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Abstract: Supramolecular systems based on transition metal complexes capable of reversible redox
isomerization due to intramolecular electron transfer are one of the most interesting objects from the
viewpoint of molecular switches” design. In the present work, a comparative analysis of valence trans-
formation of lanthanide complexes (Sm, Er, Tm and Yb) with donor-substituted bis-phthalocyaninates
occurring during the formation and compression—extension of Langmuir monolayers was carried
out using data of UV-Vis-NIR spectroscopy. It is shown that the numerical values of the Q-band
positions in the absorption spectra for the extended monolayers of the complexes under study depend
linearly on the ionic radius of the metal center, if the metals have an oxidation state of +2. This makes
it possible to draw a direct analogy between the behavior of the studied compounds and analogous
europium and cerium complexes, for which direct evidence of the valence tautomerism in such planar
systems was obtained earlier. This led to the conclusion that the intramolecular electron transfer
from the phthalocyanine ligand to the central metal ion [Ln3*(R4Pc?)(RyPc®~)]°—[Ln?* (RyPc®~),]°
occurs when solutions of donor-substituted bis-phthalocyaninates of samarium, erbium, thulium,
and ytterbium are deposited onto the water subphase, and the reverse redox-isomeric transition is
observed in most cases when the monolayer is compressed to high surface pressures. The first of
these switches is related to the asymmetry of the air/water interface, and the second one is controlled
by the lateral compression—expansion of the monolayer. It has been demonstrated that when bis-
phthalocyanine monolayers of lanthanides with variable valence are transferred to solid substrates,
the valence state of the metal center, and consequently, the redox-isomeric state of the complex, do
not change. This means that we are able to form films with a predetermined state of the complex.
Note that the redox-isomeric state of complexes should affect the entire range of physicochemical
properties of such films.

Keywords: valence tautomerism; redox isomerism; phase transition; symmetry; thermodynamics;
lanthanide; phthalocyanine; monolayer; UV-Vis—-NIR spectroscopy

1. Introduction

The design of “smart” materials based on molecular switches seems to be a promising
step towards the miniaturization of electronics components and the creation of new func-
tional materials. At present, under the impact of the miniaturization idea, new types of
molecular devices are being actively studied and elaborated [1-6]. From these standpoints,
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supramolecular systems based on transition metal complexes with redox-active ligands,
which are capable of reversible redox-isomer switching due to intramolecular electron
transfer, become one of the most interesting objects [7-9]. Such switches are commonly
regarded as a special case of valence tautomerism.

Currently, the most studied factors capable of inducing the redox isomerization of
chemical compounds are changes in the ambient conditions in the solution (solvent compo-
sition) [10-12], thermal [13], and photophysical actions [14], as well as X-ray irradiation [15].
In some cases, the phenomenon of valence tautomerism was detected for single crystals of
certain compounds when an external pressure was applied [16-18]. Nevertheless, while the
effect of pressure on the processes of redox isomerization is mentioned in the literature for
bulk samples [16-18], for surface/interfacial systems this issue remains poorly investigated.
Meanwhile, the intrinsically asymmetric nature of air/water and air/solid interfaces often
enables processes which can be almost impossible in bulk media [19,20].

It should be noted that, although one can find several works devoted to the phenom-
ena of valence tautomerism at the interface [14,21], they consider only the intramolecu-
lar electron transfer induced by light irradiation in the visible range. The observation
of redox-isomer transformations in two-dimensional systems at the interface under the
influence of transition from homogeneous bulk solution volume to the asymmetric 2D
environment of the interface, as well as lateral compression, was first demonstrated in the
works of our group on examples of crown-substituted bis-phthalocyaninates of cerium
Ce[(15C5)4Pc]; [22] and europium Eu[(BuO)gPc], [23] (Figure 1).
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Figure 1. (a) Tetra-15-crown-5-substituted lanthanide bis-phthalocyaninates, Ln[(15C5)4Pc],,
Ln=Ce [22], Sm (this work); (b) Octa-n-butoxysubstituted lanthanide bis-phthalocyaninates
Ln = Eu [23] and Sm, Er, Tm, Yb (this work).

Thus, in the research works devoted to the study of this process on the example of
sandwich-substituted cerium bis-phthalocyaninate [22], it was revealed that intramolecular
electron transfer from the ligand to the lanthanide metal center and back (Figure 2a), i.e.,
reversible redox isomerization of the complex involving the multivalent Cedt/4+ cation, occurs
when its solution is deposited on the water surface (Ce**—Ce%"), and the subsequent com-
pression of the thus obtained monolayer results in the reverse transition [13,22,24-27]. Similar
Eu®*«+Eu?* transitions for monolayers of donor-substituted europium bis-phthalocyaninates
were described and unambiguously proved [23] (Figure 2b).
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Figure 2. (a) Intramolecular electron transfer (ET) responsible for redox isomerism in cerium(IV /III)
bis-phthalocyaninates [22] and (b) in lanthanide(III/II) bis-phthalocyaninates, Ln = Eu [23] and Sm,
Er, Tm, Yb (this work). Crown and butoxy substituents are omitted for clarity.

The europium bis-phthalocyaninates, as well as most of trivalent lanthanide bis-
phthalocyaninates, in bulk solutions exist in neutral forms, where one macrocyclic ligand
is in a formal dianionic state and another one is anion-radical—[(Pc?>~)Ln3*(Pc~*)]°. In
symmetrical environments, the unpaired electron is actually delocalized over the Pc 7t-
system, while the lanthanide ion does not participate in such delocalization [28]. However,
specific asymmetrical media at the air/water interface afford more diversity in terms of
electronic states.

Until recently, the phenomenon of redox isomerization in 2D supramolecular systems
could be registered only indirectly using spectral and electrochemical methods of analysis
that register the electronic state of phthalocyanine ligands, which circumstantially indicates
the valence state of the metal center. However, the results obtained for Ce[(15C5)4Pc], and
Eu[(BuO)gPc], complexes by X-ray absorption near edge spectroscopy (XANES) provide
strong evidence that the redox-isomeric switching occurs, and prove the existence of
two stable redox states of cerium and europium cations in ultrathin films of their bis-
phthalocyaninates [23,29].

The proved redox-isomerization process in the monolayers of donor-substituted sand-
wich cerium and europium phthalocyaninates prompts us to pay attention to similar
double-decker phthalocyanine complexes with other elements of the lanthanide series,
and this work is devoted to this subject on the examples of Sm, Er, Tm and Yb deriva-
tives. Excellent agreement of X-ray and absorbance data for phthalocyaninates in different
redox-isomeric states makes it possible to draw unambiguous conclusions on valence
changes occurring within the lanthanide bis-phthalocyaninates monolayers using in situ
optical spectroscopy.

2. Materials and Methods
2.1. Physical-Chemical Measurements

UV-Vis-NIR spectra in chloroform solution were measured using a spectrophotometer
V-770 (JASCO) in quartz cells with 1 cm optical path. Matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectra were measured on a Bruker Daltonics
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Ultraflex spectrometer. Mass spectra were registered in positive ion mode using 2,5-
dihydroxybenzoic acid as a matrix. MALDI-TOF mass spectra of synthesized complexes
are provided in Supplementary Information.

Langmuir monolayers were obtained using KSV Minitrough (Finland) with a trough
area of 273.0 cm? and Kibron Microtrough G2 with a trough area of 280 cm?. Both troughs
were made of a chemically inert material—Teflon—which prevents possible leakage of
subphase, and barriers were made of hydrophilic polyacetal. The solution of the studied
metal complex with a concentration of 1-1.5 x 107> M in CHCl; was deposited onto
the subphase surface using the glass chromatographic syringe with a nominal volume of
1000 pL. The monolayer was left undisturbed for 20 min for complete evaporation of the
solvent from the subphase surface and then compressed using automated movable barriers
at the speed of 5 mm/min. Langmuir monolayers were transferred onto the quartz plates
(2 x 1 cm) using the Langmuir-Blodgett technique (vertical transfer). All investigated films
were single layered.

UV-Vis absorption spectra of monolayers of crown- and butoxysubstituted lanthanide
bis-phthalocyaninates on the aqueous subphase were recorded in the 370-800 nm wave-
length range using an AvaSpec-2048 fiber optic spectrophotometer equipped with an
Avalight HAL (Avantes, The Netherlands) halogen light source. According to the pre-
viously described technique [30], a reflectometric probe with a fiber diameter of 400 um
in combination with a six-fiber emitting cable was placed perpendicular to the subphase
surface at a distance of 2-3 mm from the monolayer. The signal obtained by light reflection
from the surface of the aqueous subphase just before the monolayer spreading was used as
a baseline.

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

2.2. Synthesis and Characterization of Phthalocyanines

Starting phthalocyanine ligands—H;[(BuO)gPc] and H;[(15C5)4Pc]l—were synthe-
sized using the previously reported methods from corresponding phthalonitriles [31].
Chloroform for chromatography and spectral measurements was distilled over CaH,. 1,8-
diazabicyclo[5.4.0Jundec-7-ene was distilled over CaH; in vacuum and stored under argon.
All other reagents were used as received from commercial suppliers.

General procedure for the preparation of lanthanide(I1I) bis(octa-n-butoxyphthalocyaninates)
on the example of Sm[(BuO)gPcl,: Metal-free ligand Hy[(BuO)gPc] (29.5 mg, 27 umol) was
suspended in 1-chloronaphthalene (2 mL) and 1-octanol (1 mL). DBU (123 mg, 0.81 mmol)
was added and the mixture was brought to reflux under flow of argon. Samarium(III)
acetate tetrahydrate (16.2 mg, 41 umol) was added. Reflux was continued for 1 h 10 min
until disappearance of Q bands of the starting ligand at 660 and 700 nm in UV-Vis spectra
of reaction mixture samples in chloroform. After cooling to room temperature, methanol
was added, the formed precipitate was filtered, washed off the filter with chloroform
and applied to a chromatographic column packed with neutral alumina in a mixture of
chloroform and hexane (3 V:2 V). The complex was eluted with the same mixture of solvents
and additionally purified by size exclusion chromatography on Bio-Beads SX-1 sorbent
using chloroform with 2.5 vol.% methanol. The complex was isolated as a dark-green solid,
with a yield of 21.6 mg (69%). Other complexes were synthesized in 65-78% yields using
the same procedure.

Sm[(BuO)sPc],: MALDI-TOF MS (11/z) 2331.1 [M]* (2331.1 calculated for C2gH140N16016Sm).
UV-Vis-NIR (CHCl3) Amax (nm) (log ¢€): 293 (5.02), 339 (4.99), 372 (5.04), 494 (4.60), 616 (4.50), 681
(5.12), 909 (3.53), 1675 (4.08).

Er[(BuO)gP C]z: MALDI-TOF MS (m / Z) 23452 [1\/[]+ (23452 calculated for C128H160EI'N16016).
UV-Vis-NIR (CHCl3) Amax (nm) (log ¢): 293 (5.18), 369 (5.27), 482 (4.76), 607 (4.66), 672 (5.35), 914
(3.91), 1428 (4.31), 1562 (4.29).
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Tm[(BuO)ch]Z: MALDI-TOF MS (m / Z) 2346.3 [1\/[—1’1]7L (23472 calculated for C128H160N16O16Tm).
UV-Vis-NIR (CHCl3) Amax (nm) (log ¢€): 292 (5.08), 369 (5.20), 481 (4.67), 607 (4.56), 671 (5.27), 916 (3.87),
1425 (4.26), 1552 (4.10).

Yb[(BuO)gPcl: MALDI-TOF MS (mm/z) 2350.4 [M-H]* (2351.2 calculated for C1ogH160N1016Tm).
UV-Vis-NIR (CHCl3) Amax (nm) (log €): 292 (4.79), 369 (4.90), 479 (4.38), 606 (4.28), 670 (4.99), 917 (3.56),
1418 (3.97), 1540 (3.87).

Synthesis of samarium(III) bis(tetra-15-crown-5-phthalocyaninate): Metal-free ligand H;[(15C5)4Pc]
(35 mg, 27 pumol) was suspended in 1-chloronaphthalene (2 mL) and 1-octanol (1 mL), DBU
(125 mg, 0.82 mmol) was added, mixture was brought to reflux under flow of argon, and samar-
ium(Ill) acetate tetrahydrate (17 mg, 41 umol) was added. Reflux was continued for 45 min
until disappearance of Q bands of the starting ligand at 660 and 700 nm in UV-Vis spectra of
reaction mixture samples in chloroform. After cooling to room temperature, 50 mL of mixture of
hexane and ethylacetate (3 V:2 V) was added, the formed precipitate was filtered, washed off the
filter with chloroform and the resulting solution was treated with manganese(IV) dioxide under
sonication for 10 min. Resulting slurry was transferred to a chromatographic column packed
with alumina in chloroform. Elution with chloroform with 1.5 vol.% methanol with additional
purification by size exclusion chromatography on Bio-Beads SX-1 sorbent, using chloroform with
2.5 vol.% methanol, afforded the target complex as a dark-green solid. Yield was 27 mg (72%).
Sm[(15C5)4Pc]2: MALDI-TOF MS (m / Z) 2698.9 [M]+ (2698.9 calculated for C128H144N16O408m).
UV-Vis-NIR (CHCl3) Amax (nm) (log ¢): 292 (4.96), 338 (4.95), 372 (5.00), 493 (4.55), 613 (4.46), 678
(5.10), 906 (3.52), 1698 (3.99).

3. Results

Target bis-phthalocyaninates were synthesized using direct metalation of butoxy-
or crown-substituted phthalocyanines with lanthanide acetates in the presence of 1,8-
diazabicyclo [5.4.0] undec-7-ene (DBU) as a deprotonating agent, which facilitates formation
of double-decker complexes [32]. Using a mixture of 1-chloronaphthalene and 1-octanol
(2 V:1 V) was found to be beneficial for the synthesis of complexes. This reduced reaction
time and increased the yield of the target complexes compared to each of the pure solvents
previously used for similar reactions [33,34]. Complexes were characterized by MALDI-
TOF mass spectrometry, and the observed m/z values and isotopic distribution patterns of
molecular ions were in good agreement with theoretically predicted spectra (Figures S1-S5),
confirming the composition of synthesized compounds.

UV-Vis-NIR spectra of the studied complexes have typical features for neutral bis-
phthalocyaninates of trivalent lanthanides (Figure 3). While the N (290 nm), Soret or B
(300—400 nm) and Q (670-680 nm) bands are typical for phthalocyanines in general, the
additional absorbances at 480-490 (blue valence bands, BV), 910-920 (red valence bands, RV)
and 1400-1600 nm (intervalence bands, IV) are characteristics of double-decker complexes
containing one unpaired electron [28,35,36]. The positions of all bands in the spectra of
series of complexes gradually shift following the decrease in lanthanide ions radius causing
the increase in intramolecular 7—7 interaction [37].

Of note, the natures of either crown or butoxy substituents have only a minor effect on
the positions of bands in UV-Vis-NIR spectra, as shown in the examples of samarium(III)
complexes (Figure 3a).

Figure 4 shows that for butoxy-substituted complexes of trivalent lanthanides in
chloroform solution, the experimental values of both the Q-band and BV-band positions
in the UV-Vis absorption spectra are related to the ionic radius of the lanthanide metal
center by the linear correlations (Pearson’s r = 0.995 in both cases), which is similar to
that obtained for crown-substituted bis-phthalocyaninates [22]. This fact indicates that the
lanthanide ions are in the trivalent state in all the studied complexes in solution.

Based on our previous studies of the redox transformations of the sandwich cerium
crown phthalocyaninate and analogous crown- and butoxy-substituted europium com-
plexes [22,23], we chose the formation conditions and obtained Langmuir monolayers
of butoxy- and crown-substituted bis-phthalocyaninates of Yb, Sm, Er, and Tm at the
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air/water interface in the present work. Monolayers were obtained by spreading the
corresponding compounds’ chloroform solutions onto the aqueous subphase according
to the procedure described in the experimental section. As an example, Figure 5 shows
compression isotherms of monolayers of Yb[(BuO)gPc], and Sm[(BuO)gPc], complexes,
and the previously described [23] compression isotherm of Eu[(BuO)gPc], monolayer is
shown for comparison.
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Figure 3. UV-Vis-NIR spectra of Ln[(15C5)4Pc], and Ln[(BuO)sPc],, Ln = (a) Sm, (b) Er, (c¢) Tm and
(d) Yb in chloroform. The band intensities in the NIR range are increased by a factor of four.
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Figure 4. Position of the BV band (a) and Q band (b) in the spectra of the studied lanthanide octa-n-
butoxybis-phthalocyaninates in chloroform as a function of the complex metal center ionic radius.

For the compounds under study, the mean molecular area that corresponds to the
start of surface pressure growth varies from 440 to 490 A2 for complexes of different
metals. These values allow us to assume a face-on orientation of the molecules in the
expanded monolayer.

Spectral measurements were performed in parallel with the recording of the mono-
layer compression isotherms. It should be emphasized that for all the compounds under
consideration, an unusual evolution of the spectra of the monolayers during formation and
compression was observed. In general, the spectral changes recorded have a similar nature,
although some specific features can be distinguished for each complex. In particular, as in
the case of the previously described butoxysubstituted europium bis-phthalocyaninate [23],
when the chloroform solution of the analogous ytterbium complex is deposited onto the
water subphase surface during the solvent evaporation, the compound UV-vis absorption



Symmetry 2022, 14, 340 7 of 15

spectrum changes markedly: the shift of the Q band to the longer wavelength region (in
this case from 678 to 707 nm) and the simultaneous bathochromic shift of the BV band from
480 to 501 nm are observed (Figure 6).

304

25 3
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—y - (\%]
o [4;] [w]
| 1 |
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L L S B R B R R —
100 200 300 400 500 600 700
Area, A/mol

Figure 5. Monolayer compression isotherms of (1) Yb[(BuO)gPc]p, (2) Eu[(BuO)gPc], and (3)
Sm[(BuO)gPc], at the air/water interface.
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Figure 6. UV-Vis absorbance spectra of Yb[(BuO)gPc]; in (1) chloroform solution, (2) and (3) mono-
layer at air/water interface: (2) just after spreading of the solution, and (3) after 20 min of solvent
evaporation; the black arrow shows the direction of spectral evolution from state (2) to (3).

During lateral compression of the thus formed monolayer of butoxy-substituted
ytterbium bis-phthalocyaninate, an inverse transformation of the spectrum was detected, in
which the short-wave component of the Q band becomes predominant at pressures above
25 mN/m (Figure 7).
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Figure 7. The evolution of the UV-Vis absorbance spectra of Yb[(BuO)gPc], monolayer upon lateral
compression up to surface pressure of 25 mN/m; the black arrow shows the direction of spectral
evolution from blue to navy ones.

The evolution of the monolayer spectra of the crown-substituted samarium complex
is somewhat different from that described above (Figure 8). As in the previous case, when
a solution of Sm[(15C5)4Pc], in chloroform is deposited onto the aqueous subphase, a
gradual redistribution of the component intensities is observed during solvent evaporation.
This spectral behavior of the compound under study, as for the analogous europium
complex, can be explained by intramolecular electron transfer from the phthalocyanine
ligand to the metal center. Interestingly, similar spectral changes have been observed
previously by Rodriguez-Mendez et al. on the example of Langmuir-Blodgett (LB) films
of bis[octakis(propyloxy)phthalocyaninate] samarium(III) complex [38]. However, such
behavior was described as characteristic of Davydov splitting due to special organization
of phthalocyanine molecules in the thin films.
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Figure 8. UV-Vis absorbance spectra of Sm[(15C5)4Pc]; in (1) chloroform solution, (2), (3) and (4)
monolayer at the air/water interface: (2) just after spreading of the solution, (3) after chloroform
evaporation (20 min), and (4) upon lateral compression up to surface pressure of 15 mN/m.
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However, unlike the previously studied europium and cerium complexes and the
ytterbium complex described above, the lateral compression of the samarium crown-
substituted bis-phthalocyaninate monolayer, even to high values of surface pressure, does
not lead to a reverse redox-isomer transition. The replacement of the substituents of the
phthalocyanine macrocycle from 15-crown-5 to more donor butoxyl substituents [39] does
not cause significant changes in the behavior of this complex upon transition to the interface,
and also does not allow for a reverse redox-isomer transition upon monolayer compression.

In the case of Tm[(BuO)gPc], and Er[(BuO)sPc]y, the broad peak in the UV-Vis absorp-
tion spectra (Figures 9 and 10), which overlaps both components of the Q band correspond-
ing to the di- and tri-valent states of the metal centers, indicates that the supposed first
intramolecular electron transfer at the time of formation of the supramolecular structure at
the interface occurs only partially (not in all molecules in the monolayer). Herewith, after
compression of thus obtained monolayers, the narrowing and blue shift of the Q band to
the position corresponding to the trivalent state of the metal center is observed.
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T | - —
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Figure 9. UV-Vis absorbance spectra of Tm[(BuO)sPc], in (1) chloroform solution, (2) and (3)
monolayer at the air/water interface: (2) just after spreading of the solution, and (3) upon lateral
compression up to surface pressure of 25 mN/m, between spectra 2 and 3 the spectra for some
intermediate lateral pressures from 0 to 25 mN/m are presented; the black arrow shows the direction
of spectra evolution from state (2) to (3).
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Figure 10. UV-Vis absorbance spectra of Er[(BuO)gPc], in (1) chloroform solution, (2) and (3)
monolayer at air/water interface: (2) just after spreading of the solution, and (3) upon lateral
compression up to surface pressure of 25 mN/m, between spectra 2 and 3 the spectra for some
intermediate lateral pressures from 0 to 25 mN/m are presented; the black arrow shows the direction
of spectra evolution from state (2) to (3).

4. Discussion

The described changes, by analogy with the changes in the monolayers of cerium and
europium donor-substituted bis-phthalocyaninates, can be interpreted as redox-isomeric
transformations of the complexes during the transition from solution to the air/water inter-
face and subsequent surface pressure-controlled reversible transitions during monolayer
compression—expansion. In other words, we can reasonably assume that when a solution of
lanthanide bis-phthalocyaninate is deposited onto the aqueous subphase, an intramolecular
electron transfer from the phthalocyanine ligand to the metal [Ln®**(RyPc?)(RyPc* )]’ —
[Ln?*(R4Pc*~),]° occurs (Figure 2b), while the opposite transition is observed in most cases
at monolayer compression.

It should be noted that it was shown earlier [22] that for analogous complexes of
Lu, for which only the trivalent metal center state is possible, as would be expected, no
evolution of the monolayer spectra was observed

The assumption that in all the complexes of metals with variable valence considered
in this work, the metal center of the complex changes its valence state upon reaching the
interface, agrees well with the results of comparative analysis of the electronic spectra of
the monolayers. It was found that the numerical values of Q- and BV-band positions in
the absorption spectra of the monolayers of the studied donor-substituted phthalocyanine
lanthanide complexes and the divalent europium complex registered immediately after the
monolayer formation fit into a straight line in the coordinates (wavelength)—(ion radius
of the metal center) (Pearson’s r = 0.95 for both bands) (Figure 11). This can serve as
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additional confirmation that all of the metals in question have an oxidation state of +2 in
the extended monolayer.
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Figure 11. Position of the BV band (a) and Q band (b) in the UV-Vis spectra of expanded monolayers
of the studied lanthanide bis-phthalocyaninates as a function of the ionic radius of the complex
metal center.

The revealed transformations seem to be related to the breaking of symmetry between
the two macroring planes in the sandwich phthalocyanine complexes at the air/water inter-
face, since one of the ligands turns out to be solvated by water in the subphase, while the
other one is surrounded by air. Such an asymmetric state facilitates the transfer of one of the
electrons from the multielectron ligand to the central metal ion: [Ln3* (RyPc?)(RyPc* )] —
[Ln?*(RyPc*~),]° (i.e., Ln?* —Ln3*). The lateral compression of the Ln[(BuO)gPc], mono-
layer at the air/water interface leads to the reorientation of the discotic molecules to the
edge-on position, where both ligands can be considered as equivalent. Moreover, the
lateral compression at high surface pressures facilitates the convergence of the ligands
within the complex. This, in turn, facilitates intramolecular electron transfer from the metal
cation to the phthalocyanine ligand, since an increase in the oxidation state of the metal
is accompanied by a decrease in its ionic radius, and consequently, by a decrease in the
interdeck distance in the complex [40]. In other words, in absolute accordance with the
classical principle of Le Chatelier, compression in the system facilitates the processes that
lead to a decrease in its size. As a result, the “extra” electron returns to the ligand and the
oxidation state of the metal center is reversed Ln**—Ln3".

From the standpoint of this mechanism, the observed differences in the behavior of the
studied complexes upon monolayer compression can be explained by the fact that as the
ionic radius of the lanthanide cation increases, the interdeck distance in the complex also
grows, which makes it more difficult to transfer the electron from the ligand to the metal.

The answer to the question of whether the change in the redox-isomeric state of the
complexes under study does not manifest itself upon transition from the solution to the
surface of solid substrates was obtained using the ytterbium complex as an example. To do
this, Yb[(BuO)gPc]; cast films with chaotic molecular organization were formed on quartz
substrates. The absorption spectra of such films were similar to those of the chloroform
solutions of the compounds under study, where the metal center has an oxidation state of
+3 (Figure 12, curve 1). This means that there are no redox-isomeric transformations upon
formation of such films.

To evaluate the possibility of fixation of the sandwich phthalocyaninate monolayer
in a certain redox-isomer state upon its transfer to a solid substrate by the Langmuir—
Blodgett technique, single-layer LB films of Yb[(BuO)gPc], were formed on thin quartz
plates. By analogy with the Eu[(BuO)sPc], complex [23], the LB films were transferred
at two different values of surface pressure corresponding to two characteristic Q-band
positions in the monolayer spectrum. The positions of the Q and BV bands of the complex
in the absorption spectra of the studied samples testify to the conservation of the valence
state of the ytterbium ion after the transfer process (Figure 12, curves 2 and 3). It should
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be noted that the position of the Q band in the spectrum of the LB film transferred from
the monolayer compressed to a high surface pressure is the same as its position in the
spectrum of the solution, which indicates the predominant presence of the metal center
in these films in the trivalent state. At the same time, the Q band in the spectrum of the
LB film transferred from the monolayer at low surface pressure indicates the predominant
presence of the divalent Yb cations in these films.

0.006 - 0.06
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|

LB film absorption, a.
Cast film absorption, a. u.
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]

I ! I ' |
500 600 700
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Figure 12. UV-Vis absorbance spectra of Yb[(BuO)gPc], of (1) cast film, (2) LB film, transferred from
the monolayer formed at low surface pressure, and (3) LB film, transferred from the monolayer
compressed to surface pressure of 25 mN/m where the metal center is in trivalent state.

The film of butoxysubstituted ytterbium bis-phthalocyaninate containing the metal
center in the divalent state retains this redox-isomer state of the complex for about four
weeks. However, after a long period of time, the spectrum of the studied film returns to the
form corresponding to the more stable trivalent state of the ytterbium cation.

It should be emphasized that the described spectral transitions for LB films were
reproducibly observed in several independent experiments. Moreover, the very fact of
the reported spectral changes of LB films with the divalent metal center in the absence
of reducing agents provides additional evidence for the occurrence of the redox-isomer
transformation.

5. Conclusions

Thus, it has been shown for several trivalent representatives of the lanthanide series
that when their donor-substituted bis-phthalocyaninates complexes are deposited onto
an aqueous subphase, intramolecular electron transfer from the phthalocyanine ligand
to the central metal ion occurs: [Ln®*(RyPc?)(RyPc®)]°—[Ln?* (RyPc*),]%, and upon
compression of the monolayer to high surface pressures, a reverse redox-isomeric trans-
formation is observed in most cases. It has been demonstrated that when monolayers of
bis-phthalocyaninates of lanthanides with variable valence are transferred to solid sub-
strates, the valence state of the metal center, and consequently, the redox-isomeric state of
the complex, do not change. Therefore, this means that we have the possibility to form
films with a predefined state of the complex. It should be noted that the redox-isomeric
state is expected to affect the entire gamut of physicochemical properties of such films.
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The possibility of the described transformations is determined by the multistability of
the bis-phthalocyanine ligand with donor substituents surrounding the lanthanide cations
and by the asymmetric position of the complex molecules at the air/water interface. The
identification of ways to control this process and knowledge of the properties of the redox
isomers themselves will open new prospects for the use of ultrathin films based on these
compounds when creating nanoscale information devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/sym14020340/s1, MALDI-TOF mass spectral characterization
of lanthanide bis-phthalocyaninates: Figure S1. MALDI-TOF mass spectrum of Sm[(BuO)gPc],;
Figure S2. MALDI-TOF mass spectrum of Er[(BuO)gPc],; Figure S3. MALDI-TOF mass spectrum of
Tm[(BuO)gPcl,; Figure S4. MALDI-TOF mass spectrum of Yb[(BuO)gPc],; Figure S5. MALDI-TOF
mass spectrum of Sm[(15C5)4Pc]5.
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