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Nowadays, coordination compounds capable of redox isomeric transformations are intensively discussed by re-
searchers around the world due to the promise of creating efficient molecular switches based on them. In this work,
the redox isomerization of ytterbium bis-phthalocyaninates with different peripheral substitutions in Langmuir mono-
layers and Langmuir-Blodgett films was discovered and studied. We show the possibility of control over the
tautomeric equilibrium established in ytterbium bis-phthalocyaninates at the air/water interface by varying the pe-
ripheral substituents in the studied complexes. In particular, photoinduced redox isomerization of homoleptic crown-
substituted ytterbium bis-phthalocyaninate in ultrathin films on solid and liquid substrates has been demonstrated. It
was found that the impact of certain substituents in the peripheral positions of phthalocyanine macrocycles on the
tendency of the studied complexes to redox isomerization depends on the physical nature of inducing stimulus.

Keywords: Redox-isomerism, photochromism, molecular switches, phthalocyanines, lanthanides, Langmuir mono-
layers, Langmuir-Blodgett films.
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B nacmosiuyee épemsi KOOPOUHAYUOHHBIE COCOUHEHUS, CHOCOOHBIE K PEOOKC-USOMEDHbIM NPESPACHUAM, NPUBTCKAIOM
SHUMAHUE UCCTIe008ameNell NO 6CceMy MUPY U3-30 NEPCHEKMUE CO30aHUSL IPHEKMUBHBIX MOTCKYIAPHbIX NepeKuodamenei
Ha ux ocHose. B dannoii pabome obnapysicena u uzyuena pedoxc-uzomepusayus Ouc-pmanoyuanunamos ummepous
€ PA3IUUHbIM Nepupeputinblym 3ameweruem 8 MoHocnosax Jlenemiopa u nnénkax Jlenemrwopa-bnodocemm. I[lokazana
B03MOJICHOCTb YRPAGLEHUSL MAYMOMEDHBIM PAGHOGECUEM, YCMAHAGIUBAIOWUMCS 8 OUC-IMAaToyuaHuHamax ummep-
bus Ha epanuye pazoena 8030yx/600a, 3a CUém 6apbUPOBAHUs NepudepuiiHbIX 3amecmumerell 8 UCciedyemMblx Kom-
niexkcax. B uacmuocmu, npooemMOHCMPUpPO8ana GomouHOyYupOBaHHAsE PEOOKC-U30MEPUIAYUSL 2OMONENMUYECKO20
KpPAayH-3amMewéHHo20 Ouc-gpmanoyuanunama ummepous 8 yiompamoHKux nieHKax Ha meeépobix U HCUOKUX NOOTIONHC-
Kax. Yemanosneno, umo enusHue mex uiu UHbIX 3amecmumeneil 8 NEPUPePUiHbIX NOTOHCCHUAX QMATOYUAHUHOBBIX
MAKPOYUKTIO8 HA CKIOHHOCHb UCCACOYEeMbIX KOMWIEKCO8 K PEOOKC-U30MEPU3AYUL 3A6UCUM OM UHOYYUPYIOwe20 eé
cmumyna.
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Introduction

The creation of compact switchable materials based
on macrocyclic compounds and their complexes is an im-
portant task on the way to miniaturizing electronic devic-
es.!! The prospects for using a certain molecule in a real
device are determined primarily by the range of properties
changed upon switching. Currently, the variety of organic
switches allows for the development of sensor systems,™”
memory storage devices,” logic components,'”! and non-
linear optical materials™® based on them. Since their dis-
covery,”! coordination compounds capable of redox
isomeric transformations have attracted the attention of
research groups around the world."™”! Remaining a unique
phenomenon found in an extremely small collection of
complex compounds of d- and f-elements,!'*"*! controlled
intramolecular electron transfer leads to changes in a wide
range of physicochemical characteristics of the mole-
cule." The most studied physical stimuli inducing redox
isomerization are changes in the local environment (solvent
replacement),!'™ thermal exposure,'® application of exter-
nal pressure,!'”) and X-ray radiation.!"*'”!

In this regard, the adjustment of chemical environ-
ment of the redox-active metal center to optimize the redox
isomerization process acquires an extremely important
issue. For example, in recent years, Kasper S. Pedersen's
group is developing a new approach to obtaining redox-
isomerizing complexes — the synthesis of 3D coordination
polymers based on Sm, Yb and pyrazine linkers. Changing
the pattern of exchange interactions in such systems by
varying the Sm/YDb ratio upon synthesis allows for the fine
tuning of the tautomerization parameters.!"*”’ The most
studied compounds capable of redox isomerism, cobalt
dioxolen complexes, have been in the focus of researchers'
attention for several decades. The predicting of ability of
Co complexes to valence tautomerism is based on: firstly,
varying the structure of two types of ligands (dioxolene
ligand and bidentate/tetradentate N-donor ancillary ligand)
and, secondly, choosing between the neutral or cationic
form of the complex.?" The use of a wide range of ligands
of different structures, DFT calculations, and in situ meas-
urements during the switching process allow for the fine
tuning of the mutual arrangement of the ligands and metal
center boundary orbitals for thermally induced redox isom-
erization. The most interesting phenomenon in the context
of molecular switches in dioxolene-cobalt complexes is the
photoinduced tautomerization discovered by Osamu Sato's
group. However, such tautomerization only occurs at tem-
peratures below 50 K.?***1 It should be emphasized that
the examples of redox-isomerizing complexes described in
the literature refer to systems in which transformations take
place upon heating/cooling (in the case of lanthanide com-
plexes in an inert atmosphere), which is a significant limi-
tation from a practical point of view. Consequently, a
logical direction for development in this area is the search

36

for new compounds in which the organic environment of
the redox-active metal can be adjusted to reveal new, more
convenient stimuli that induce redox isomerization.

Previously, in the works of our laboratory, examples
of redox isomerization of lanthanide bis-phthalocyaninates
upon the transition from solution to the air/water interface
and during compression/expansion of a monolayer were
described.”**” It was shown that the bistable equilibrium
in planar supramolecular systems arises due to the asym-
metry of the local environment in the Langmuir monolayer
at the water surface.* Moreover, for monolayers of sa-
marium and europium complexes, we have obtained evi-
dence of reversible redox isomeric transformations under
the irradiation by UV and red light,*” as well as under the
effect of X-ray radiation, the energy of which matches the
ionization energy of the metal center cation.”® However,
the influence of peripheral substituents in macrocyclic lig-
ands on the characteristic features of tautomeric transfor-
mations during compression/expansion and irradiation of a
monolayer has not been studied yet.

Experimental

The studied compounds — bis(tetra-15-crown-5-phthalocya-
ninato)ytterbium(III) Yb[C,], and bis(octa-n-butoxyphthalocya-
ninato)ytterbium(III) Yb[Bg], — were synthesized according to a
previously described procedures.[26] Here [Bg] and [C4] stand for
octa-n-butoxy- and tetra-15-crown-5-substituted phthalocyanine
ligands following the previously proposed notation'®” (Figure 1).

Figure 1. Chemical structure of studied compounds: Yb[Bg],,
[Bg] YD[C,4] and Yb[C,].
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Synthesis of (octa-n-butoxyphthalocyaninato)(tetra-15-crown-
S-phthalocyaninato)ytterbium(Ill), [Bg]Yb[C,J. A solution of
octa-n-butoxyphthalocyanine H,[Bg] (36.0 mg; 0.033 mmol),
tetra-15-crown-5-phthalocyanine H,[C4] (42.4 mg; 0.033 mmol)
and 1,8-diazabicyclo[5.4.0]undec-7-ene (99.4 uL; 0.665 mmol) in
mixture of 3 mL of 1-chloronaphthalene : n-octanol (2:1) mixture
was heated to reflux under a stream of argon, and solid
Yb(OAc);x4H,0 (0.0491 g; 0.116 mmol) was added. After 2.5 h,
the reaction mixture was cooled to ambient temperature and pre-
cipitated from hexane. The target heteroleptic complex
[Bg]Yb[C,4] was isolated by column chromatography on neutral
Al,O3 with gradient elution with a mixture of CHCl;: MeOH (1.5
vol.% MeOH). The yield of the target complex was 33 mg (39%).
MALDI TOF m/z: calculated for C128H152N16028Yb 2535.0 found
2535.0 [M'] (Figure S1). '"H NMR (600 MHz, chloroform-d) &
ppm: 7.31 (s, 8H, a-CH,), 7.14 (s, 8H, 1-CH,), 6.44 (s, 8H, o'-
CH,), 5.92 (s, 8H, 1'-CH,), 4.98 (m, 8H, -CH,), 4.76 (m, 8H, B'-
CH,), 4.50 (m, 8H, y-CH,), 4.35 (m, 16H, 3,56'-CH,), 4.27 (m, 8H,
y'-CH,), 2.96 (s, 8H, 2-CH,), 2.85 (s, 8H, 2’-CH,), 2.43 (m, 16H,
3,3'-CH,), 1.56 (t, J = 6.9 Hz, 24H, CHj;), -9.07 and -11.08 (2s,
2x8H, Ha™® and Hx,®PY) (Figure S2). UV-Vis (CHCl3) Ay nm
(Ig €): 1415 (4.69), 916 (4.17), 668 (5.71), 603 (5.06), 478 (4.90),
367 (5.16), 292 (5.62).

Langmuir-Blodgett device Kibron Microtrough G2 with a
trough area of 280 cm® with PTFE and moveable barriers made of
hydrophilic polyacetal was used for Langmuir monolayer for-
mation. 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 undisturbed for 15-20 min in order for the solvent to evapo-
rate from the interface. After that, monolayer compression at the
rate of 5 mm min~' commenced. Transfer of Langmuir monolay-
ers onto solid substrates was carried out by the Langmuir-
Blodgett (LB) technique (vertical transfer) using an automated
dipper device at surface pressures of around 10 (LBF10) and 20
(LBF20) mN/m in case of monolayers containing divalent and
trivalent lanthanide complexes, respectively, as described in the
Results and Discussion section. All studied LB films were single-
layered. Ultrapure water (18 MQ cm) deionized by the Millipore
Milli-Q water purification system was used as a subphase in Lang-
muir monolayer studies.

All experiments related to the formation of monolayers and
films of the studied lanthanide bis-phthalocyaninates were carried
out under ambient conditions: air, and subphase temperature of
21 £0.1 °C.

UV-Vis spectra of Yb(III) bis-phthalocyaninates monolay-
ers on aqueous subphase were recorded in the wavelength range
of 370—800 nm using an AvaSpec-2048 optic fiber spectropho-
tometer equipped with halogen light source AvaLight HAL
(Avantes, The Netherlands). According to the previously de-
scribed technique,m] 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 mono-
layer spreading was used as a baseline. UV-irradiation of the
monolayer was carried out using a mercury UV-lamp (the lamp
spectrum is shown in SM (Figure S3)) after stopping the barriers
of the Langmuir trough when a target value of surface pressure
(10 mN/m) was reached. UV-Vis absorption spectra of the mono-
layer were recorded before, after, and in parallel with irradiation.

UV-Vis spectra of Yb[Bg],, Yb[C4],, [Bs]Yb[C,] solutions
and ultrathin films were measured in the wavelength range of
220-900 nm using a Shimadzu 2450 PC spectrophotometer
(Japan).
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Results and Discussion

Redox-isomeric transformations at the air/water
interface

Earlier™ we have shown that the UV-Vis absorption
spectra of a monolayer of octa-butoxy substituted ytterbi-
um bis-phthalocyaninate undergo dramatically changes
upon the transition from solution to the air/water interface
(Figure 2a). The bathochromic shift of the Q-band indicates
the one-electron oxidation of the phthalocyanine ligand and,
accordingly, the redox isomerization of the complex
[L*Yb*'L*]° — [Yb*'L*,]° (Figure 2a — 1, 2). The tau-
tomeric transformation is induced by a change in the mole-
cule local environment with a violation of symmetry: one
phthalocyanine macrocycle is in water, the other is in air.
In turn, lateral compression causes reverse changes in the
Q band, indicating a shift in the redox isomeric equilibrium
in the ytterbium bis-phthalocyaninate monomolecular film
towards a state that is stable in solution [Yb*'L™,]" —
[L*Yb'L*]° (Figure 2a — 2, 3). When the monolayer is
compressed, the discotic molecule is reorientated on the
edge and the symmetry of the local environment of the
phthalocyanines is partially restored — both macrocycles are
partially immersed in the aqueous subphase. These facts
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Figure 2. a) 1 — UV-Vis spectra of Yb[Bg], solution, 2 and 3 —
UV-Vis spectra of the Yb[Bg], monolayer at the 5 and 25 mN/m,
respectively; b) 1 — UV-Vis spectra of Yb[Cy], solution, 2 and 3 —
evolution of the UV-Vis spectra of the Yb[Cy4], monolayer at
lateral compression from the 5 to 25 mN/m, respectively.
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Figure 3. a) Compression isotherms for Langmuir monolayers of
(1) Yb[Bg], and (2) Yb[C,], at the air/water interface; b) — UV-
Vis spectra of [Bg] Yb[C4] solution, 2 and 3 — evolution of the
UV-Vis spectra of the [Bg] Yb[C4] monolayer at lateral compres-
sion from the 5 to 25 mN/m, respectively.

indicate the presence of two redox isomeric forms and the
possibility of controlled switching, achieved by reorienta-
tion of the molecule relative to the air/water interface. In
the context of searching ways to control tautomer equilib-
rium and factors affecting the stability of the divalent metal
center state, complexes with a different peripheral substitu-
tion were synthesized: Yb[Cy], and [Bg]Yb[C,4]. The UV-
Vis absorption spectra of the new compounds were found
to be almost identical, with only a small hypsochromic
shift of the main maxima in the row Yb[Bg], — [Bg] Yb[C4]
— Yb[C,],, associated with a decrease in the donor ability
of the peripheral substituents (Figure S4).

After replacing the peripheral substituents of both
phthalocyanine macrocycles with 15-crown-5 the transition
from solution to interface, as in the first case, is accompa-
nied by the change in the absorption spectrum, which is
interpreted as the result of intramolecular electron transfer
from the ligand to the metal (Figure 2b — 1, 2). However,
the passage to more bulky peripheral substituents leads to
the change in the of monolayer behaviour under compres-
sion. While the isotherm of Yb[Bg], (Figure 3a — 1) shows a
smooth rise, indicating a process of molecular reorientation
in the range of 400-450 A’/molecule, the compression curve
of Yb[C,], (Figure 3a — 2) displays an increase in the pres-
sure onset area and a pronounced plateau in the range of
300400 A*/molecule. Such changes are apparently due to
the bulkiness of 15-crown-5 ethers and the greater hydro-

38

philicity of the new substituents. During lateral compression,
the absorption spectra of Yb[C4], show only an increase in
the intensity of the Q-band and the appearance of only a
small shoulder in the 667 nm region. This indicates greater
stability of the [Yb*'L*,]° redox-isomeric form of the crown
substituted complex to lateral compression and reorientation
at the interface (Figure 2b — 2, 3). On the other hand, upon
heteroleptic substitution of phthalocyanine macrocycles, the
UV-Vis spectra of the monolayer under compression
demonstrate only an increase in the main absorption band
without the appearance of any signs of the [L"Yb*'L* ]
form (Figure 3b). Despite the intermediate electron-donating
abilities of the substituents in the complex [Bg] Yb[C4] com-
pared to homoleptic analogues, the [Yb*'L",]° form in the
heteroleptic complex remains much more stable, suggesting
a contribution of the intrinsic asymmetry of the complex to
the divalent ytterbium form stability.

Photoinduced redox-isomerization in Langmuir
monolayers

Previously we have shown that in Langmuir mono-
layers of crown-substituted samarium and europium bis-
phthalocyaninates control of redox isomerization can be
realized not only by lateral compression, but also by irradi-
ation.””) Under UV irradiation of monolayers of Sm and
Eu complexes, a spectral evolution was observed that is
specific for the transition [Yb*'L",]° — [L* Yb*'L*1". To
our surprise, octa-butoxy-substituted ytterbium bis-phtha-
locyaninate Yb[Bg],, which is characterized by a labile
equilibrium at the air/water interface during compression-
expansion of the monolayer, did not show a significant
response to prolonged irradiation with a UV lamp. In con-
trast, in the Yb[C,4], monolayer, which demonstrates the
stability of the [Yb *'L*,]° form to lateral compression,
photoinduced redox isomerization is observed (Figure 4),
similar to the evolution of the spectra of samarium and euro-
pium complexes upon irradiation. Thus, the [Yb *'L"]° state
in the Yb[Bg], complex, which is unstable to lateral com-
pression, is immune to photoionization; in turn, the mechan-
ically stable form [Yb *'L*,]° in Yb[C4], transforms into
[L*Yb*'L*]° within a short time under irradiation (Figure 4,
insert).
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Figure 4. The evolution of Yb[Cy4], monolayer UV-Vis absorption
spectra under UV irradiation at the surface pressure of 10 mN/m.
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The emerging contradiction indicates the fundamental-
ly different nature of redox isomeric transitions [Yb *'L",]°
— [L"Yb"'L*1° upon the compression and under UV irra-
diation. Most interestingly, the influence of substituents on
the characteristic features of redox-isomeric equilibrium in
monolayers of ytterbium bis-phthalocyaninates has a dual
nature — it affects redox-isomeric transformations induced
by different stimuli in different manner. Finally, the state
[Yb*'L*,] in the heteroleptic substituted complex [Bs] Yb[Cy]
(which, recall, is intermediate in terms of the donor-
acceptor properties of the substituents) proved to be the
most stable, with no changes in the absorption spectrum
under either lateral compression or UV irradiation.
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Figure 5. UV-Vis spectra of Yb[Cy4], (a) and [Bg] Yb[C4] (b):
1 — solutions; 2 and 3 — LBF10 and LBF20, respectively.
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Figure 6. UV-Vis spectra of LBF10 Yb[Cy],: 1 — initial film,
2 and 3 — LBF10 Yb[Cy4]; after 5 and 15 min of UV-irradiation

respectively, 4 — UV-irradiated LBF10 after 15 min exposure
under the red light.
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Photochromic switches in Langmuir-Blodgett films

The next stage of the work was the study of the be-
haviour of ytterbium bis-phthalocyaninates with various
substituents on a solid substrate. A comparison of Lang-
muir-Blodgett films LBF10 and LBF20, transferred at
pressures of 10 and 20 mN/m, respectively, provided a
slightly deeper insight into the stability of the [Yb*'L",]°
form in Yb[C4], and [Bg] Yb[C,] monolayers. The UV-Vis
absorption spectra of the LBF20 of homoleptic crown-
substituted complex show the appearance of a shoulder in
the 667 nm region, which indicates partial reverse redox
isomerization during the transfer of the monolayer to a
solid substrate at relatively high pressure (Figure 5a — 3).
Mechanical disturbances arising at the three-phase inter-
face during substrate movement through the monolayer can
lead to structural rearrangements,”'! and in our case, this
effect manifests as reverse redox isomerization into the
[L"Yb*'L*]° form. In turn, the UV-Vis absorption spectra
of LBF10 and LBF20 [Bg]Yb[C,4] demonstrate significant-
ly greater stability of the [Yb*'L*,]° form to mechanical
stress (Figure 5b).

Under UV irradiation, LBF10 Yb[C,], demonstrates a
spectral change similar to the evolution observed upon
irradiation of a monolayer at the air/water interface.
Photoinduced redox isomerization in an ultrathin film on a
quartz substrate proceeds completely within 15 minutes
(Figure 6 — 1, 2, 3). As in the case of the previously des-
cribed samarium and europium complexes,”” photo-
induced redox isomerization in Yb[Cg4], is reversible: a
direct transition [Yb*'L*,]° — [L*Yb>'L*]° occurs under
UV irradiation, and the reverse transition [L"Yb*'L*]° —
[Yb*'L*,]° takes place under red light (670 nm) (Figure 5 —
4). In contrast, for Langmuir-Blodgett films of octabutoxy
substituted and heteroleptically substituted complexes, as it
was in Langmuir monolayers, UV irradiation does not lead
to significant spectral changes.

Conclusions and prospects

Thus, this work has demonstrated redox isomeric
transformations in monomolecular films of ytterbium bis-
phthalocyaninates with different peripheral substitutions. It
has been shown that slight variations in the properties of
substituents lead to significant changes in the characteristic
features of redox isomeric equilibrium in monolayers of
the studied complexes. It was revealed for the first time,
that the replacement of butoxyl substituents with 15-
crown-5 affects redox isomerization induced by different
stimuli in different ways. Particularly, in Yb[Cy4], mono-
layers the ability to undergo redox isomerization under
lateral compression disappears, but a propensity towards
photoinduced tautomerization arises, which is unavailable
for Yb[Bg],. In turn, a heteroleptic complex, whose periph-
eral substituents exhibit intermediate donor abilities, demon-
strates the greatest stability in Langmuir monolayers and
Langmuir-Blodgett films to both lateral compression and
long-term UV irradiation. This confirms our hypothesis
about the key role of asymmetry in providing conditions
for redox isomeric transformations in 2D systems.

The results of the work indicate not only different
mechanisms of redox isomerization induced by different
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stimuli, but also the surprising sensitivity of the ligand and
metal center boundary orbitals to changes in peripheral
substituents. In this regard, the most interesting fact is the
stabilization of the [Yb*'L",]" form in heteroleptically sub-
stituted ytterbium bis-phthalocyanine, apparently due to the
intrinsic asymmetry of the complex.

Although the chemistry of coordination compounds
capable of redox isomerization has been around for 45
years, the most pressing question remains: what factors
determine the ability of a particular stimulus to induce a
transformation in a molecule? In our work, we found that
in monolayers of lanthanide bis-phthalocyaninates redox
isomerization induced by lateral compression or irradiation
proceeds differently. Moreover, the effect of substituent
changes on these processes is multidirectional. We hope
that further research using more sophisticated physical
methods will allow us, first, to unambiguously establish the
mechanisms of transformations induced by different stimu-
li and, second, to effectively control the parameters of the-
se transformations by varying the peripheral substituents
and metal centers.
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