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Fluorescence Mode XANES Spectroscopy as a Powerful Tool
for Redox—Isomerism Studies in Ultrathin Films
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Redox-isomerism, i.e. intramolecular electron transfer that results in isostructural compounds with different charge
distribution between metal center and ligands, and thus in their different physico-chemical characteristics, attracts
considerable interest from the standpoint of development of novel molecular devices. However, direct determination
of the valence states of the coordinating cations remains an urgent task. In the present work on the example of cerium
bis-tetra-15-crown-5-phthalocyaninate it was shown that synchrotron source X-ray absorption near edge structure
spectroscopy in fluorescent mode is a powerful method that allows one to directly observe valence states of the metal
cations in redox-isomeric materials even in ultrathin single-layer Langmuir-Blodgett films, which are notably hard
to study due to extremely small amounts of matter and low dimensionality.
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Pedokc-uzomepus, mo ecmv GHYMPUMONEKYIAPHBIL NEPEHOC JNeKMpOHd, KOMOPbIL Npugooum K 00paz08anuro
U30CMPYKMYPHBIX COEOUHEHUUl C PA3TUYHbIM pAcnpeoesieHuem 3apaoa Mexcoy MemanloyeHmpom U JuUeaHOdMU,
a, c1edo8amenbHo, U ¢ pa3IUYHbLIMU PUIUKO-XUMULECKUMU C8OUCMBAMU, 8bI3bI6AEI SHAYUMENbHDIL UHMepPec ¢ MOYKU
3penus paspabomku HO8bIX MOneKYAaApHblX ycmpoticms. OOHAKO npsamoe onpeoeieHue BaleHMHbIX COCMOAHULL
KOOPOUHUPYIOWUX KAMUOHO8 OCMAemcs akmyaibHou 3adayei. B oaunnou pabome Hna npumepe oOuc-mempa-15-
Kpayn-S-gpmanoyuanunama yepusi nOKA3aHo, Ymo CNeKmpOCKONUs PeHM2eHOBCKO20 NO2NOWeHUs 60IU3U Kpaegol
CMpYKmypvl 60 (Dryopecyenmuom pexcume ¢ UCHONb308AHUEM CUHXPOMPOHHO20 USIYYCHUs SBIAEMC MOUHbIM
MemoOOoM, NO36ONAIOUUM HENOCPeOCEEHHO HAONI00AMb 8aleHMHbLE COCHOAHUS UOHO8 MEMAalllld 8 Pe0OKC-U30MEPHbLIX
Mmamepuanax oajce 8 YIbmpamouKux 0OHOCIOUHbIX nieHKax Jlenemrwopa-bnoosxcemm, xomopuvle 0cobeHno mpyoHo
U3YYaAme U3-3a Ype3BbIYAHO MALbIX KOIUYECTNE 8eljeCmad U HU3KOU pa3mepHOCm.

Karouesbie ciioBa: XANES, peHTreHOBCKast CIIEKTPOCKOINS MOMIIOMICHUS, PEJOKC M30MEpHs, (PTaJIOMAHIH, [ICPHH,
MOHOCJI0H JIeHrMiopa.
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Introduction

Organic complexes of multivalent metals may exhibit
a reversible intramolecular electron transfer between
the coordinating cation and a redox-active ligand(s). The
products of this transformation are isostructural and retain
the same overall charge, and thus are considered isomers. This
effect is called redox isomerism (or valence tautomerism)
and it was first reported by Pierpont and Buchanan in 1980
for a substituted o-benzoquinone complex of cobalt.l"
Since then, several instances of this phenomenon were
demonstrated on the examples of complexes of d-metals
and some f-elements.> It should be noted that in most
cases, these transformations are driven by extreme changes
of temperature, hydrostatic pressure, and dramatic
changes of environment or application of intensive lighting
in bulk state. As was shown by us earlier,” the molecular
reorientation of the discotic phthalocyaninate sandwich
complexes at the air-water interface can be another
pathway for redox-isomerization. In that work, a reversible
Ce*"Ce* transformation was achieved in a 2D system,
upon compression/expansion of a Langmuir monolayer
of a crown-substituted cerium bisphthalocyaninate
Ce|(15CS5),Pc], (Figure 1).

However, like in most cases, direct confirmation
of valence state of the metal centre in the process of redox-
isomerization remains a hard task, and is usually deduced
from secondary characteristics: change of the UV-Vis
absorbance and/or EPR spectra, magnetic properties,
etc.'"21 Moreover, these measurements become even harder
when applied to planar supramolecular systems. In this
work, we show that synchrotron source X-ray absorption
near edge structure (XANES) spectroscopy in fluorescent
mode is a powerful method that can allow one to directly
observe valence states of the redox-isomeric materials no
matter the dimensionality of the system under study. Previ-
ously studied®'? ultrathin single-layer Langmuir-Blodgett
films of Ce[(15CS5),Pc], exhibited redox-isomerization that
has been proved mainly by means of absorbance spectra
and X-ray photoelectron spectroscopy!™ and were chosen as
an established example of the redox-isomeric 2D system.

Figure 1. Chemical structure of the studied complex
Ce[(15C5),Pc],.
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Experimental

The studied compound Ce[(15C5),Pc], was synthesized
according to the previously described procedure!™¥ starting from
tetra-15-crown-5-phthalocyanine.!'*!

For Langmuir-Blodgett experiments and formation of drop
cast films, the studied Ce[(15C5)Pc], phthalocyaninate was
solubilized at a concentration in the range of (1-1.5)-10° M in CHCI,
(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 were used for Langmuir
monolayer formation. The monolayers were formed by spreading
the solutions onto the air/water interface using a chromatographic
syringe. Then the system was left undisturbed for 10—15 min
in order for the solvent to evaporate from the interface. After that,
monolayer compression at the rate of 5 mm-min~' commenced.
Transfer of Langmuir monolayers onto solid substrates was carried
by Langmuir-Blodgett technique (vertical transfer). All studied
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.

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 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. Cu K absorption line was used as the energy
scale calibration reference.

All experiments were carried out under ambient conditions:
air atmosphere, air and subphase temperature of 20£1 °C.

Results and Discussion

As was described in detail in our previous work,?
the cerium metal centre of Ce[(15C5) Pc], in chloroform
solution strictly exhibits 4* oxidation state. Upon spreading
of this solution onto air/water interface and evaporation
of the solvent, the metal centre assumes the oxidation state
of 3" due to the intramolecular transfer of an electron from
tetra-crown-phthalocyaninato-ligands. Lateral compression
of the resulting Langmuir monolayer to high surface
pressure values leads to the reverse process that results
in the Ce* cation. Expansion of such a monolayer is again
followed by transition of cerium cations into 3" state.

The first transformation arises due to the fact that
discotic ~ Ce[(15C5) Pc], molecules assume face-on
orientation at the interface upon the spreading, where
one of the ligand decks comes into contact with the water
subphase, while the other one is not. This makes crown-
phthalocyanine decks non-equivalent and becomes a driving
force for the intramolecular electron transfer that leads
to Ce**—Ce* transition. Compression of this monolayer
leads to re-orientation of the phthalocyaninate molecules
into edge-on position, where both macrocyclic ligands are
located at the interface in the same way, thus relieving
the effect of uncompensated surface forces, and thus brings
on the reverse intramolecular electron transfer, which results
in Ce**—Ce*" transition.
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XANES Spectroscopy for Redox-Isomerism Studies in Ultrathin Films

Despite the fact that both these phenomena can be
monitored in situ by UV-Vis absorbance measurements,
direct determination of the valence (oxidation state)
of the metal centre is a difficult task. In the aforementioned
work, it was elucidated for Langmuir-Blodgett films (LBF)
obtained from monolayers containing Ce[(15C5),Pc],
in one or another redox-isomeric states by means of X-ray
photoelectron spectroscopy (XPS). Because of low dimen-
sionality of the studied systems, and corresponding low
amount of matter in them (and metal ions especially),
these measurements took large amount of time due to high
expositions required to achieve meaningful signal/noise
ratios. And even in such conditions the accuracy of these
measurements remain very low. In addition, the interpre-
tation of the results of XPS measurements is complicated
by the absence of generally accepted reference XPS spectra
of cerium ion in different valence states in the literature.

Here, direct confirmation of the redox-isomeric state
of the studied complex in the LBFs via determination
of the cerium valence was achieved by measurement
of the XANES spectra along the cerium L, X-ray absorption
edge. It is well known that the form of the X-ray absorption
edge differs for cations with different oxidation states.
Moreover, as literature data for various cerium compounds
show, the difference of L, edge for tri- and tetravalent Ce
is quite dramatic.['>-171

As can be seen in Figure 2, XANES spectrum for
a film obtained by drop-casting from Ce[(15C5),Pc],
solution (curve 1) exhibits a classical two-peak structure,
pointing to a purely 4" oxidation state of the metal centre.
This is quite expected since it is exactly the state, in which
the Ce cation exists in solution, and in absence of surface
forces of the air/water interface, there is no driving force
for a change.

In contrast, XANES spectrum of a Langmuir-Blodgett
film, transferred at low surface pressure (ca. 10 mN/m), i.e.,
straight after the first redox-isomeric transformation that
results in Ce’* metal center (Figure 2, curve 2) shows a L,
edge form characteristic to this oxidation state.

absorption

5710 5720 5730 5740 5750
energy, eV

Figure 2. XANES spectra of Ce[(15C5),Pc], cast film (1), LBF
transferred at low surface pressure (2), and LBF transferred at high
surface pressure (3).
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A film, transferred at higher surface pressures (ca.
35 mN/m), where a reverse transition to a redox-isomer
with tetravalent cerium cation is observed by both UV-Vis
absorbance and XPS spectrometry,” demonstrates a more
complex pattern (Figure 2, curve 3). It can be seen, that
spectrum associated with neither pure Ce** nor Ce*
is observed, but a superposition of them. This signifies that
both redox-isomeric states are present in the LBF under
question. This is not surprising, since the same conclusion
was deduced from the XPS data in the previous work. It
should be noted, however, that this result is more evident
and unambiguous in the present work, since XANES
spectra of the studied redox-isomers differ much greatly
than the XPS spectra of the same systems. This is because
in contrast to heavily overlapping electron binding energies
of Ce’* and Ce*" measured by XPS, Ce L, absorption edge
structures, observed by XANES, are easily distinguishable.

Conclusions

Thus, we show that synchrotron source X-ray
absorption near edge structure spectroscopy in fluorescent
mode is a powerful method that can allow one to directly
observe valence states of the metal cations in redox-
isomeric materials in ultrathin films, which are notably hard
to study due to extremely small amounts of matter and low
dimensionality.
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