
Noncovalent Dualism in Perylene-Diimide-Based Keggin Anion
Complexes: Theoretical and Experimental studies
Victoria G. Popova, Leonid V. Kulik, Rimma I. Samoilova, Dmitri V. Stass, Vasily V. Kokovkin,
Evgeni M. Glebov, Alexey S. Berezin, Alexander S. Novikov, Aura Garcia, Hoang Tran Tuan,
Raul D. Rodriguez, Maxim N. Sokolov, and Pavel A. Abramov*

Cite This: Inorg. Chem. 2023, 62, 19677−19689 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We report the synthesis and comprehensive characterization of
organic−inorganic hybrid salts formed by bis-cationic N,N′-bis(2-
(trimethylammonium)ethylene)perylene-3,4,9,10-tetracarboxylic acid bisimide
(PTCD2+) and Keggin-type [XW12O40]n− (X = Si, n = 4; X = P, n = 3)
polyoxometalates . (PTCD)3[PW12O40]2 ·3DMSO ·2H2O (2) and
(PTCD)2[SiW12O40]·DMSO·2H2O (3) were structurally characterized by
single crystal X-ray diffraction. The cations in both structures exhibited infinite
chainlike arrangements through π−π interactions, contrasting with the
previously reported cation−anion stacking observed in naphthalene diimide
derivatives. A detailed theoretical study employing topological analysis of the
electron density distribution within the quantum theory of atoms in molecules
approach provided further insights into this structural dualism. Atomic force
microscopy analyses revealed the formation of self-assembled supramolecular
structures on graphite from molecular monolayers (3 nm of thick) to
submicrometer aggregates for 2. Hyperspectral Raman spectroscopy imaging revealed that such heterostructures are likely formed
by an enhanced π−π interactions. Both complexes demonstrated interesting electrochemical behavior, photoluminescence and X-
ray-induced luminescence. Electron spin resonance analysis confirmed charge separation in both compounds, with enhanced
efficiency observed in compound 2. Our findings of these perylene-based organic−inorganic hybrid salts offer the potential for their
application in optoelectronic devices and functional materials.

■ INTRODUCTION
Interfacial layers between the active media and the electrodes
play a crucial role in modern solar energy conversion devices,
such as organic, perovskite,1,2 and dye-sensitized solar cells.3

The optimization of these active media often faces limitations
in power conversion efficiency due to nonselective charge
extraction to the electrodes and the mismatch in work function
between the active material and electrode.4

To address these challenges, polyoxometalates (POMs)
were put forward as promising materials for both cathode
interlayers5−8 and for hole transporting layers (anode
interlayer)9 in organic photovoltaic (OPV) devices. Besides,
POMs have demonstrated their potential in improving the
performance of dye-sensitized solar cells,10 perovskite solar
cells, and energy storage devices.11

POM anionic backbones possess unique characteristics that
make them ideal for studying charge transfer and separation as
well as for various applications. One key point is the presence
of a large number of reducible metal ions in their highest
oxidation state, enabling multielectron reduction. For instance,
the Keggin [XW12O40]n− backbone can accommodate up to 24
additional electrons without undergoing structural changes.12

Redox activating POM molecules requires inducing charge
transfer to the POM through excitations such as visible
light,13−15 voltage,16 or even X-ray photons.17 The main
challenge in this field concerns the design and fabrication of
memory devices,18 and the enhancement of photocatalytic
activity. For example, Bonchio et al. reported a remarkable
photocatalytic activity of bis-cationic N,N′-bis(2-
(trimethylammonium)ethylene)perylene-3,4,9,10-tetracarbox-
yl ic acid bisimide/[Ru4(μ-O)4(μ−OH)2(H2O)4(γ -
SiW10O36)2]10− system for photoassisted water oxidation.19

POM-based hybrids with specific organic cations are the most
preferable for constructing high-performance and sustainable
charge transfer/separation systems, particularly within different
photovoltaic devices.10 Vasilopoulou et al. applied POMs as
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electron injection layers in organic solar cells, leading to
improved efficiency and stability in numerous studies.4,5,20,21

The chemistry of rylene diimides has garnered strong and
growing interest, particularly due to their photochemical and
electrochemical activity.22,23 For example, naphthalene dii-
mides (NDI) and perylene diimides (PDI), the two simplest
rylene diimide dyes, have been recognized as the most
promising n-type organic semiconducting materials.24,25 This
vibrant research field combines organic synthesis with
materials science to explore potential applications of rylene
diimides. Rylene diimides have great thermal and oxidative
stability, high electron affinities, and, in many cases, high
electron mobilities.26 Combining POMs with rylene diimides
holds great potential for creating a new generation of materials
with diverse applications in photovoltaics, catalysis, electronics,
and more. The interest for such compounds has been
increasing steadily since the publications by Can-Zhong Lu
et al. describing [Cr(H2O)3(H3O)3][DPNDI]3[PW12O40]2·
n S o v l e n t H O F 2 7 a n d p h o t o c h r o m i s m o f
[Cu2(DPNDI)2(H2O)7(OH)(PW12O40)]n and [Cu-
[(DPMNI)(C4H9NO)2(CH3OH)(HPW12O40)]n (DPNDI =
N,N′-di(4-pyridyl)-1,4,5,8-naphthalenediimide; DPMNI =
N,N′-bis(4-pyridylmethyl)-1,4,5,8-naphthalenediimide).28

Keggin POM salts with protonated N,N′-dipyridyl naphthalene
diimide (DPyNDI)29 and N,N′-bis(3,5-dimethylpyrazolyl)-2,6-
dibromo/iodo-1,4,5,8-naphthalene diimide30 have been struc-
turally characterized. Cheng et al. reported an organic−
inorganic hybrid compound, [Ce2(BINDI)(DMF)8][Mo6O19]
(1), (H4BINDI = N,N′-bis(5-isophthalic acid)-1,4,5,8-naph-
thalene diimide) as a self-assembly product of an electron-
deficient NDI ligand, Ce3+ and hexamolybdate.31 All the
reported complexes were summarized in the review by Mei-Jin
Lin et al. as photochromic crystalline hybrid materials with
switchable properties.32 The main structural feature of such
compounds is direct anion-π contacts, which can be
responsible for their photochromic behavior.
It is widely accepted that noncovalent interactions have a

great potential in POMs’ chemistry for the new materials
design.33 The main construction vector is based on the
electronic pool around terminal oxoligands, which can interact
with a huge number of σ-hole owners. Halogen bonding is one
of the most promising instruments in this field of
research.34−37 Some years ago, we reported a set of
compounds when Mo�O•••X (X = Cl, Br, I) halogen
bonding do organize [β-{Ag(py-X)}2Mo8O26]2− anions into
specifically ordered supramolecular structures in the solid
state.38 Recently Stilinovic ́ et al. analyzed halogen bonding
between Keggin anions and some halogenated organic
moieties.39

The goal of this study was to investigate a new type of
organic−inorganic hybrid materials by combining Keggin
anions with a bis-cationic N,N′-bis(2-(trimethylammonium)-
ethylene)perylene-3,4,9,10-tetracarboxylic acid bisimide (Fig-
ure 1) based on noncovalent interactions.

■ RESULTS AND DISCUSSION
Synthesis and Structure. The hybrid salts of

[XW12O40]n− (X = P, n = 3; X = Si, n = 4) and PTCD2+

were obtained through the direct reaction between the
corresponding POM acids and PTCDI2 (1) (see the
Experimental section in the SI). The most suitable solvents
for these salts were found to be dimethyl sulfoxide (DMSO)
and N,N-dimethylformamide (DMF). Crystalline materials

suitable for single crystal X-ray diffraction (SCXRD) analysis
were obtained by the slow diffusion of the reactants through
H-tubes in DMSO.
In the case of H3[PW12O40] and PTCD2+, the resulting

product crystallized in a triclinic crystal system with the P−1
space group (Figure 1), exhibiting the following unit cell
parameters: a = 11.4179(6), b = 17.7695(9), c = 27.5053(15)
Å, α = 104.640(2)°, β = 95.868(2)°, and γ = 98.835(2)°. The
crystal structure revealed that PTCD2+ cations form infinite
columns via π−π interactions, with an approximate carbon-to-
carbon distance (d(C···C)) of 3.5 Å (Figure 2).

A notable feature is the nonlinear orientation of dications
within the π−π stacked chains (Figure 2). The stacking
arrangement can be described as ABAABAA, where associates
consisting of three dications translate via an inversion center
symmetry operator in the crystal. This stacking pattern can be
very interesting from a conductivity point of view, which has
been extensively studied in the context of perylene-based
materials.40−44 In silico studies by Geng et al.45 investigated
carrier transport in perylene-based materials and have
specifically studied the angle between the molecule axes. In
our case, this angle is close to 40°, which prevents electron
transfer but may be favorable for hole transfer within the
stacked molecules.
It is intriguing to compare our chain structure with those

found in perylene-radical salts containing [PMo12O40]3−.46 For
instance, in the structure of Per6[PMo12O40]·CH2Cl2, perylene
molecules form two types of chains following the ABBA
pattern, while the structure of Per9(NBu4)4[SiW12O40]2 reveals
more complex chains with CBAAB stacking. This implies that
the presence of column aggregates with different molecular

Figure 1. (left) Structure of PTCD2+ (N is blue, O is red, C is black);
(right) Keggin type anion (M atoms are blue, oxoligands are red, and
central heteroatom is orange).

Figure 2. Stacking of PTCD2+ cations in the crystal structure of 2.
Two types of cations are marked in green and purple correspondingly.
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orientations is preferable for stabilizing the radical state
(POMs are not reduced; Per+• are located inside the π-
stacked chains). Hence, a similar effect could be proposed for
our complexes.
In the case of H4[SiW12O40], the PTCD2+ salt crystallizes in

a triclinic crystal system with unit cell parameters: a =
14.086(7), b = 29.668(14), c = 50.83(3) Å, α = 103.42(3), β =
93.89(3), and γ = 100.53(3)°. The crystal structure exhibits
two independent Keggin anions located in common and
special positions (an inversion center is at the center of an
anion). Strong stacking interactions (d(C•••C) = 3.6−3.7 Å)
form infinite chains of PTCD2+ cations. However, the quality
of the crystalline material was insufficient to reach an
appropriate diffraction limit. Consequently, we present a
tentative model of the structure at this stage, with the detailed
SCXRD data available in the SI (see the Crystallography
section). Based on the analytical data for a dried sample, the
o v e r a l l c omp o s i t i o n c a n b e f o rm u l a t e d a s
(PTCD)2[SiW12O40]·DMSO·2H2O (3).
The space between PTCD2+-based chains and Keggin anions

is filled with DMSO molecules. The final refinement process
localized 12 DMSO molecules per formula unit for 2. It is
important to note that the isolated product is always wet and
cannot be readily manipulated. To obtain more manageable
compounds, we treated these solids with acetone and diethyl
ether (Et2O). Elemental analysis of the dried products
confirmed the composition of (PTCD)3[PW12O40]2·3DMSO·
2H2O (2) and (PTCD)2[SiW12O40]·DMSO·2H2O (3). These
materials were subsequently used for further studies.
Structural Dualism. A recent study by Lin et al.30 focused

on hybrid crystals, namely, (H4BDMPy-Br2NDI)[HPW12O40]·
4NMP (CCDC 2085758) and (H4BDMPy-I2NDI)-
[HPW12O40] (CCDC 2085793) (H2BDMPy-Br2NDI: N,N′-
bis(3,5-dimethylpyrazolyl)-2,6-dibromo-1,4,5,8-naphthalene-
diimide and H2BDMPy-I2NDI: N,N′-bis(3,5-dimethylpyrazol-
yl)-2,6-diiodide-1,4,5,8-naphthalenediimide). In both struc-
tures, the crystal packing is dominated by close cation−anion
interactions (Figure 3a) analogously to previously reported
salts involving protonated N,N-dipyridyl naphthalene diimide
(DPyNDI) and Keggin anions.29

In contrast, it is well known that large aromatic systems have
a tendency to exhibit multiple stacking interactions.47−49 Thus,
the preferential formation of the aforementioned anion−π
interactions can be attributed to the predominance of multiple
C−O binding over bulk π−π stacking. To analyze these
contacts, we employed quantum chemical calculations. For
comparison, we considered the structures of N-(2-
(diethylamino)ethyl)perylene-3,4-dicarboximide50 (CCDC
632620, per_Et2), and 2,2′-(1,3,8,10-tetraoxo-1,3,8,10-
tetrahydroisoquinolino[4′,5′,6′:6,5,10]anthra[2,1,9-def]-
isoquinoline-2,9-diyl)bis(N,N-dimethylethan-1-aminium) bis-
(hexafluorophosphate)51 (CCDC 1952503, per_Me2). The
stacking arrangements in these structures are shown in Figure
3b,c correspondingly. π−π interactions found with PLATON
in the crystal structure of 2 are summarized in Table S5.
To investigate the presence and strength of intermolecular

interactions involving O···C and C···C in the X-ray structures
2085758, 2085793, complex 2, per_Et2, and per_Me2,
theoretical calculations were performed using DFT coupled
with the topological analysis of the electron density
distribution within the Quantum Theory of Atoms in
Molecules (QTAIM) approach.52 These calculations were
carried out at the ωB97XD/DZP-DKH level of theory for

model structures (see the Computational Details in the
Supporting Information). Additionally, contour line diagrams
of the Laplacian of electron density distribution ∇2ρ(r), bond
paths, and selected zero-flux surfaces, as well as visualization of
the electron localization function (ELF) and reduced density
gradient (RDG) analyses for selected intermolecular inter-
actions O···C and C···C in the X-ray structures 2085758 and
complex 2, respectively, are shown in Figure 4. These analyses
aimed to confirm or refute the hypothesis and provide an
approximate quantification of the strength of these supra-
molecular contacts from a theoretical perspective.
The QTAIM analysis of the model structures confirms the

presence of bond critical points (3, −1) for the intermolecular
interactions O···C and C···C in the X-ray structures 2085758,
2085793, complex 2, per_Et2, and per_Me2 (Table S6). The
electron density values at these bond critical points are from
0.003 to 0.011 atomic units, with positive values of the
Laplacian of electron density (0.011−0.046 atomic units) and
energy density close to zero (0.001−0.002 au). These
characteristics, along with the estimated strength of the short
contacts, ranging from 0.3 to 2.2 kcal/mol per contact, are
typical for stacking interactions in similar chemical sys-
tems.33,53−60 The balance between the Lagrangian kinetic
energy G(r) and potential energy density V(r) at the bond
critical points (3, −1) (with a ratio − G(r)/V(r) > 1) reveals
the absence of a significant covalent contribution in the
intermolecular interactions O···C and C···C within the X-ray
structures 2085758, 2085793, complex 2, per_Et2, and
per_Me2.61 (Table S6). The Laplacian of electron density,
which can be decomposed into the three eigenvalues of the
Hessian matrix (λ1, λ2, and λ3), shows that the intermolecular
interactions O···C and C···C are attractive (λ2 < 0).62,63

The comparison of energetics gives very interesting results.
The energy of cation−anion interactions in 2085758 and
2085793 slightly exceeds the energy of π−π interactions in

Figure 3. Main packing motif of 2085758, 2085793 (a); per_Et2
(b), and per_Me2 (c).
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Figure 4. Computational data for complex 2085758 (a) and complex 2 (b). Bond critical points (3, −1) are shown in blue, nuclear critical points
(3, −3) in pale brown, ring critical points (3, +1) in orange, cage critical points (3, +3) in light green, bond paths are shown as pale brown lines,
length units − Å, and the color scale for the ELF and RDG maps are presented in a.u.

Figure 5. Photoluminescence maps overlaid on the optical microscopy image of the complex 2 sample deposited on graphite (a) and the bulk
sample (b); (c, d) normalized PL spectra extracted from representative points on the maps in (a) and (b) labeled 1−4. The insets show the non-
normalized spectra; (e) normalized Raman spectra from one aggregate in (a) and the bulk in (b). The inset shows the non-normalized spectra; (f)
Raman spectra obtained at different excitation wavelengths.
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per_Et2 and per_Me2 related systems. This preference for the
formation of crystal packing is observed when cations strongly
bind to the Keggin anions, while in the case of complex 2, this
situation switches to π−π interactions. This dualism in the
packing motif is significant for such compounds and has a
strong effect on the electronic properties of the bulk material.
To illustrate this, we performed detailed studies on the PL,
electrochemical behavior, Raman spectroscopy, electrical
atomic force microscopy, and ESR activity of presented
complexes formed by PTCD2+ with Keggin anions.
Photoluminescence and Raman Spectroscopy: Influ-

ence of the Aggregation State and Packing Density. To
obtain more details on the material capability for the
photogeneration of charge carriers, we investigated its
photoluminescence (PL) spectra under different wavelengths
and with spatially resolved hyperspectral PL imaging. Figure
5a, b show the PL emission intensity maps overlapped with
optical microscopy images for complex 2 deposited on graphite
and the bulk sample, respectively. The normalized PL spectra
extracted from representative points on the photoluminescence
maps are shown in Figure 5c, d. First, the microscopy images
show the circular shape of nanoparticles from the bulk sample
dispersed in acetone. Meanwhile, the bulk as-prepared sample
shows an anisotropic needle-like morphology (Figure 5b). The
PL results show two strong emission bands at 675 and 687 nm,
indicating efficient radiative decay of the excited state. The
peak at 687 nm is due to the fast recombination of excited
electrons and holes in the sample.64 While the bulk sample
shows PL spectra from different locations that overlap (Figure
5d), the aggregates show some dispersion toward longer
wavelengths. This phenomenon can be attributed to
aggregation state and packing density within the respective
samples. Micrometer-sized samples displayed a tendency for
aggregation or clustering at the microscopic level, leading to
the formation of varied aggregated configurations, each
contributing to a unique electronic environment. Conse-
quently, the excited states of these aggregates exhibit diverse
energy levels, resulting in a broader spectrum of emitted light,
as shown in Figure 5b.
Notably, we do not observe the typical emission quenching

for PDI aggregates in the solid state,65 which we attribute to
the noncovalent interaction with the Keggin anions.
Raman spectroscopy of PDI on freshly cleaved highly

oriented pyrolytic graphite (HOPG) was performed with a
blue laser (457 nm) with a maximum power of 452 μW and an
exposure time of 0.2 s. The resulting spectrum showed
characteristic PDI vibrational modes at 1310, 1386, 1464,
1580, and 1593 cm−1, as shown in Figure 5e.
The peaks at 1580 and 1593 cm−1 correspond to the

stretching/shrinking vibration of planar C�C/C−C in the
PDI molecule.64,66 This vibration is coupled to the C�O
antisymmetric stretching and is influenced by the π−π stacking
interactions. On the other hand, the peak at 1310 cm−1

assigned to C−H in-plane bending is not sensitive to the
π−π stacking interaction, but other noncovalent interactions
may contribute to binding force.64,66 The peak intensity ratio
between 1593 and 1310 cm−1 can be used to quantify the
degree of π−π stacking interaction in the system.64 In this
study, the ratio value of 0.67 implies a high degree of π−π
stacking interaction between the aromatic rings, which should
translate to improved carrier mobility. This value is higher than
the optimized 0.56 from phosphoric acid-substituted perylene
diimide.64 This is a critical result since the photocatalytic

material’s optical and electronic properties depend on the
stacking degree. The peak at 1707 cm−1 corresponds to the
C�O stretching mode,67 while the peaks in the region 2600−
3200 (besides the 2D from the carbon substrate) are assigned
to the C−H stretching vibrational modes.68 The intensity in
this high-frequency window can be attributed to stronger
adsorption energies.69

The vibrational modes under different excitation wave-
lengths are shown in Figure 5f. The Raman spectra were
obtained using 457 nm (452 μW), 532 nm (389 μW), 633 nm
(1.3 mW), and 785 nm (1 mW). The Raman peaks were
observed to downshift with an increasing laser wavelength.
This dispersive behavior is unusual in Raman and can be
attributed to the coupling between the electronic and
vibrational energy states in complex 2. The peak around
1300 cm−1 exhibited an intriguing behavior. This peak,
attributed to C−C stretching and CH in-plane bending, split
into two distinct peaks under 785 and 532 nm excitation
wavelengths, indicating resonance enhancement. However, this
splitting phenomenon was not observed under 633 or 457 nm
excitation, suggesting that the system did not show resonant
absorption under these photon energies. This observation is
confirmed by UV−vis spectroscopy results (Figure S11)
showing a dip in the absorption at 450 nm and low absorption
at 633 nm, which also explains why the Raman spectrum under
this excitation wavelength was noisier than the others. This
observation points toward a selective resonance response of
the molecule’s vibrational modes, highly dependent on the
excitation wavelength used.
Both complex 2 and complex 3 exhibit temperature-

dependent luminescence in bulk, and the emission increases
at low temperatures (Figure S10). The nature of these
transitions is complex and can tentatively be attributed to
intermolecular electron transfer involving the cation and anion
species. The excitation and emission profiles are related to
well-known features of perylene diimide dyes.65,70,71 However,
the luminescence intensity of complex 3 is much lower
compared to complex 2. Therefore, the excited state is more
energetically preferable for luminescence in the case of 2.
(H4BDMPy-Br2NDI)[HPW12O40]·4NMP and (H4BDMPy-
I2NDI)[HPW12O40] show the same luminescence maxima at
670 nm,30 indicating that the [PW12O40]3− anion favors PL in
all cases. This observation suggests the potential use of these
hybrids as active layers in optoelectronics. The diffuse
reflectance spectra of bulk 2 and 3 are shown in Figure S11.
Interestingly, a reversible narrowing of the band gap value is
observed for complex 2, decreasing from 2.0 to 1.95 eV when
samples are warmed from −175 to 60 °C. For complex 3, the
band gap decreases from 1.91 to 1.88 eV from −175 to 80 °C
(Figures S12 and S13).
Additionally, X-ray-induced photoluminescence spectra were

measured for the polycrystalline samples of complex 2 and
complex 3, and the results can be found in Figure S14. We
observed that complex 3 produces a moderate emission with a
peak near 720 nm, which is strongly red-shifted compared to
the light-induced PL (Figure S7). In contrast, complex 2 does
not show any X-ray-induced luminescence. This difference can
be attributed to the distinct nature of the exited states.
Nanoscale Characterization with Kelvin Probe and

Dielectric Force Microscopy. We realized that the salt
makes structures with different degrees of aggregation on
HOPG from optical microscopy images obtained during
Raman and photoluminescence spectroscopy. An example of
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these aggregates is shown in Figures 6a and S9. The contact
potential difference image acquired simultaneously with the
topography mapping by Kelvin probe force microscopy is
shown in Figure 6b. The CPD contrast shows that the
aggregates coexist with a molecular carpet with the same
surface potential as the aggregates. The HOPG CPD contrast
appears in purple and red color. This suggests that the material
making up the aggregates and the 2D film is made of the same
component. Since we could see these self-assembly monolayers
with an optical microscope, we confirmed their same
composition by Raman spectroscopy (see Figure S9). The
dielectric force microscopy result in Figure 6c shows a marked
contrast between the 2D assemblies and the aggregates.
Moreover, since the amplitude is related to the local

electrical conductivity, the contrast between the 2D layers and
HOPG implies a high conductivity for these layers. This
observation is in agreement with the Raman spectroscopy
results that indicated a significant degree of π−π coupling in
this complex, which favors charge carrier mobility. However,
the aggregates show a poorer conductivity which might be
attributed to their larger size and charge scattering at different
domain interfaces within the aggregates.
The DFM phase image in Figure 6d is related to the charge

carrier doping type. Using HOPG as a reference for a rich
electron system due to its pure sp2 hybridization, we conclude

that the 2D films with the same phase contrast must have n-
type characteristics typical for PDI. Thus, this result confirms
the noncovalent interaction with the Keggin salt that did not
disrupt PDI electronic type, for instance, through doping.
We were curious about the formation of these 2D assemblies

and thus acquired a high-resolution AFM image in a region
without aggregates, as shown in Figure 6e. These layers are
characterized by a highly uniform thickness characteristic of a
self-assembly process. We attribute the monolayer and bilayer
formation to the π−π interaction between HOPG and
perylene. The 2D bilayer (2L) structures in Figure 6e show
different heights for the left and right sides: 2.7 and 3.3 nm,
respectively. These 2L thickness values are not twice the
monolayer measured at 1.0 nm, which means that the previous
layer affects the packing and conformation of the next layer on
top (that is why 2L has 3-fold the thickness of 1L), but also the
2L at the right side with 0.5 nm higher than the 2L at the right
side, could suggest that the assembly is not unique and can
result with domain layers with different thicknesses.
Figure 6g presents the topography characterized by

monolayers and bilayers of 0.9 and 2.9 nm thick, respectively.
These results are in good agreement with the AFM
observations in Figure 6e, which were a different sample,
showing the reproducibility of this result. Going farther away
from the large aggregates, we find regions with lower complex

Figure 6. (a) Topography image of a concentrated region showing aggregates. The surface potential image (b) shows that these aggregates are
deposited on 2D layers of complex 2; (c) dielectric force microscopy amplitude and (d) phase images; (e) zoom-in over the 2D regions without
aggregates and (f) cross-section profile showing the monolayer and bilayer thickness of complex 2 self-assembled on HOPG; (g) AFM image of the
layered complex with cross-section profiles included as insets; (h) topography and (i) surface potential image of nanoribbons; (j) the surface
potential of a monolayer complex; and (k) the surface potential distribution of monolayer complex on HOPG with and without illumination.
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2 concentrations that formed nanoribbons (needle-like)
structures like in Figure 6h. The cross-section profile of an
individual nanoribbon in the inset of the figure shows that it
has a height matching the 0.9 nm of the 2D monolayer
PTCD2+ ions.
Given that the sample diluted in acetone was deposited by

drop casting on graphite, there was a radial concentration
gradient from the edge of the drop toward the middle as the
drop dried. This explains why over the whole sample we
observed different shapes, including aggregates, 2D layers, and
nanoribbons, spanning sizes from the monolayer to the
submicrometer level (see also Figure S9). This is an exciting
result since controlling the size complex range to the nanoscale
is critical for catalysis and sensing applications with more active
sites becoming accessible with size decrease and also the
electron−ion pathway becomes shorter. This size and
morphology control can be easily achieved by controlling
complex 2 concentration.
Figure 6i shows the surface potential image of the

nanoribbon, showing a significant contrast with the HOPG
substrate, as illustrated by the CPD distribution in the inset.
We also investigated the effect of light on the surface

potential values in photo-KPFM; see the results in Figure 6j.
However, we do not see significant changes in CPD (about 5
mV) to positive values, as shown in the CPD distribution in
Figure 6k, corresponding to net positive charging (compensa-
tion bias applied to the sample). A close inspection of this
result shows that the CPD contrast of HOPG shifted to larger
values. We attribute this shift to the electrostatic, mechanical,
and photoinduced disruption of the 2D layers that result in the
diffusion of molecules all over the HOPG substrate affecting its
surface potential. Although this result requires further
investigation, it was interesting to verify at the nanoscale the
light sensitivity of these ultrathin supramolecular layers.
Electrochemistry. The electrochemical behavior of

PTCDI2 was investigated by cyclic voltammetry (CV) in a
CH3CN solution. The cyclic voltammogram is shown in Figure
7a, with additional details summarized in Table S1. In the case
of PTCDI2, we observed five quasireversible processes
associated with both oxidation and reduction. The first
oxidation process occurred at 212 mV, while the first reduction
process was observed at −182 mV. Hence, PTCD2+ is capable
of producing both cation- and anion-radical species, which is
highly advantageous for material applications. In comparison,
(2,6-diisopropylphenyl)-3,4-perylenedicarboxylic imide dem-
onstrates oxidation at 1.37 V (vs SCE) and reductions at −1.10
and −1.66 V (vs SCE).72 More comprehensive information
about electrochemical properties of different NDI molecules/
complexes can be found elsewhere.73−75 In terms of materials
preparation, it is worth noting the synthesis of cation-radical
salts through the electrochemical oxidation of perylene
dyes.76−79 The I−/I2 couple potential is 0.638 V (at 0 ionic
strength and CH3CN).80

The CV data for paste electrodes containing 2 and 3 are
presented in Figure 7b,c, respectively. The paste composition
calculated on a dry substance for complexes 2 and 3 is as
follows: carbon powder: electroactive substance: Nafion (10%)
water dispersion = 100:10:4 mg and 101.3:9.8:4.6 mg,
respectively. These measurements were performed in a 0.1
M Bu4NPF6 acetonitrile solution at a 20 mV/s scan rate;
additional details are summarized in Tables S2 and S3.
The frontier orbital energies for PTCD2+ were determined

based on the CV data. The HOMO energy level of PTCD2+

was estimated to be −4.1 eV using the recorded oxidation
onset potential [EOx(onset) = −0.27 V] and the oxidation
potential of ferrocene [E1/2(ferrocene) = 0.43 V). This
estimation was performed using the equation: EHOMO =
[(EOx(onset) − E1/2(ferrocene)) + 4.8] eV, taking the energy
level of ferrocene/ferrocenium as 4.8 eV. The LUMO energy
level was estimated to be −3.75 eV from the reduction onset
potential [EOx(onset) = −0.62 V] according to the equation:
ELUMO = [(ERed(onset) − E1/2(ferrocene)) + 4.8] eV.
The HOMO energy level for both [SiW12O40]4− and

[PW12O40]3− is −8.0 eV, while the LUMO levels are −4.5
and −4.6 eV, respectively.5 This indicates that the incorpo-
ration of the PTCD2+ cation and the POM anion results in a
decrease of the LUMO level below −3.9 eV. The calculated
values of HOMO/LUMO levels for H2BDMPy-Br2NDI and
H2BDMPy-I2NDI using the B3LYP/LANL2DZ method are
−6.68/−4.37 eV and −6.62/−4.18 eV, respectively.30 Thus, in
our case, the energy transfer is expected to be similar to that of
the H2BDMPy-I2NDI-based hybrid and different from that of
the bromine derivative. An important observation is that both
complex 2 and complex 3 can be multiple times reversibly
reduced but only oxidized once, suggesting their potential use
as electron reservoirs in charge transfer systems. Bond et al.
reported careful electrochemical studies of [PW12O40]3− and
[SiW12O40]4− anions under different conditions.81 In CH3CN
(0.1 M Bu4NPF6) [PW12O40]3− can be electrochemically
reduced to 7− charge state at the following potentials: −669
(3−/4−), −1186 (4−/5−), −1894 (5−/6−), −2397 (6−/
7−) mV. The same (0.1 Bu4NClO4 in CH3CN) for
[SiW12O40]4− can be done at potentials: −1140 (4−/5−),
−1615 (5−/6−), −2280 (6−/7−) mV.

Figure 7. (a) CV data for PTCDI2 in CH3CN solution; (b) CV of the
paste electrode containing (PTCD)3[PW12O40]2·3DMSO·2H2O (2);
and (c) CV of the paste electrode containing (PTCD)2[SiW12O40]·
DMSO·2H2O (3).
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Electron Spin Resonance (ESR). ESR studies were
conducted on solid samples of hybrid salts 2 and 3 to
investigate whether they undergo intramolecular charge
transfer, resulting in a reduced POM anion. Various experi-
ments were performed, including temperature cycling in the
range of 15−343 K, with and without air removal, and
additional irradiation with a full spectrum of a 150 W Xe lamp
to assess possible photochromic effects.
Figure 8a,b show the spectra of 2 and 3 recorded at room

temperature. Both spectra feature a weak line in the region of
“organic” g-values of about 2.0037, which originates from the
samples themselves and is not an experimental artifact.
Additionally, for sample 2, a distinctive set of lines with
lower g-values in the region typical for metal ions is observed,
indicating the presence of the expected reduced POM anion
(Figure S15). In contrast, only a single, much weaker line is
observed for sample 3 in this region. The spectra of both
samples remain unaffected by additional UV−visible light
irradiation regardless of the presence or absence of air. An
example of such spectra after a round of irradiation is shown in
the same figure panels. The only noticeable effect of air
removal is a slight narrowing of the “organic” line, which was
expected as an indication of the signal connection to some

surface sites. Subsequent experiments focused only on sample
2 as sample 3 did not yield any significant signals of interest.
Figure 8c shows the evolution of the higher field group of

lines for complex 2 as it is cooled to 100 K. The spectrum
assumes a typical axial shape with a well-resolved hyperfine
structure. Further evolution of the ESR spectrum for sample 2
upon cooling down to 15K is shown in Figure S16a. (The
results of spectral processing are given in Figure S16b.) These
results reveal a group of lines in the g ∼1.93 region and the
emergence of a new group of lines belonging to a rhombic
center in the g ∼1.83−1.78 region.
The interpretation of the ESR results for [XW12O40]n−

POMs should begin with the lowest temperatures. The spectra
that exhibit a group of lines with g values around 1.83, as
shown in Figure 8c, have been extensively reported and
reproduced in simulations in earlier studies of Keggin-type
POMs at Kelvin temperatures.82−85 These lines have been
unequivocally attributed to the W5+ signal of the reduced
polytungstates. The rhombic symmetry of the spectrum is due
to significant spin−orbit coupling in the heavy 5d element,
leading to a substantial and well-resolved g-tensor anisotropy.
The absence of hyperfine substructure from the 183W isotope
(I = 1/2, natural abundance 14.3%) is explained by the

Figure 8. (a) ESR spectrum of solid 3 (red curve, room temperature for a fresh sample without degassing), and for the same sample after 15 min of
irradiation with a focused full spectrum beam of a 150 W Xe lamp (blue curve); (b) ESR spectrum of solid 2 (red curve, room temperature for a
fresh sample without degassing) and for the same sample after 15 min of irradiation with focused full spectrum beam of a 150 W Xe lamp (blue
curve); (c) ESR spectrum of solid 2 in the region of the high-field group of lines at 100 K.
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delocalization over 12 equiv W sites, with dynamic processes
contributing starting already at low Kelvin temperatures. The
relaxation properties of heavy 5d elements are usually
unfavorable for observing ESR signals at temperatures above
several tens of Kelvin. Additionally, the W nucleus itself is not
a convenient reporter of the reduction state of symmetric
polytungstates at moderately low cryogenic temperatures, such
as those relevant for potential applications under ambient
conditions. However, the observation of such a signal in a
specifically designed cryogenic experiment guarantees the
presence of a reduced [XWVW11

VIO40]n− Keggin-type anion.
The group of lines with g around 1.93, which has been

occasionally attributed to W5+ sites29,86,87 in reduced
[XW12O40]n− POMs, has been conclusively identified as
originating from unavoidable traces of Mo present in tungsten
raw materials. These traces result in minor [XMoW11O40]n−

impurities in nominally pure polytungstates.88

At room temperature, the ESR spectrum of complex 2 is
dominated by a broad line centered at g = 2.25 with a peak-to-
peak width of about 100 mT (Figure S17a). This broad line
overlaps with the signal from Mo5+ (g = 1.94) at the high-field
minimum (Figure S17b). Interestingly, the intensity of the
broad line, estimated from the second integral of the ESR
spectrum, is several thousand times higher than that from
Mo5+, suggesting that it does not originate from impurities in
2.
Upon cooling, the broad signal weakens and ultimately

disappears at 15K. This behavior indicates that the broad line
corresponds to the thermally populated excited state of 2 with
a nonzero electron spin. A similar behavior was observed in
metal−organic frameworks containing Cu2 units.

89

The ESR results indicate the presence of one-electron-
reduced Keggin anions in the samples studied. It is important
to note that these reduced anions were not intentionally
prepared or generated through external means, unlike previous
studies in which deliberate electrochemical, photochemical, or
chemical reduction methods were employed. In the case of
complex 2, the reduction process seems to be spontaneous and
is likely a result of intramolecular charge transfer from the
organic cations with extended π-systems to the POM anion.
Furthermore, the resulting state is surprisingly stable.
The ESR studies conducted over a span of one year and a

half consistently yielded the same results. The initial sample
was repeatedly tested through various manipulations, including
thermocycling over extended temperature ranges, light
irradiation, air exposure, and air removal, and the ESR signal
observed in the first experiment persisted unchanged
throughout all of these manipulations. Additionally, several
more samples were prepared from the original batch, and
freshly prepared batches consistently reproduced the ESR
signal. These findings strongly support the observation of a
genuine intramolecular POM reduction in this case.
Furthermore, the comparison with ESR studies of

(H4BDMPy-Br2NDI)[HPW12O40]·4NMP and (H4BDMPy-
I2NDI)[HPW12O40] indicates that the nature of the excited
state based on cation-radical and POM-radical species
formation is similar across these systems.30 This highlights
the importance of understanding the dynamics and properties
of these excited states in the context of hybrid materials and
their potential applications. One of the most prospective fields
of polyoxometalate use is the charge transfer systems. Much
research was done on the use of various POMs in the
preparation of charge transfer salts.90−92 This work takes us a

step beyond by demonstrating a new hybrid combination with
intriguing charge transfer properties.

■ CONCLUSIONS
We prepared new organic−inorganic hybrid salts based on
Keggin-type POM and perylene diimide-based cations. These
compounds demonstrated exceptional electrochemical behav-
ior, including multistep reduction processes of both POM and
cation-centered components. This makes them promising
candidates for the development of charge storage systems and
other applications, such as redox catalysis, capacitors, and
memory devices.
The Raman spectroscopy analyses showed that the micro-

aggregates in the solid phase possess a large degree of π−π
stacking, with AFM showing that these aggregates span
different sizes and microstructures from particles to molecular
self-assembled layers on graphite. Photoluminescence results
showed no quenching in the solid state, which we attribute to
the noncovalent mediation of polyoxometalate Keggin salt.
The ESR experiments provided evidence for the presence of

paramagnetic centers associated with single-electron-reduced
POM species at room temperature. Full charge separation
occurred as the temperature decreased. Interestingly, the PL
luminescence behavior is unaffected by the charge separation
process, indicating that the formation of radicals in the bulk
sample did not affect the luminescence centers.
The structural dualism observed between NDI and PDI

derivatives in their respective hybrid salts provides insights into
the weak cation−anion interactions induced by electrostatic or
charge transfer effects. Controlling the π-system size of the
organic cations allows manipulation of the different association
effects in both the solid state and solution. This strategy opens
new possibilities for the design and synthesis of soft-matter-
based materials with tailored properties.
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