF transferred from a true Langmuir monolayer formed
with large available mean molecular area clearly resembles the form of the X-ray absorption
edge of the divalent reference. These data directly confirm the existence of divalent europium
phthalocyaninate complexes under ambient conditions in the studied ultrathin films. Moreover, it
shows that the change of the discotic Eu[(BuO)sPc]2 molecules orientation at the air/water

interface causes the intramolecular electron transfer from the ligand to the metal center and back.
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Figure 8. XANES spectra for Eu[(BuO)sPc]2 (1) cast film, and LBFs obtained from Langmuir

monolayers formed on (2) limited and (3) large available surface area upon formation. Dotted

curves correspond to the XANES spectra of inorganic references used: (a) EuSO4 and (b) Eu20s.

Interestingly, during XANES measurements, it was observed that the divalent metal cations of
the respective Eu[(BuQ)sPc]2 films undergo transformation into trivalent ones under exposure to
the synchrotron X-ray radiation. This way, the oxidation state of the Eu cation changes almost
completely from Eu®* to Eu®* in the matter of 20 minutes upon exposition to the monochromatic
radiation with the energy of 7 keV, as illustrated by the evolution of their XANES spectra in
Figure 9. This is probably due to the metastable nature of the phthalocyaninate complex with
divalent metal center. It should be noted, however, that in absence of X-ray radiation, the
samples with Eu" are stable for at least a week under ambient conditions as evidenced by UV-
Vis spectra. At this moment, it is unclear, if such metastable state can be stabilized in low
temperature and/or inert atmosphere environment, since all the presented studies were performed
in air at room temperature. Chemical modification of the phthalocyanine ligand core by more

electron donor or acceptor substituents can be an attractive way to shift this equilibrium towards
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stable divalent or trivalent redox-isomers. Further research would be devoted to the studies of
planar supramolecular systems based on phthalocyanine complexes with different substituents

and lanthanide metal centers.
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Figure 9. Evolution of XANES spectra of (1) Eu[(BuO)sPc]2 LBF with divalent metal center in

initial state and (2) after 20 minutes of exposition to X-ray radiation.

CONCLUSIONS
Thus, in the present study we show that transition from the bulk solution of Eu[(BuO)sPc]a,
where the europium cation is trivalent, to the air/water interface leads to the intramolecular
electron transfer from the phthalocyanine ligands to the metal cation, resulting in the complex
with divalent metal center. This is due to the fact that, given enough area, the molecules of the
studied compound are oriented in the face-on manner at the interface, thus making the
phthalocyanine macrocycles not equivalent, since one of them is solvated by water from the
subphase, while the other one is surrounded by air. Such orientation provides the right conditions

for the formation of the complex with divalent Eu due to intramolecular electron transfer from
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the phthalocyanine ligand to the metal center cation. Lateral compression of the Eu[(BuO)sPc]2
monolayer at the air/water interface leads to re-orientation of the discotic molecules into edge-on
position, where both ligands can be considered equivalent. In this case, a reverse transformation
from Eu?* to Eu** metal center is observed due to intramolecular electron transfer from the metal
cation to the phthalocyanine ligand.

Both Langmuir monolayers of Eu[(BuO)sPc] complexes containing divalent or trivalent Eu
cations were successfully transferred onto solid substrates with retention of the respective
oxidation states, which were directly confirmed by means of X-ray absorption near edge
structure spectroscopy. Thus, we demonstrate for the first time, a redox-isomeric transformation
of an organic europium complex that results in a divalent europium cation, where the controlled
change of the lanthanide oxidation states occurs under ambient conditions.

EXPERIMENTAL

The studied compound was synthesized according to the previously described procedure.?

Geometry optimization was performed using MOPAC2016** with PM6-DH2 method
containing dispersion correction,”>*® and SPARKLE for Eu** ion.?’

For Langmuir-Blodgett experiments and formation of drop cast films, the studied
Eu[(BuO)sPc]|2 phthalocyaninate was solubilized at a concentration in the range of 1-1.5 10° M
in CHCI3 (HPLC grade, ethanol-stabilized, acquired from Sigma-Aldrich).

Langmuir—Blodgett device KSV Minitrough (Finland) with PTFE trough with surface area of
273.0 cm? and moveable barriers made of hydrophilic polyacetal was used for Langmuir
monolayer formation. Compression isotherms were recorded using automated Langmuir balance
and platinum Wilhelmi plate. The monolayers were formed by spreading the studied solutions

onto the air/water interface using a chromatographic syringe. Then the system was left
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undisturbed for 10-15 min in order for the solvent to evaporate from the interface. After that,
monolayer compression at the rate of Smm min' commenced. Transfer of Langmuir
monolayers onto solid substrates was carried out by Langmuir-Blodgett technique (vertical
transfer) using an automated dipper device at surface pressures of around 5 mN/m and 15 mN/m
in case of monolayers containing divalent and trivalent europium complexes, respectively, as
described in Results and Discussion section. All studied LB films were single-layered. Ultrapure
water (18 MQ cm) deionized by Millipore Milli-Q water purification system was used as a
subphase in Langmuir monolayer studies.

Absorbance spectra of Eu[(BuO)sPc]2 monolayers on aqueous subphase were recorded in the
wavelength range of 370—800 nm using an AvaSpec-2048 optic fiber spectrophotometer
equipped with halogen light source AvaLight HAL (Avantes, The Netherlands). According to the
previously described technique,?® a reflectometric probe with a fiber diameter of 400 um
combined with a six-fiber irradiating cable was placed perpendicularly to the subphase surface at
a distance of 2—3 mm from the monolayer. The signal obtained upon light reflection from the
aqueous subphase surface immediately before the monolayer spreading was used as baseline.

Absorption spectra of Eu[(BuO)sPc]2 solutions, Langmuir-Blodgett, and drop cast films on
quartz substrates were measured in the wavelength range of 220—900 nm using a Shimadzu 2450
PC spectrophotometer (Japan).

X-ray absorption near edge structure (XANES) measurements were carried out at the in situ
and nano X-ray diffraction beamline P23 at the PETRA III storage ring at the Deutsches
Elektronen-Synchrotron DESY. The X-ray beam from a spectroscopic undulator was
monochromatized by a cryogenically cooled double crystal Si(111)/Si(111) monochromator.

Two B4C covered flat mirrors were used for harmonics rejection. Due to the very low
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concentration of the target atoms in the samples, the XANES data were recorded in the
fluorescence detection mode with an Amptek XR100SDD silicon drift detector.

Atomic force microscopy studies were conducted on a Multimode V (Veeco, USA) and
HA NC brand (TipsNano, Zelenograd, Russia) silicon AFM tips (standard geometry, needle
height 10 um, point radius < 10 nm, resonance frequency 235 kHz). All measurements were
done in tapping mode, air and room temeprature. Several images throughout the sample area
were performed. Processing of the AFM data and height profile acquirement were done using
Gwyddion 2.45 software package.

All experiments were carried out under ambient conditions: air atmosphere, air and subphase

temperature of 20+1°C.
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Supporting Information file contains atomic force microscopy images for the studied LBFs and

brief discussion of the data obtained.
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