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ABSTRACT: A series of {V,}-nuclearity polyoxovanadate cages covalently functionalized with one or sandwiched by two phthal-
ocyaninato (Pc) lanthanide (Ln) moieties via V-O—Ln bonds were prepared and fully characterized for paramagnetic Ln = Sm"Er'"
and diamagnetic Ln = Lu"™, including Y". The LnPc-functionalized {V1,0s,} cages with fully-oxidized vanadium centers in the
ground state were isolated as (nBusN);[HV1205,Cl(LnPc)] and (nBusN),[HV,03,Cl(LnPc),] compounds. As corroborated by a com-
bined experimental (EPR, DC and AC SQUID, laser photolysis transient absorption spectroscopy, electrochemistry) and computa-
tional methods (DFT, MD, model Hamiltonian approach), the compounds feature intra- and intermolecular electron transfer that is
responsible for a partial reduction at V(3d) centers from VY to V'V in the solid state and at high sample concentrations. The effects
are generally Ln-dependent and are clearly demonstrated for the (nBusN);[HV,03,Cl(LnPc)] representative with Ln = Lu™ or Dy
Intramolecular charge transfer takes place for Ln = Lu™ and occurs from a Pc ligand via the Ln center to the {V1,0s,} core of the
same molecule, whereas for Ln = Dy™ only intermolecular charge transfer is allowed, which is realized from Pc in one molecule to
{V1203,} core of another molecule usually via the nBusN" counter-cation. For all Ln but Dy™ two of these phenomena may be present
in different proportions. Besides, it is demonstrated that (nBusN);[HV1,03,Cl(DyPc)] is a field induced single molecule magnet with
a maximal relaxation time of order 10~ s. The obtained results open up the way to further exploration and fine-tuning of these three-
modular molecular nanocomposites regarding tailoring and control of their Ln-dependent charge-separated states (induced by intra-
molecular transfer) and relaxation dynamics as well as of electron hopping between molecules. This should enable to realize ultra-
sensitive polyoxometalate powered quasi-superconductors, sensors, and data storage/processing materials for quantum technologies.

INTRODUCTION The covalent combination of POMs with transition metal
(TM) or lanthanide'>'* (Ln) ions embedded into redox-active
phthalocyanine (Pc?”) macrocycles has emerged as a good com-
promise to address this challenge. Unlike the well-described
electrostatic interactions of phthalocyanines and POMs,'*"

Polyoxometalates (POMs),! molecular metal-oxides, show
well-defined nanoscale spatial structures® carrying a negative
charge that is balanced by surrounding counterions.? In solu-

{ion, ‘ th;sehig.organi.c C(impll;:xes teg? to sp Olnt.i:.n eott}sly fol;"m there are only a few reports addressing effects of their covalent
o h s lsenblios, el s 0 o Do o e sl i o
4 . . SO pounds™ (nBusN)s[PW;,039(TMPc)] (TM = Zr*" or Hf*") where
;f(:;llt/lg(;)lfg\l/lilg()a.s ain;g:ﬁggﬁl:ﬁ air(li I?lr(iilgt?fecf}[lirxll(;nlzszlgr glolrtﬁ a transition metal-Pc moiety is directly grafted onto the fully-
. . . . oxidized, lacunary Keggin-type POM. It was demonstrated that
trolling and programming these interactions at the charge- and the metal ions mediate the electronic communication between

P in-state®” level. Such an interple}y between POM’s coording- the Pc and the Keggin-POM units. Later, the LnPc-functional-
tion and supramolecular'® chemistry and POM’s electronic ized analogues, [PW110s5(LnPc)]* (Ln Z Tpm Dy and Y')
structure'' opens up a wide range of possibilities for developing ’ ’

early models of functional hybrid quantum systems, with POMs
as spin qubits or POMs as quantum sensors. The POM-based
devices would thus enable to store, process, or sense the infor-
mation through cooperative intra- and intermolecular effects.

were introduced by Kdgerler and co-workers, whereby for the
Dy"'-containing species slow relaxation of the magnetization
was observed.?! In two other related studies, we delivered ap-
pealing pre-conditions for building up stimuli-responsive POM
quantum networks based on LnPc-functionalized POMs with



fully-oxidized V(3d) centres®* and/or reduced vanadyl (VO*")
groups®>?* (hereafter referred to as V-POMs®). Firstly, we
showed®® that compounds consisting of the electron-donor
phthalocyaninato lanthanide moiety and the electron-acceptor
V;-substituted Wells-Dawson-type POM structure, linked co-
valently to each other via a pyridine-augmented tris(alkoxo) lig-
and, exhibit infra- and intermolecular ground-state charge
transfer. It might thus be used to tailor electron communication
within quantum networks. Secondly, enabling direct interaction
between V-POM and LnPc we succeeded”’ in the synthesis of
structurally  robust, electron correlated compounds
[V1205:CI(YbPc),]" (n = 1 or 2), in which the dodecavanadate
cage is covalently capped by one or sandwiched by two YbPc
moieties.

Building upon this work,”” we now report on a broad spec-
trum of unique chemical physics of [HV,03,Cl(LnPc),]"™*
compounds for Ln = Sm"™-Er"", Lu™ and Y™ (hereafter referred
to as PcLn-{V,} for n =1 and (PcLn),-{V 1>} for n =2) using a
combination of experimental and computational techniques. It
is noteworthy that the fully-oxidized, lacunary-type {Vi>0s}-
cage®® has been shown in numerous studies to be an excellent
scaffold for functionalization with 3d-,2°-3! 4£-32-3 and alkaline-
earth metal ions.>>*” Cronin and co-workers were first to pre-
sent a series of (nBusN),[LnV,03,Cl](H.0),(CH3;CN), com-
pounds with late Ln ions (Gd"™-Er') directly incorporated into
the dodecavanadate cage.*> Magnetic measurements revealed,
however, the free Ln ion behavior. Practically simultaneously,
Powell and co-workers described an unusual cationic version of
the {V1,}-nuclearity cage functionalized with two Ln ions (Ln
= Gd"_Er')

Streb et al. ® = Mn", Fe",Co",
cu', zn"

®=Ca', S, Mn"

Cronin et al.® = Gd"—Er"
Strebetal. ® =Ce"

Powell et al.® = Gd"—Er"
Strebetal. ® =Ce"

Our work ® =Sm"—Er", Yb", Lu", and Y"

Figure 1. An overview of literature-known mono- and bis-hetero-
metal-functionalized {V1,03,} cages (top and middle) and new
(PcLn),-{V12} hybrids with n =1 or 2 (bottom). Colour code: VOs
polyhedra = orange, O = red, Cl = green, C = dark grey, N = blue,
H = white. Solvent ligands (top and middle), counterions (in all ex-
amples), and H atoms at the {V1,03,} cage (bottom) are not shown.

An elegant method for the synthesis of metal functionalized
[VY1,03,CI]*" using a “’placeholder” strategy was introduced by
Streb and co-workers.**3637 For instance, stepwise function-
alization of (nBusN)3;(MeoNH,),[V1205,Cl], where the dime-
thylammonium cation assumes the placeholder function, with
transition metal ions*>' or with an early Ln** representative
Ce" resulted in mono- and bis-substituted vanadium—oxo clus-
ters with enhanced redox activity. This ability of the
[VY1205.CI]*" polyoxoanion to act as an electron reservoir,
without undergoing substantial structural transformation,*® was
also used to stabilize low-valent Fe' species.’!

In this Article, we showcase the underlying formation and
mechanism of action of highly promising donor—acceptor nano-
composites consisting of one or two LnPc moieties ligated to
the {V1203} cage (Figure 1). The produced mono-substituted
(nBwN);[HV1205(CD](LnPc) (hereafter referred to as PcLn-
{Vi2}) and bis-substituted (nBusN),[HV203(Cl)](LnPc),
(hereafter referred to as (PcLn),-{V12}) compounds feature the
intramolecular charge transfer and redox-promoted magnetism.
The electron communication between the individual com-
pounds containing paramagnetic Sm"™-Er'™ or diamagnetic Lu™
and Y" ions is realized within their supramolecular self-assem-
bly that is generated due to intermolecular interactions involv-
ing V-POM, LnPc, and counterion units. The future controlled
immobilization, electronical modification, and electrical con-
tacting of these nanocomposites on surfaces might lead to the
creation of scalable ‘molecularly powered quantum network-
on-a-chip’ electronics for neurocomputing and ultra-sensitive
electrical and magnetic signal detection.

RESULTS AND DISCUSSION

Synthesis and structure characterization

Monophthalocyanine lanthanide acetate complexes (PcLnOAc)
with Ln = Sm"-Er"™, Lu™ and Y™ were synthesized similarly
to the protocols described in the literature.***” Repeated purifi-
cation by column chromatography and subsequent slow evapo-
ration of PcLnOAc-MeOH-HO in wet ethanol delivered high-
quality PcLnOAc¢-EtOH-HO crystals for Ln = Sm™, Dy, Lu™
and Y" (see the Supporting Information). The synthesis of
PcLnOAc with earlier lanthanides (Ln = La™-Nd™) was not
successful likely due to their larger ionic radii.

The subsequent reaction of one or two equivalents of
PcLnOAc-MeOH-H,O with (nBusN)y[HV,05,CI]*® was car-
ried out according to the synthetic routes developed in our pre-
vious Communication?’ for [V1203,CI(YbPc),]"> with n = 1 or
2 (see the Supporting Information). CHN elemental analysis,
thermogravimetric (TG) measurements, IR- and UV-Vis-
spectroscopy and 'H NMR spectra (for PcLu-{V1»}) of powder
samples confirmed the identity and the purity of the synthesized
compounds as well as the presence of three and two nBuyN*
counter-cations per {Vi»} in PcLn-{Vi2} and (PcLn),-{Vi,}
compounds, respectively (see the Supporting Information).

Needle-shaped green crystals, suitable for X-ray analysis
were obtained for (nBusN);[HV,0:CI(YPc)](CH;CN)4 by
slow diffusion of di-iso-propylether into an acetonitrile solu-
tion. In the case of bis-substituted compounds plate-shaped blue
crystals with the formula (nBusN);[V1203,Cl(LnPc),]J(CH3CN);
(Ln = Dy"™, Ho™) were isolated by slow evaporation of an ace-
tonitrile/dichloromethane solution (see the Supporting Infor-
mation).



High resolution negative-mode ESI-MS of PcLn-{V,} and
(PcLn),-{V1,} also confirmed in both cases the presence of the
corresponding compounds (see the Supporting Information).
For example, in the ESI mass spectrum of PcLu-{V,} along-
side with the [HV"1203:(C1)J(LuPc)]*~ ion, containing a fully-
oxidized {V12032} cage, a mixture of
[(nBusN)[HV'VVY},05,Cl](LuPc)]* and
[(nBusN)2[ VY1203, Cl](LuPc)]* in a ratio of 1:1 combining both
the fully-oxidized and the one-electron-reduced vanadium—oxo
clusters, respectively, was detected. Signals indicating the pres-
ence of the one-electron-reduced {V'VVVy}, core in PcLn-
{V12} could also be observed in Eu™-, Gd"-, Tb'"- and Dy"-
analogues. In nearly all bis-substituted (PcLn),-{V1>} deriva-
tives the prevailing number of signals was attributed to the ions
with a {V'YVV}} electron population.

For both PcLu-{V1»} and (PcLu),-{V1>} molecular nanocom-
posites, X-ray photoelectron spectroscopy (XPS) of their pow-
der samples confirms the presence of V'VO*" units in the {V 2}
core. It is evidenced by the presence of a broad structured line
with a shoulder in the V2ps, region (Figures S53 and S54).
O1s/V2ps,, binding energy differences of 12.9 eV and 14.2 eV
were assigned to VY and V'V, respectively. These findings agree
with the values reported previously for Cay-{V\,} containing a
partially reduced dodecavanadate cage.*

Electrochemical analysis

The redox properties of the selected PcLn-{V,} compounds
were studied by recording the cyclic voltammograms in CH,Cl»
solution using tetra-n-butylammonium hexafluorophosphate
(NBu4PF) as an electrolyte at a scan rate of 100 mV-s™!. The
redox potentials are reported against F¢'/Fc. The comparison of
the cyclic voltammograms of PcLu-{Vi»}, PcGd-{Vi»} and
PcDy-{V,} in the =1 V to +1 V potential range shows that the
electrochemical properties of the compounds are very similar
and feature four quasi-reversible redox processes, namely one
reductive transition (R;) and three oxidative processes (O, O,
and O;).

Table 1. Overview of the electrochemically studied compounds
and their half-wave potentials for each determined redox process.

Ri/[V] 0:/[V] 0,/[V] 03 /[V]
(VV=VY)  (VWVoVY)  (PcoPc*h)  (Pc* —Pc?)

Vi) 2037 - - -
PcLu-

0. -0.0 0.30 0.72
Vil 0.50 7 7
PcGd-

-0.45 0.00 0.36 0.73
{Vi2}
PcDy-

-0.3 0.00 0.32 0.73
{Vio} !

The nature of the lanthanide ion, though, influences slightly the
redox activity of the compounds resulting in overall cathodic
shifts in Gd"™- and Dy"-containing representatives (Figure 2).
Mean peak potentials for the investigated nanocomposites are
listed in Table 1. The nature of compounds’ redox waves was
determined by comparison with the corresponding precursors,
i.e. (mBuwN)s[HV203Cl] and PcLnOAc (Figure S55). The
most interesting feature in all cyclic voltammograms is the ap-
pearance of the new redox process O;, which can be assigned to

the oxidation of VIV in the {V,03,} cage matching earlier re-
ports for one electron-reduced dodecavanadate bis-functional-
ized with Ce™.3”- (PcLn)-{V12} compounds show comparable
results with those obtained for PcLn-{V,}. For example, the
(PcLu),-{V12} is characterized by small cathodic shifts and low
peak-current for all redox processes compared to the mono-sub-
stituted derivative (Figure S55).

PcGd-{V,,}

PcLu-{V,,}

PcDy-{V,,}

T T T T T

-1.0 -0.5 0.0 0.5 1.0
E/V vs. Fc/Fc*

Figure 2. Cyclic voltammograms of PcLu-{V1»} (c = 0.4 x 107),
PcGd-{Vi2} (¢ = 0.4 x 107) and PcDy-{V12} (c = 0.4 x 107) in
CH,Cl; solution of NBusPFg (c = 1 x 107") at the scan rate of 100
mV-s! vs. F¢*/Fc.

Solid-state and solution EPR studies

EPR is a highly sensitive and a powerful tool for detecting un-
paired spins in paramagnetic substances and, thus, of utmost
importance for monitoring redox events in compounds such as
polyoxovanadates,* where vanadium ions may simultaneously
act as charge and spin carriers. For instance, the striking role of
EPR has been demonstrated for non-photoinduced charge trans-
fer between MPc (M = Yb™ or Y'") moieties and a {V;3}-substi-
tuted Wells-Dawson-type POM, which are linked to each other
by an insulating organic spacer.”® Polycrystalline PcLuOAc
showed similar EPR characteristics (Figure S57), as reported
earlier for PcYOAc,? featured by an isotropic signal with a g
value of 2.002 and a line width ABpp = 0.38 mT. The shape of
the EPR signal and the g value point out a ligand-centered (spe-
cifically, carbon-centered) freely delocalized electron, exclud-
ing other paramagnetic impurities.

Monophthalocyaninato acetate complexes of other paramag-
netic lanthanides explored in this study are EPR silent due to
very fast spin-lattice relaxation time at room temperature, typi-
cal for lanthanide ions. This is in accordance with earlier EPR
studies of neutral bis-phthalocyanine lanthanide complexes
with a permanent radical character.*’ In the case of PcGdOAc,
which is distinguished by its relatively long spin-lattice relaxa-
tion time, a broad EPR signal induced by a large spin-spin in-
teraction between Gd'™ ions was observed (Figure S57). Con-
centration-dependent measurements of PcLuOAc in CH.CL
(Figure S58) showed that the radical character is barely detect-
ible at very low concentrations. These findings are in accord-
ance with those reported for metal-free phthalocyanines,
closed-shell molecules exhibiting condensed-phase paramag-
netism, which is typical for planar z-extended systems with
high-lying HOMOs.*



The solid-state EPR spectra of the equal amounts of polycrys-
talline powdered samples of PcLu-{Vi»} and (PcLu)-{Vi»}
(Figure 3) display in both cases, beside a radical character (with
a g value = 2.002 each), a central line with large shoulders with

PcLu-{V,,}
— (PcLu),-{V;,}

r T T T T T T 1
280 300 320 340 360 380 400 420
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Figure 3. Solid-state X-band EPR spectra of PcLu-{Vi,} (green)
and (PcLu),-{V12} (dark cyan) measured at r.t. at a frequency of
9.44 GHz, modulation amplitude of 0.1 mT, and microwave power
of 0.2 mW. Normalised double integration values: PcLu-{Vi,} =
2.97-10% (10 mg, 3.7 mmol), (PcLu)-{Vi>} = 3.07-10% (11.5 mg,
3.7 mmol)

the g values of 1.997 and 1.985, respectively. The shape of the
signals as well as the calculated g values are typical for V'Y ions
constitutive of polyoxovanadates in which electrons are delo-
calized over more than one V'V center.***¢ Although the pres-
ence of a radical is more pronounced in PcLu-{Vi,} as com-
pared to (PcLu),-{V1.}, the intensities of the V'V signals are
practically similar in both cases.

The analysis of the unit cell packings of PcY-{Vi»} and
(PcDy)»-{V1»} (Figures S62 and S63) showed that both systems
feature a layer structure, where the corresponding hybrid anions
are separated by the nBusN* counter-cations, thus lacking any
direct 7-n-stacking interactions or hydrogen bonding between
the units as in the case of PcLnOAc. These findings lead to the
conclusion that the intermolecular charge transfer in the solid
state is likely transmitted by nBuN" in the systems PcLn-{V >}
or (PcLn),-{V1,}. Lately, it has been recognized that the inter-
actions between POMs and counter-cations are not limited to
mere charge balance but are also crucial for the structure-in-
duced-reactivity of POMs, charge transport characteristics in
molecular junctions and electrical conductivity.##

Solid-state EPR spectra of the equal amounts (each 3.7
mmol) of other polycrystalline powdered samples of paramag-
netic PcLn-{V,} and (PcLn),-{V1»} hybrid compounds (Ln =
Sm"-Eu', Tb™-Yb™) revealed only broad V'V-based signals
(see Figure 4 for PcLn-{V»} compounds with the correspond-
ing listed g values and normalized double integration values).
The EPR spectra of PcGd-{V1,} and (PcGd),-{Vi>} showed a
broad overlap of signals probably originating from V'V and f
electrons of Gd™, so that the g values could not be determined
(Figure S59).

The comparison of the V'V signal integration of the paramag-
netic PcLn-{V1»} representatives among each other qualita-
tively shows that in the case of the prolate ions* Sm™, Er'" and
Yb'™ the spin density is higher than that where highly oblate
Dy"™ and Tb™ (except for Ho™) are involved. Further investi-

gations applying high-field EPR at low temperature are the fo-
cus of our future research on the quantification of the coupling
between the magnetic moments of Ln" ions and the free delo-
calized electron® as well as its impact on the intramolecular
charge transfer from the LnPc moiety to the {Vi,} unit.

PcHo-{V,,}
PCEu-{V,,}
PcEr-{Vy,}
PCTb-{V,,}
PcSm-{Vy,}
PcDy-{Vy,}
PCYb-{V,,}

280 300 320 340 360 380 400 420
B/mT

Figure 4. Solid-state X-band EPR spectra of paramagnetic PcLn-
{Vi2} (Ln = Sm"-Eu", Tb"-Yb™) with detected V'V signals.
Spectra were measured at r.t. at a frequency of 9.44 GHz, modula-
tion amplitude of 0.1 mT, and microwave power of 0.2 mW with
the following g values: 1.977 (Sm'), 1.984 (Eu'"), 1.993 (Tb'"),
1.985 (Dy™), 1.984 (Er'™), 1.987 (Ho™) and 1.986 (Yb'). Color
code: Sm'"' = magenta, Eu'! = red, Tb™ = dark green, Dy™ = or-
ange, Er'' = blue, Ho'"" = black, Yb"! = violet. Normalized double
integration values: PcHo-{V 2} = 3.12:10°, PcBu-{V12} =3.57-10,
PcEr-{Vi2} = 3.81:10°, PcTb-{Viy} = 2.56:10%, PcSm-{V1»} =
9.05:10%, PcDy-{V12} = 1.94:10% PcYb-{Vi2} =2.48-10°.

As a proof-of-concept, that the reduction of the {V,}-nucle-
arity cage is due to the charge transfer from the Pc moiety, we
also investigated (nBusN),[LnV1,03(Cl)](H.0)»(CH3CN), (Ln
=Gd", Dy™, Ho™, Yb™ and Y') that were synthesized accord-
ing to the published procedure® (see the Supporting Infor-
mation) .

Pclu-{V,,} 1mM 5mM
(PcLu),~{V,,}

20 mM

N

300 320 340 360 380 400 300 320 340 360 380 400
B/mT B/mT

Figure 5. Solution EPR spectra of PcLu-{Vi,} (green) and
(PcLu)>-{V12} (dark cyan) at concentrations 1-20 mM measured at
r.t. at a frequency of 9.44 GHz, modulation amplitude of 0.1 mT,
and microwave power of 0.2 mW.

The compounds proved to be EPR silent, except for Gd"-
caped {V,03,} cage characterized only by the signal with the



g value of 1.987 (Figure S60) that is typical for Gd™ hydrated
salts.”!

Concentration dependent EPR measurements of PcLu-{V,}
and (PcLu),-{Vi,} between 1 mM and 20 mM in CH,Cl,
showed that in PcLu-{V\,} a weak radical character is already
present at 1 mM, whereas (PcLu),-{Vi»} is EPR silent at the
same concentration. Further increase in concentration was ac-
companied by a continuous increase of the radical character (up
to 10 mM) in both compounds, but only in (PcLu)-{V1>} the
growth of the V'V signals was observed throughout the concen-
tration series (Figure 5).

These findings differ from those observed for these com-
pounds in the solid state, where the intensities of V'V signals for
both mono- and bis-functionalized derivatives are practically
the same. To reveal obviously different underlying mechanisms
of intermolecular charge transfer in the solid state and in solu-
tion, on the one hand, and between PcLn-{V,} and (PcLn),-
{V12} in solution, on the other hand, we next conducted com-
putational study on these molecular nanocomposites (vide in-

fra).

Computational studies

Classical molecular dynamics (MD) and density functional the-
ory (DFT) calculations were carried out for PcLn-{V,} and
(PcLn),-{V12} compounds to investigate: i) their dynamic be-
havior in solution at low and high concentrations, i7) their elec-
tronic structure and the distribution of unpaired electrons in
fully-oxidized and one-electron reduced forms, and iii) the in-
tra- and intermolecular electron transfer in the solid state. Un-
derstanding the electron mobility both in intra- and intermolec-
ular fashions is highly relevant for the development of (conduct-
ing)** molecular quantum materials™ based on donor—acceptor
molecular systems. The following calculations represent the
lower bounds of the real system since they do not include mo-
lecular vibrations, which can favor electron hopping processes
due to the thermal energy.

MD simulations

Atomistic MD simulations with explicit solvent molecules were
performed to determine the behavior of PcLn-{Vi,} and
(PcLn),-{Vi2} (for Ln = Lu) in pure CH,Cl, using the
GROMACS 5.1.2 code®* and a modified AMBER 99 Force
Field,* which has been successfully employed in previous stud-
ies of the dynamic behavior of POMs in different environments,
including aggregation phenomena.””® The MD trajectories
were calculated imposing 3D periodic boundary conditions.
Two different fundamental cubic boxes were used: a (8.5 nm)?
box containing 8 units (PcLn-{V2} or (PcLn),-{Vi>} anions)
for the 20 mM (high concentration) solution, and a (11.6 nm)*
box containing 5 units for the 5 mM (low concentration) solu-
tion. Each box contains an appropriate number of nBusN* coun-
ter-cations to ensure the electroneutrality. All simulations were
carried out at controlled 7= 300 K by coupling the system to a
thermal bath using the velocity-rescaling algorithm. Prior to the
production runs, all systems were equilibrated by an initial 500
ps run at constant NV'T fixing the solute, followed by a 500 ps
run at constant NPT to readjust the box size, and a final 500 ps
run at constant NV'T with relaxed solute. Production trajectories
simulate 40 ns with a canonical (NVV'T) ensemble, collecting data
every 1 ps. The data from four different MD calculations, 5 mM
and 20 mM solutions of PcLn-{V,} and (PcLn),-{V1»}, were

analyzed with the focus on the mode and the extent of the ag-
gregation between the molecules. The most probable interaction
modes are represented in Figure 6.

Aggregation of mono PcLn-{V),} anions in solution is not
strongly favored, but calculations suggest that it takes place me-
diated by nBusN" counter-cations, which are located between
directly confronted {V,,} units (see Figure 6, top). The anionic
nature of the {Vi»} region, and it being sterically highly ex-
posed. keeps the nBusN" units strongly attached to it via Cou-
lomb attraction. Thus, we did not observe long-lived direct in-
termolecular Pc---{V)»} contacts (see Figure 7C, left panels)
likely due to their poor mutual electrostatic and dispersive af-
finity, which cannot compete with the stronger nBusN*--- {V,}
affinity in the mono complex. For the bis complex in solution,
in_contrast, intermolecular contacts between (PcLn),-{Vi>}
units can be long-lived (Figure 7C, right panels) and mostly oc-
curs via w—n dispersive interactions between the Pc groups re-
markably with no counter-cation-aided aggregation at all (as
shown in Figures 6 (bottom) and 7D (bottom)). In addition, it
can be inferred that the two bulky Pc groups in (PcLn),-{Vi»}
units largely reduce the probability of aggregation via
{Vip}---{Vip} contacts —even if these were mediated by
nBwN" units— because counter-cations are less prone to attach
to the more sterically protected {Vio} 1"62101’1 in the b1s Complex

i

nBuyN* e e ¢ {V,;}-LnPc

PcLn-{V,,} e e e nBu,N*

(PcLn),-{V2}

PcLn-{V,;}-LnPc e e « PcLn-{V,,}-LnPc

Figure 6. A schematic representation of preferable modes of inter-
molecular aggregation of dimers in solution in dependence on the
number of LnPc ligands present in the respective compound. Top:
Dimers of PcLn-{V»} anions formed by the vertical interaction of
two {V12} regions with two nBusN* counter-cations between them.



Bottom: Dimers of (PcLn),-{V12} anions resulting from the Pc---Pc
interactions without nBusN*-mediated aggregation. Not all nBusN*
counter-cations are depicted for the sake of clarity.

As mentioned earlier, cation-assisted aggregation of POMs in
solution is a well-known phenomenon.””> With the increasing
negative charge of the POM, Coulomb interactions become a
decisive factor. In the present study, the PcLn-{Vi} an-
ion---nBwN" interaction, mainly via a nBusN*---{V,} contact,
is —912 kJ mol™! per unit. This value is much higher than those
calculated for the 7—= interactions through the Pc---Pc contact
(152 kJ mol™) and for the less probable (PcLn)-{V2} an-
ion---nBwN" interaction (~135 kJ mol™) in the (PcLn),-{V 12}
compound. In fact, the motions of nBusN" and (PcLn)-{V,}
ions in CH>Cl, solutions are practically uncorrelated.

Next, analysis based on the radial distribution function (RDF
or g(r)) was performed to determine the concentration-depend-
ent degree of dimer formation, taking into consideration that
higher-order aggregates are much less common and ephemeral
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Figure 7. Molecular dynamics simulations of the behavior in solution. (A) Radial distribution functions (RDFs) between Cl centers of {Vi»}
units for PcLn-{V1»} (left) and (PcLn)-{V1»} (right), Ln = Lu. Data had-been-taken every 2 ps from the last 20 ns of theMb simulations.
(B) State of aggregation, in %, of {Vi»} units of PcLn-{Vi»} (left) and (PcLn),-{V12} (right) compounds. Higher aggregated oligomers
(trimers and higher, not displayed) represent less than 1%. (C) Distance vs time evolution of some POV:--POV (polyoxovanadate: - -polyox-
ovanadate) pairs of PcLn-{V1»} (left) and (PcLn),-{V12} (right) representing different aggregation behavior. Distances close to 18 A are

considered as dimers. Some pairs form long-lived dimers during the whole trajectory, like POV1--

for a while and then move away (as in case of POV1:-

-POV4, whereas other pairs remain close

-POV7). Some POV units do not show aggregation, as shown in the two cases at the

bottom. (D) Representative snapshots of PcLn-{V,} (top) and (PcLn)>-{V1.} (bottom), showing the most representative POV:--POV inter-
action mode found. Color code: V = orange, Cl = green, Ln = turquois, N = blue, C = grey and H = white.

in time. The RDF is extracted from the averaged structural data
of a dynamic system considering two reference points, typically
atoms. Figure 7A shows the Cl---Cl RDF for four runs: diluted
(5 mM) and concentrated (20 mM) CH,Cl, solutions for each
PcLn-{V12} and (PcLn),-{V12} compounds.

Upon inspection of the RDFs, we consider formation of a di-
mer if the distance between two Cl centers is less than the end-
point of the main peak of a RDF, namely 20 A for PcLn-{V,}
and 17.8 A for (PcLn),-{V,}. The RDFs for PcLn-{V1,} (Fig-
ure 7A) present broad and not well-defined peaks around d(Cl-
Cl)= 15 A, suggesting the prevalence of monomeric units (86%
and 77% for 5 and 20 mM, respectively (Figure 7B, left) over
few short-lived dimers in solution. Conversely, the RDF of 20
mM solution of (PcLn),-{V,} displays a single sharp peak at
ca. 16 A, integrating to 0.83 molecules (Figure 7A, right). In
the latter case, the formation of dimers is most preferable in the
concentrated solution, accounting for 73% of the species (Fig-
ure 7B, right). In the dilute solution of (PcLn),-{V1,} only mon-
omers were observed.

In summary, the obtained MD simulation data indicate that
the structural composition (one or two LnPc ligands per {Vi,}
unit) and the concentration of the title nanocomposites deter-
mine their supramolecular behavior which, in turn, impacts
their charge transfer characteristics in solution. Based on the ex-

perimental results of the concentration dependent EPR meas-
urements (Figure 5) and the results of the MD calculations, we
suggest that the reduction of the {Vi,} unit in solution takes
place through intramolecular electron transfer from the Pc
group to the {V»} core, initiated by sufficiently available inter-
molecular Pc---Pc contacts. These z—r dispersive interactions
are hardly present, although not completely excludable, in the
mono-substituted PcLn-{V»} characterized by the predomi-
nant degree of {Vi»}---{Vi2} contacts that are mediated by the
counter-cations.

DFT calculations

We applied the DFT as implemented in ADF2019%%¢! for the
study of PcLn-{V1»} and (PcLn),-{V>} nanocomposites with a
combination of the following functionals: OPBE® for geometry
optimizations and B3LYP®¢* for the total energies and elec-
tronic structures of the equilibrium structures. The hydrogen-
free, oxidized mono- and bis-substituted vanadium—oxo clus-
ters were optimized for Ln = Gd (f7) and Lu (f'#). The oxidized
and the reduced forms of all Ln'" derivatives were computed
adopting the closest reference lanthanide structure (Gd™ geom-
etry for Ln = Sm", Eu™, Tb", Dy", and Lu™ geometry for Ln
= Er'™", Yb'™). Scalar relativistic corrections were introduced by
means of the Zeroth-Order Regular Approximation (ZORA).%>
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87 Triple-¢ + double polarization (TZ2P) basis sets with the fro-
zen core approximation (C and N: 1s; Cl: 2s; V: 3p; Ln: 5p)
were used. We also computed the metal-free phthalocyanine
forms (the neutral (H,Pc) and the deprotonated (Pc>”) forms),
the H-free [V1205CI]*” POV, and PcLnOAc. We applied the
unrestricted formalism to all electronic open-shell systems, ex-
cept for the oxidized Lu"-containing systems, H,Pc and
[V1205:ClI]*. Organic solutions were mimicked with the Con-
ductor-like Screening Model (COSMO).® We applied Mulli-
ken’s formula to obtain the atomic spin densities (ASD).

The fully oxidized [V1,03.CI]>~ unit computed in solution,
with all V¥ metal centers, presents a rather large HOMO—
LUMO gap of 3.9 eV. The highest occupied molecular orbital
(HOMO) is found at —7.3 eV, with oxo nature, and the lowest
unoccupied molecular orbital (LUMO) at —3.4 eV, with vana-
dium-like nature. If an extra electron is added to the system, it
is delocalized equally over 8 vanadium centers. The H,Pc mol-
ecule, slightly bent (C»,), is featured by a HOMO-LUMO gap
of 2.3 eV, marginally larger than that observed for the planar
(Dan) Pc* (2.1 eV). The calculations in acetonitrile solution re-
sulted in HOMOs at —5.2 eV and —4.4 eV for H,Pc and Pc*,
respectively. Hence, the LUMO of {V,} is higher in energy
than the HOMO of Pc. The hydrogen-free forms of (PcLn),-
{V12}, with charges —4 (n = 1) and -3 (n = 2), were computed
applying maximal M, values with all-parallel spins. Frontier or-
bital energies are shown in Figure 8 for mono- and bis-substi-
tuted Yb™-based systems each in the oxidized and the reduced
forms. The general molecular features regarding the electronic
structure in terms of molecular orbitals are discussed taking the
DEFT results for Ln = Yb. This choice is practically irrelevant
since there is almost no dependence on the Ln. In other parts of
this section, in which the Ln influences the characteristics of the
systems, it is clearly stated.

PcYb-{V12} ox,q=-4 1e-red,g=-5
Pc -264 ~ ——— 7256
-3.04 — -2.64
Vi2 . — -347
— 367
—@— -4.19
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Figure 8. DFT analysis of the electronic structure of the mono- and
bis-substituted (PcLn),-{Vi»} compounds. (A) Sequence of ener-
gies (in eV) and occupations of the frontier MOs for PcYb-{V >}
(top) and (PcYb),-{Vi»} (bottom) in their oxidized (OX) and one
electron reduced (RED) forms. The character of the orbitals is la-
beled. Circles represent electrons. Selected MOs of the oxidized
mono form (corresponding to the horizontal blue lines) are repre-
sented. The rest of the orbitals in the V), block are also vanadium-
3d combinations, with similar nature to the orbital depicted. (B)
Spin density of the charge-separated mono species, (PcLu)®'-
{VIVVV},}. Blue and red lobes denote regions with the up and down
net spin, respectively.Sequence-of energies-and-occupations-of the
B e e e oy
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Any mono-substituted system presents a HOMO with Pc na-
ture at ca. 4.8 eV, irrespective of Ln, while the LUMO with
{Vio} nature lies 1.1 eV above in all cases (Figure 9A for the
representation of the selected MOs).

ASD values obtained for oxidized complexes confirm that the
unpaired electrons are fully located on Ln with 6.99 for Gd'
("), 6.01 for Eu™ () and 5.00 for Sm" (f°). whereas other at-
oms present net zero values.

Table 2. ASD values computed for the mono-substituted PcYb-
{V12} and the bis-substituted (PcYb),-{Vi.} each in the oxidized
(OXex) and one-electron reduced (+e-redRED) forms. For PcLu-
{V12}, the charge-separated (CS) state ASDs are listed (see also
Figure 89B).

e

compound region oxOX 4RED Lu CS
Yb 0.995 0.995 0.0
PeL. 0.294 (x2)  0.295 (x2)
; - (Vi) 0.0 0.282 (x2)  0.282 (x2)
V2l 0.148 (x2)  0.146 (x2)
Pc 0.0 0.0 0.144 (x8)
Yb  0.985(x2) 0.987 (x2) -
(PcLn)o- (Via} 0.0 0.174 (x8) -
Viz}
Pc 0.0 0.0 -

(A)

Pc -O-O-

Pc -O-O- -6.61

The bis-substituted representatives are featured by similar
ASD values for Ln centers. Regarding one-electron reduced
systems, when the extra electron added is parallel to the net spin
of Ln, in mono-substituted compounds the additional electron
occupies the orbital delocalized over six vanadium centers at —
4.2 eV (see the ASDs in Table 2), whereas the spin populations
of the Ln centers remain unchanged. The behavior of the bis-
substituted derivatives is similar — the additional electron is
equally delocalized over eight vanadium centers that participate
in the orbital at 4.4 eV. In le-reduced systems, when the extra
electron located on {Vi»} is forced to have the opposite spin
with respect to that of the Ln center(s) leads to computed ASD
absolute values identical to those of the all spin-up le-reduced
systems. The energy differences between the all spin-up (HS)
and the spin-flipped (LS) solutions are usually small, below ~2
cm! (< 3-10* eV), except for the mono-substituted Eu''- and
Yb'"-based systems (with HS ~60 cm™ and ~220 cm™' lower
than LS, respectively) and the bis-substituted Dy"-based sys-
tem (LS is ~13 cm™' lower than HS), suggesting that the net
spins in the {V,} and Ln regions are mostly uncoupled.

For the investigation of the inframolecular Pc — {V,} elec-
tron transfer in mono-substituted PcLn-{Vi,} compounds, we
computed the electronic spectra of Ln = Dy'!, Lu™ and Gd™ to
obtain a strong transition involving molecular orbitals of either



part of the molecule. Such inframolecular electronic transitions,
at this level of computation, are described only qualitatively.
For each system, we computed the lowest 20 allowed purely
electronic transitions. Interestingly, for the Dy"-based system
no Pc — {Viy} electron transitions were obtained, which
roughly corresponds to the experimental observation of one of
the weakest V'V signals in EPR for Dy"'-containing systems. A
weak electron transition in the IR range (1320 nm) was com-
puted for the Lu-based system, whereas the Gd"'-based mono-
substituted compound presents the strongest one at ca. 620-630
nm with the oscillator strengths ca. 100 times larger than for the
Lu™ analogue. These results suggest that, even not considering
the vibronic coupling, there is a non-negligible probability of
intramolecular electron transfer, at least when Gd" and Lu™ are
involved. Figure 89B represents the calculated spin density of
the charge-separated mono-(PcLu)**-{V¥V¥y;} which, for-
mally, results from the intramolecular charge transfer process.

The intermolecular electron mobility in PcLn-{V,} and
(PcLn),-{Vi2} compounds was investigated using the
TRANSFERINTEGRALS feature in ADF package.®' The val-
ues reported herein were obtained from different structural ar-
rangements (crystallographic coordinates, MD snapshots of so-
lution simulations) and single point DFT calculations.

The analysis of the unit cell packing of PcY-{V >} leads to the
assumption that two electron-hopping pathways are possible,
namely one vertical and one transversal. 1deally, the vertical
pathway is a two-step process: 1) the electron transfer from the
PcY-{Vi,} anion to nBuN" followed by 2) the electron transfer
from the resulted formally neutral nBusN species to another
PcY-{Vi2} anion (see Figure 910). For the vertical electron-
hopping pathway we calculated |Ji'| = 0.0164 eV for the first
step and || = 0.0141 eV for the second step. On the other
hand, the transversal pathway assumes a direct electron transfer
from one PcY-{V1>} unit to another PcY-{V\,} without the me-
diation by counter-cations due to the proximity between two
neighboring units. We computed a very small value of |Jos =
0.00021 eV, suggesting that the transversal pathway is improb-
able and, therefore, was not taken into consideration by compu-
ting MD arrangements given a rather small impact of aggrega-
tion. The electronic structure of the electron deficient mono-
[(PcY)*-{V12}]* compound, generated upon electron hopping
from Pc to a neighboring molecule, is represented in Figure
S64.
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Figure 948. Counter-cation mediated intermolecular electron
transport process for mono-PcLn-{V,} compounds, as present at
high sample concentrations. Only a section is represented for clar-
ity, not showing additional nBusN* counter-cations and H*. The
process involves hopping of one electron from a Pc moiety of one
PcLn-{Vi,} anion to the {Vi2} moiety of another PcLn-{V,} an-
ion, with the nBusN* / nBusN" pair as a charge mediating platform.

The mechanistic considerations of electron hopping in bis-de-
rivatives made from the analysis of the cell packing in (PcDy),-
{V,} are similar to those of mono-substituted analogues. Here,
electron transfer takes place from a Pc group of one molecule
to the closest nBusN" cation, and right away to the next Pc moi-
ety of another molecule involving, again, intercurrent neutral
nBwN" species (Figure S65). The estimated effective transfer
integrals of |J.&'| = 0.00432 eV and |J.4%| = 0.00446 eV were
obtained at the DFT level for Ln = Lu. These are considerably
smaller than those for the mono-substituted system and might
be attributed inter alia to the cell packing differences between
the corresponding crystal systems and therewith related prox-
imity of the units to each other. The calculation of a direct in-
termolecular electron hopping, namely without any kind of me-
diation via counter-cations, between the two Pc units for a 20
mM concentrated solution of the bis-derivative resulted in a ra-
ther large effective transfer integral |J.s] = 0.0136 eV, which

roughly explains the experimentally observed strong EPR sig-
nal assigned to V',

Photo- and radiation chemical study

Further insights into the nanocomposite with the charge-sepa-
rated (PcLu)**-{V'VVV}} states as suggested by DFT (Figure
8B9) were gained by laser photolysis transient absorption spec-
troscopy. Photo- and radiation chemical studies of the electron
donor—acceptor nanocomposites PcLu-{Vi,} and (PcLu),-
{V1,} as well as the reference compounds {Vi»} and PcLuOAc
were conducted in solution to investigate possible photoinduced
electron transfer reactions between the photoexcited PcLn
group and the {Vi»} cage. With the notion that {V,} may act
as electron acceptor in PcLu-{V»} and (PcLu),-{V1.}, the one-



electron reduction of {V,} by solvated electrons in aqueous so-
lutions was probed. Such conditions necessitate the radiolysis
of nitrogen saturated dilute aqueous {V1,} solutions containing
5 vol% tert-butanol. The radiolysis of water lead to the produc-
tion of three highly reactive species, namely "H, ‘OH, and e,
(equation (1)), besides the molecular products H, and H,0,.%
The function of #-butanol is to efficiently scavenge two of the
radical species, namely "H and ‘OH, via hydrogen abstraction
(equation (2))® so that only e, — a very strong reducing inter-
mediate’™ — remains as reactive species to react with {Vi2},
forming the one-electron reduced form of the {Vi»} (equation

(€))2

H,0 w» ¢ g+ *H + *OH )
(CH3);COH + *OH (*H) - *CH,(CH;),COH + H,0 (H;)  (2)
AV} +eq & —{Vi2}~ 3)

Immediately after the radiation pulse, a well-established broad
transient absorption of e,; with its maximum at around 720 nm
was recorded, which decayed rapidly in the presence of {Vi»}
giving rise to a new transient throughout the UV and visible part
of the optical spectrum. Features of the resulting absorption
spectrum (Figure S66) include a maximum at 350 nm and a
minimum at 310 nm which can be assigned to the one-electron
reduced {VIVVY,} cage. The rate constant for the reaction of
the fully-oxidized {VV1,} with e, was determined from the de-
cay of the transient absorption of e, at 720 nm at different
{V12} concentrations (Figure S66) assuming a pseudo-first-or-
der kinetic. In this way a bimolecular rate constant with the
value of 5x10° M!s™! was obtained. With the transient absorp-
tion spectrum of the one-electron reduced {VVV"V;} on hands,
photophysical studies of PcLuOAc, PcLu-{V,} and (PcLu),-
{V12} were conducted.

The electronic ground state absorption spectrum of PcLuOAc
exhibits a set of Q-bands, an intense absorption maximum at
around 673 nm preceded by a minor maximum at around 610
nm. Additionally, B-band (the Soret-bands) absorptions of the
Pc macrocycle are observed at around 342 nm (Figure 104). The
observation of the Q- and B-band absorptions are in line with
the plethora of the published absorption spectra typical for
metal phthalocyanines.”"
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Figure 10+. Absorption spectra of PcLuOAc in toluene (black),
PcLu-{Vi,} in THF (red) and (PcLu),-{Vi2} in THF (blue).

Upon the comparison of the electronic ground state absorp-
tions of the electron donor—acceptor PcLu-{Vi,} and (PcLu),-
{V12} with that of PcLuOAc, the two nanocomposites can be
qualitatively described as the sum of the absorption spectra of

PcLuOAc and {V,}. In particular, strong Q-bands with absorp-
tion maxima at around 673 nm and 609 nm accompanied by the
B-band absorptions with maxima at 335 nm (PcLu-{Vi»}) and
339 nm ((PcLu),-{V12}) based on the phthalocyanine-centered
transitions were observed (Figure 104). Interestingly, the ab-
sorption spectrum of (PcLu),-{Vi2} shows a shoulder at the low
energy edge of the Q-band absorption around 710 nm. The na-
ture of the shoulder may relate to a charge transfer band, on the
one hand;” on the other, the formation of aggregates showing
similar spectroscopic features cannot be excluded either.””
The lower extinction coefficients of the Q-band for PcLu-{V,}
and (PcLn)-{Vi»} compared to PcLuOAc may indicate elec-
tronic communication between the PcLu and {V,} moieties in
the ground state, which was previously observed for different
porphyrinoid-based electron donor—acceptor systems.”®’® The
B-band absorptions of PcLu-{Vi,} and (PcLu),-{Vi,} appear
somewhat broader than that observed for PcLuOAc and the
maxima are slightly shifted towards the UV area. The most fea-
sible rationale for this finding is that the UV absorption of
PcLu-{Vi2} and (PcLu),-{V12} can be described as an overlap
of the B-band absorption of the phthalocyanine macrocycle
with the absorption spectrum of {V,}; the latter is character-
ized by the absorption mainly in the UV region of the optical
spectrum with a maximum at around 232 nm and a shoulder at
around 340 nm (Figure S67).

The excited state properties of PcLuOAc, PcLu-{V,} and
(PcLu),-{V1,} were studied by fluorescence and nanosecond la-
ser photolysis transient absorption spectroscopy. LuPcOAc in
toluene, PcLu-{Vi,} and (PcLu),-{V1,}, both in tetrahydrofu-
rane (THF), exhibit only marginal fluorescence with maxima at
around 680, 672 and 673 nm (Figure S68) and quantum yields
of 0.0035, 0.0032 and 0.0027, respectively.’ In line with the
very low fluorescence quantum yields, fluorescence lifetime
measurements for all three compounds revealed lifetimes below
the resolution of our TCSPC setup (below 100 ps) indicating
that the first excited singlet state lifetime for PcLuOAc, PcLu-
{Vi2} and (PcLu),-{V12} lay below 100 ps.

The transient absorption signature of the first excited triplet
state of PcLuOAc was established by means of the nanosecond
laser photolysis. It consists of a broad transient absorption max-
imum at around 490 nm accompanied by transient absorption
minima at 340, 610 and 670 nm mirror-imaging the B- and Q-
bands of the ground state absorption (Figure S69). This transi-
ent absorption is in line with previously reported transition ab-
sorptions of the T, state of phthalocyanine macrocycles.”" %
To shed light on a possibly formed charge-separated state in
(PcLu)*™-{VVVV;} and (PcLu),*"-{V'VV"};}, nanosecond-re-
solved transient absorption spectroscopy was employed.
Hereby, PcLu-{Vi>} and (PcLu),-{Vi2} were probed in THF
upon photoexcitation at 355 nm.

The transient absorption spectrum (Figure 112) obtained from
PcLu-{V1,} shows absorption bands throughout the visible and
NIR part of the optical spectrum with a broad maximum at
around 550 nm and a rather narrow maximum at around 830
nm. Such transient absorptions, in particular the transient ab-
sorption maximum around 830 nm, is diagnostic for one elec-
tron oxidized phthalocyanine radical cations, " giving strong
evidence for the envisioned electron transfer from the photoex-
cited PcLu ligand to the {V,} cage in PcLu-{V\,}. Fitting the
decay at 830 nm (Figure 112, inset) with a monoexponential
decay function resulted in lifetimes for the (PcLu)**-{VVV"Vy;}
state of around 170 ns, which is rather long lived taking the
close proximity of the electron donor and acceptor into account.



For (PcLu),-{V1»} the obtained transient absorption spectrum
differs considerably from that of PcLu-{V,}. Photoexcitation
of (PcLu)»-{V1,} in THF with nanosecond laser pulse at 355 nm
resulted in strong transient absorptions throughout the UV and
avisible part of the optical spectrum with maxima at around 620
and 830 nm and a minimum at around 690 nm. This transient
absorption decayed rather rapidly with a lifetime of around 40
ns (Figure S70). The observed transient absorption resembles
neither the transient absorption spectrum of the T, state of
PcLuOAc nor the commonly seen transient absorption signa-
tures of the one electron oxidized phthalocyanine macrocycles.
This observation can probably be explained by the fact that in
(PcLu)-{V12} the {Vi,} unit is sandwiched between the two
PcLu fragments, and therefore, an electron transfer to {Vi,}
may result in a distribution of the positive charge between both
PcLu moieties, thus leading to a transient absorption spectrum
not fitting with the absorption spectrum of a one-electron oxi-
dized Pc macrocycle.
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Figure 112. Nanosecond laser photolysis transient absorption spec-
trum of PcLu-{Vi»} in N, saturated THF 150 ns after excitation at
355 nm (5 ns FWHM, 5 mJ/pulse). Inset: Corresponding time ab-
sorption profiles at 830 nm.

Magnetism and magnetochemical modelling

To gain preliminary insights into the opportunities to utilize the
synthesized molecular nanocomposites with Ln = Sm"-Er'"
and Lu™ as information storage,**® we measured AC suscepti-
bility. Only the Dy"-containing mono- and bis-derivatives re-
vealed some non-zero out-of-phase signal. In the following
magnetochemical studies we focus exclusively on the PcDy-
{V12} derivative as it has the strongest AC magnetism.

Both DC and AC measurements have been performed by the
standard SQUID technique (B =0-7.0 T and 7= 2.0-300.0 K,
f=1-1200 Hz, for further details of the measurements refer to
the ESI). The EPR (Figure 4) revealed that the magnetism of
PcDy-{V1»} is induced not only by Dy but also by an electron
delocalized over {V1,}. However, DFT results exclude a possi-
bility of an electron transition from Pc to {Vi»}. Thus, it seems
that in this compound we observe intermolecular charge trans-
fer from Pc to {Vi2} (via counter-cations) resulting in two con-
figurations: one-electron reduced (Figure 8) and electron defi-
cient (Figure S64). The latter one cannot be detected by room
temperature EPR.*’ In both configurations there is an extra elec-
tron that can interact with Dy, Therefore, under the assump-
tion that below room temperature only the ground multiplet
arising from spin-orbit coupling (in Dy™) is relevant, the DC
magnetic measurements can be modelled by the following
Hamiltonian (equation (4)):

H = —pg(g,(J«Bx +1,By) + 9.8, + gS - B]
+KS-J+DJ2+E(J2 —J2), 4)

where J = (J,, ], Jz) (J = 15/2) is the total angular momentum
of Dy and S is the spin ¥ of an electron delocalized over some
ions at {V»}, or at Pc. The last two terms account for the inter-
action of J with the crystal field. The z-axis goes through CI”
and Dy ions. First, we assumed that E = 0. Then, the best fit
(fit a) has been obtained for g, = 1.30, g, = 1.34, K/kp =
1.7 K, D/ky = —12.2 K (Figure 123). Since the fitted g val-
ues are very close to the free ion g = 4/3 one can eliminate g
from the fitting by fixing it to the free ion value and obtain very
similar unique values of D and K (Figure S71). Yet, the intro-
duction of small anisotropy in g allows to fine tune the fit in
high temperatures. Moreover, it can be demonstrated that a con-
dition K # 0 is indispensable to obtain a good fit and cannot be
substituted by more crystal field terms (Figure S71), which
clearly indicates existence of the interaction between Dy™ and
the radical electron. (see the Supporting Information for the de-
tailed DC modelling). The observed room temperature y 7" was
found to be 1.78:10* m? mol ™', which is within the range for a
theoretical value of 1.77-10"* m> mol™! for a free Dy™ ion and
1.81-10* m® mol ™! when an additional electron is considered. A
weak antiferromagnetic interaction K/kz = 1.7 K between the
Dy"™ ion and the unpaired electron is stronger than the above
DFT estimate (< 0.46 K). It can be due to the fact that the DFT
estimate is only true for the interaction between Dy and {V,}-
delocalized electron whereas the value obtained from the fitting
is an average of interaction of Dy with Pc- and {V1»}-located
electrons.
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Figure 123. Molar susceptibility (B = 0.1 T) and magnetization (T’
=2K) for PcDy-{V1»} (black circles) with theoretical fits assuming
E =0 (solid red lines).

The negative D value suggests the existence of an energy bar-
rier in the Orbach relaxation process estimated to be around 686
K. However, in the absence of the static field the AC out-of-
phase signal at temperatures below 10 K shows no clear peaks
in the available frequency range. This points out a fast relaxa-
tion through quantum tunnelling of magnetization (QTM).¥%

When the static field is applied the AC out-of-phase signal
exhibits clear peaks. Using standard methods®' (see also the
Supporting Information) we extracted the relaxation time from
measurements made at 7= 2 K for different static fields B. The
best fit for the relaxation rate T~ versus B was obtained with



the equation (5) considering QTM and direct paths of relaxa-
tion®? (Figure 134):

1 _ by
1+b,B2

+ aTB", Q)

with the following parameters: b; = 17133 £ 2765 1/s, b, = 1695
£302 1/T% a = 32296 +22235 T™"/Ks, n = 5.08 £0.6 and B in
Tesla. The uncertainties (given after +) define 95% confidence
intervals. For B = 0 the relaxation rate of PcDy-{V,} has a di-
vergent error bar (with the upper limit against the infinity) indi-
cating that the relaxation time cannot be measured with the cur-
rent method.
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Figure $413. Relaxation rate for different values of the static field
B at T = 2 K obtained for PcDy-{Vi,}. The fitting has been per-
formed based on the formula (5). The error bars mark 95% confi-
dence intervals.
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Figure 145. Temperature dependence of relaxation rate for static
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Temperature dependent measurements were performed for B
=0.07 T and B = 0.24 T, for which the strongest out-of-phase
signal and the longest relaxation time (at 7 = 2 K) were found,
respectively (Figures S72-S78). In Figure 154 the relaxation
rate is plotted versus temperature. For temperatures higher than
3.6 K the relaxation time is too short and cannot be detected
with a standard AC magnetometry. The following two ap-
proaches gave equally good results: I) fitting the data with

QTM, direct and Raman processes (the first three terms in equa-
tion (6)), and II) fitting the data with QTM, direct and Orbach
processes (the first, second and fourth term in equation (6)):

771 =155y + aTB™ 4+ CT™ + exp (— EeTff) /o, (6)
where 747y is the first term in formula (5) calculated for the
given field.

Table 3. Fitted parameters in equation (6) and their 95% confi-
dence intervals (in square brackets). Confidence intervals are due
to error bars of 771 and to uncertainties of T@%M , a and n obtained
from the fit of formula (5).

fit parameters B=0.07T B=024T
1 C/sK™ 23.1[4.4,53.5] 0.012[0.003,0.02]
m 5.16 [4.5, 6.4] 12.64 [12.1, 13.7]
II Ey/ K 14.5[12.6, 18] 36.8 [34.6, 39.4]
79/ 105 1[0.52, 1.6] 3.7[2.2,5.2]-10°*

Parameters a and # attain the values according to equation (5).
For B =0.07 T a direct process has negligible contribution to
771 and is omitted in fitting. The remaining parameters in (6)
are obtained from the fitting of 77! versus T and are shown in
Table 3. Attempts to fit 771 versus T with the formula contain-
ing QTM, Raman, and Orbach processes simultaneously or in
other combinations were unsuccessful. In Kramers doublet sys-
tems like Dy"™ QTM is formally forbidden.”® However, in real
systems the time reversal symmetry is often broken by the trans-
verse local magnetic fields resulting from the dipole magnetic
interaction with other magnetic molecules® or the interaction
with magnetically active nuclei® thus opening a tunnel split-
ting. The transverse crystal field can influence the size of a tun-
nelling gap.®® In the case of the PcDy-{V1>} compound there is
additionally an interaction with the unpaired electron delocal-
ized over {V,} cluster. All these factors may play a role in en-
couraging relaxation through QTM.

To verify the impact of the magnetic dipole interactions be-
tween Dy ions we determined the relaxation rate in 1:10 mix-
ture of PcDy-{Vi2} and PcY-{V1,} (Figure 13) at T=2 K. As
Y" is diamagnetic, the distance between Dy" ions and thus the
strength of magnetic dipole interactions should decrease. In-
deed, at B = 0 the relaxation rate assumes a finite value. Yet, the
relaxation time at B = 0 is still short suggesting that other factors
can also play a role. It can be shown, for instance, that the
strength of the magnetic dipole interaction between Dy™ ion
and an electron at {V»} is of the same order as the strength of
the same interaction between Dy™ ions (see the Supporting In-
formation).

In Fthe energy spectrum of Hamiltonian (4) with optimal pa-
rameters-is (presented in Figure S80)+6 t—Fhe eigenstates have
a form of a superposition of states |m1)|m5), where m, and msg
stand for the projections of J and S, respectively. Fhetines

i S i | |
eigenstate-Obviously, the interaction with the unpaired electron
at {V12} or Pc}-leads to the splitting of all energy levels and the
superposition of the states with different projections m,. The en-
ergy gap between the ground and the first excited states is equal
to 13.1 K (13.8 K, if magnetic dipolar interactions are consid-
ered), which fits well to the effective energy barrier obtained



from the fitting of the QTM, and Orbach processes (12.6-18.
K) for B=0.07 T.
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— This may indicate that for B = 0.07 T the thermally assisted
QTM process takes place through the first excited state, which
will favor the fit II. For B =0.24 T it is difficult to find a cor-
respondence between the energy spectrum and the effective en-
ergy (34.6-39.4 K) obtained from the fit II. This may be caused
by a large magnitude of the external magnetic field, which hin-
ders the thermally assisted QTM through the first excited state.
Therefore, in this case the fit I, which considers a Raman pro-
cess, should be favored. When the magnetic dipolar interaction
between Dy ion and the electron at {V1,} is included in Ham-
iltonian (4) the optimal parameters are slightly different and the
energy spectrum looks very much the same as that presented in
Figure S80+6 with the major differences being that the doublets
are not degenerated anymore, and the eigenstates contain a su-
perposition of states with all possible nz,. The tunnel splitting is
equal to 1.26-10°% K for the lowest doublet and 1.6-107° K for
the first excited doublet.

In principle, these results support the idea of QTM through
the ground and first excited states. However, in the low lying
states the superposition of terms with opposite values of m, is
very small. For instance, in the ground doublet the dominant
component corresponding to m;=—15/2 or 15/2 has a 99.97%
share in the eigenstate. Thus, a direct tunnelling between these
states is unlikely and there must be another mechanism that in-
troduces larger superposition of states with opposite ;. Such a
superposition can be induced by e.g., transverse crystal field
terms. To test this possibility, we introduced to the Hamiltonian
(4) the lowest order transverse crystal field term. Since g, and
g, from the optimal fit (fit a) are very close to each other we fix
g1 = gy Then, starting from the optimal fit a, we found an al-
most equally good fit (fit b) with nonzero value of E: g, =
gy =133, K/kg =1.6K, D/kyg =-9K, E/kz =2.6 K.
The low-lying energy spectrum is very similar to that in fit a,
but there is a large superposition of the terms with the opposite
values of m,. For example, the contributions of the terms with
my=15/2 and m;=—15/2 in the split ground doublet are approx-
imately equal to 49%. The tunnel splitting is equal to 1.6-107*
K for the ground doublet and 3.2:10° K for the first excited

doublet. Of course, the fitting of susceptibility does not enable
us to determine more than a leading crystal field term. There-
fore, fit b should be considered only as a proof of concept.
Thus, it can be concluded that the pure QTM relaxation at 2
K is probably enhanced at higher temperatures by thermally as-
sisted QTM (for smaller magnetic fields) or Raman processes
(for larger magnetic fields). The QTM cannot be completely
quenched by dilution with non-magnetic molecules because
tunnel splitting of doublets is caused also by the magnetic dipo-
lar interaction between Dy ion and an electron at {V,} or Pc
and probably also enhanced by transverse crystal field terms.

CONCLUSIONS

We successfully synthesized and fully characterized a series of
mono- and bis-functionalized nanocomposites PcLn-{V,} and
(PcLn),-{V12}, respectively. Solution and solid state EPR re-
vealed that proximity of the molecules generates reduced V(3d)
states in the closely packed {V 1,03} cages. As corroborated by
a combined experimental and computational approach this ef-
fect can be assigned to two processes:

1) a non-photoinduced intramolecular electron transfer
from the electron-donating LnPc moiety to the elec-
tron-accepting redox-active {V1203,} building block
of the nanocomposite with the resulting charge-sepa-
rated states (PcLn)*"-{V'VVV,}. This process can be
exemplified in Lu-based mono compound, where a
radical electron located also at Pc is confirmed by r.t.
EPR. The existence of the charge-separated state is
confirmed by laser photolysis transient absorption
spectroscopy. DFT calculations provide a nonzero
probability of the electron transition from Pc to {V,}.
Intramolecular charge transfer seems to be excluded
for the Dy-based mono compound as no Pc — {Vi»}
transitions were found in the framework of DFT ap-
proach.

2) a counter-cation-mediated intermolecular electron
transfer from Pc of one molecule to {Vi2} of another
molecule. As a result of this process, two states are
generated: one-electron reduced, and electron defi-
cient which give rise to an unpaired electron at {V»}
and at Pc, respectively. The latter state cannot be de-
tected by r.t. EPR if Ln is paramagnetic, but its exist-
ence can be inferred from the fact that Pc is the most
probable donor in this system. The existence of this
process is confirmed by DFT and MD.

AC-magnetometry revealed that Dy-based compounds are
field induced single molecule magnets with the mono com-
pound giving the strongest out-of-phase signal. Measurements
of a diluted sample for mono compound and theoretical calcu-
lations imply that the relaxation process at low temperature is
dominated by the quantum tunnelling induced by magnetic di-
polar interactions between Dy™ ions as well as between a Dy™
ion and an unpaired electron delocalized over the {V,03,} core
or Pc. Magnetochemical modelling of the PcDy-{V,} indicates
that there is a weak antiferromagnetic interaction between Dy™
and unpaired electron located at Pc or {V»}, which is consistent
with DFT results.

The obtained results persuade us to further research this type
of responsive nanocomposites with the far-reaching goal of
their future implementation into molecularly powered classic
and quantum sensor/computing technologies.’” The challenging
goals here are (1) to generate entanglement between two mag-
netic states (of delocalized electron and Ln) e.g. by means of



electric field®, (2) to reveal the effect”® of external magnetic
field on the lifetime of charge-separated states, and (3) to incor-
porate functional PcLn-{Vi,} and (PcLn),-{Vi,} as active
switching components into highly ordered two- or three-dimen-
sional porous frameworks.

We are currently performing large-area electron transport
measurements of the title nanocomposites on suitable substrate
surfaces, which will be reported elsewhere. The latter studies
should provide answers to the effect of an external electric
field'” on the magnetic state of an entire molecular nanocom-
posite resulting between other from moving the delocalized
electron in or out of the exchange contact with Ln.

ASSOCIATED CONTENT

The Supporting Information including general methods, syn-
thetic procedure, analytical and crystallographic data, computa-
tional study and magnetochemical modelling is available free of
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