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1. Introduction

Polyoxometalate—cyclodextrin aggregates in
isolation: probing the conformer space and
binding affinities
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Non-covalent interactions between polyoxometalates (POMs) and cyclodextrins (CDs) are often utilized
to build novel supramolecular architectures for diverse applications. However, structure prediction
becomes challenging with the increase in size and complexity of the assemblies. Herein, we investigate
the conformer space of isolated non-covalent complexes of a Wells—Dawson type POM [P,W;150651°~
with cyclodextrins (y-CD) using trapped ion mobility spectrometry (TIMS). We found that the 1:1
(POM : CD) complex exhibits one conformer whereas the 1:2 and 1: 3 (POM : CD) complexes exhibit mul-
tiple conformers in the gas-phase, despite showing one stable form in their crystalline phase. The obser-
vation of distinct conformers in precise supramolecular aggregates of their complexes reflects the poss-
ible isomeric pathways in the growth of the assemblies. The structures of the conformers were resolved
through a combination of TIMS and theoretical studies (DFT and GFN1-xTB). Moreover, we performed
anion photoelectron spectroscopy (PES) studies, which revealed significant electronic stabilization of the
POM anions upon complexation in the y-CD cavity. This was evident from the increase in adiabatic
detachment energy (ADE) of the [KPOM(y-CD);]°~ complex compared to the [KPOM]®~ anion by ~2.4 eV.
We also estimated gas-phase binding energies between the POM and y-CD from the PES studies. Our
work provides significant insights into the geometrical and electronic gas-phase structures of POM-CD
non-covalent complexes. In the future, this would allow us to precisely design their solid-state assemblies
from preformed gas-phase units by mass and isomer-selected ion deposition techniques.

recognition between two different types of molecules. In this
regard, macrocyclic molecules such as cyclodextrins (CDs)

Designing functional hybrid materials often relies on utilizing
non-covalent interactions to direct self-assembly into hierarch-
ical structures.'™ The motivation to design such supra-
molecular architectures is to combine or generate new pro-
perties in the hybrid material compared to the individual
building blocks. Understanding the primary interactions
behind the formation of such assemblies is the key to design-
ing better materials with advanced properties. Host-guest
chemistry involves complex formation through molecular
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are promising to design non-covalent assemblies as their
cavity (referred to as a, B, v, 8, €, and & in the order of increas-
ing diameter) can host various types of molecules such as
drugs, peptides, amino acids, etc.>” In recent years, a lot of
research interest has been devoted into probing interactions
of CDs with chemically synthesized inorganic clusters to
create functional materials and also metal-organic frame-
works with tunable properties.®* ' Such materials are attrac-
tive due to the emergence of new properties such as high
porosity and wide applications in drug delivery, gas-storage,
chiral separation, sensing, etc.'"” Boron clusters such as
B1,X1,>” (X = H, Cl, Br, F) form inclusion complexes with
CDs.'"'? Ligand-protected metal clusters form assemblies
with CDs through encapsulation of the organic ligands into
the CD-cavity.®>*'® Another class of molecules that have
gained considerable interest for their potential to form
supramolecular complexes with CDs is polyoxometalates
(POMs).M1°

This journal is © The Royal Society of Chemistry 2025
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POMs are a class of nanosized molecular metal oxide clus-
ters that exhibit wide structural diversity, redox behavior, and
magnetic properties and are attractive molecules to incorpor-
ate in a hybrid assembly for applications in energy, molecular
electronics, and catalysis.>**>* POMs are discussed as super-
chaotropic ions®® and their interaction with CDs results in the
formation of ordered hierarchical assemblies. For example,
interaction of the archetypal POM [PMo0,;,0,,]°" resulted in
sandwich complexes where the POM was encapsulated
between two CD (B and y) molecules."> POMs with smaller
sizes such as [MO14]>” (M = Mo, W) were stabilized by deeper
inclusion into the cavity of y-CDs.>® Molecular recognition
between [P,W;304,]°” and y-CD was utilized to form 1:1, 1:2
and 1:3 (POM : CD) host-guest complexes.'* The interactions
of Keggin type [PW;,0,4,]’>~ with a-CD-MOFs were also utilized to
form a POM-CD-MOF as a hybrid material.'® Recently, the effect
of the cavity size of CDs on their interactions with the Keggin
anion [PW;,0,0]>” was also probed using CDs of different ring
sizes (a, B, v, 5, €, and £)."® The superchaotropic effect of POMs
and their host-guest interaction with CDs were utilized to create
stimuli-responsive polymers.”” The size and structure of the
POM, as well as the cavity size of the CD, are key factors in
tuning the nature of the interactions and hence creating a wide
variety of self-assembled structures. Moreover, both POMs
(depending on their geometrical structure) and CDs offer mul-
tiple binding sites that may in principle form a wide range of
conformers of these supramolecular adducts. This aspect
remains less explored. Also, the interactions and kinetics associ-
ated with adduct formation in the crystalline state and solution
phase may differ from adduct formation in isolation thus
leading to different structures. This would in turn allow the
assembly of new solid phases from preformed gas-phase units.

As the size of molecular assemblies increases, predicting
their structures in isolation becomes more complex, making it
challenging to identify all possible conformations of these
large, flexible systems. Understanding these interactions in
detail will enable us to design the assemblies with better
control over the conformer-selectivity during the growth of the
assemblies. While X-ray diffraction (solid-state) and NMR spec-
troscopy (solution) have been most widely used to study con-
densed phase structures and interactions, in recent years, ion
mobility mass spectrometry (IM MS) (gas-phase) has become
powerful to resolve structures for large non-covalent assem-
blies in isolation.'®**> This technique allows separation of
gas-phase conformers of ions due to a difference in their col-
lision cross-sections (CCS). The structures are determined
indirectly through comparison of the experimental CCS and
the calculated CCS from, e.g., trajectory methods of computed
structure candidates. IM MS was earlier used to study struc-
tures of POMs in the gas-phase.*** In a recent study, Su et al.
used IM MS to study the gas-phase structures of 1:1 com-
plexes of a Keggin type POM [PW;,0,,]*~ with CDs (a, B, v, 5,
g, and () and compared the gas-phase structures to that in
solution using NMR spectroscopy.'® However, studies on quan-
tifying the conformational space of higher aggregates of CDs
with POMs have not been performed yet.
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Herein, we studied the structures of supramolecular aggre-
gates of the Wells-Dawson POM [P,W;506,]°~ with y-CD by IM
MS. While only one conformer was observed for the 1:1
POM : y-CD complex, multiple conformers were observed for
the 1:2 and 1:3 adducts. This reflected isomeric pathways of
growth of the assembly resulting from complexation through
different binding sites of the POM and y-CD. In contrast, one
stable form of the adducts was previously observed in their
crystalline state.'® DFT calculations were used to determine
the gas-phase structure of the adducts which were found to be
different compared to their previously characterized con-
densed-phase structures.'* We also used the semi-empirical
GFN1-xTB**?® quantum chemistry method to compute
structural models for larger assemblies, ie. 1:3 (POM:CD)
adducts, and determine their structures by comparison with
experimental IM MS data. Moreover, to provide further infor-
mation on the species probed, we also used anion photo-
electron spectroscopy (PES) to estimate the electron binding
energies (EBEs) of the POM anion in isolation and in a com-
plexed form with y-CD. Experimental PES data, together with
computational studies on the electronic structures, allowed
the confirmation of adduct structure types, suggested elec-
tronic stabilization of the POM anion in the cavity of the
neutral y-CD molecule and also enabled us to estimate the gas-
phase binding energies (BEs) between the POM and y-CD.
Determination of BEs contributes a significant step towards
more quantitative discussion of the superchaotropic effect of
POMs.*” Our work provides molecular level insights (at both
the structural and electronic levels) into the host-guest com-
plexation between the POM and y-CD, in the absence of any
solvent or condensed phase interactions.

2. Experimental and computational
methods

2.1. Synthesis of the Wells-Dawson POM K¢[P,W;30,]-14H,0

K¢[P,W;506,]-14H,0 was synthesized following reported
methods.*® Na,W0,-2H,0 (300 g; 0.91 mol) was dissolved in
350 mL of distilled water. This solution was acidified by frac-
tional addition of 4 M HCI (250 mL; 1.00 mol) under vigorous
stirring. When the cloudy solution became clear again, 4 M
H;PO, (250 mL; 1.00 mol) was added slowly. The pale-yellow
solution was refluxed for at least 24 h. After this reaction time,
the yellow color of the solution became more intense. This
solution was allowed to cool to room temperature and was
further treated with 150 g of KCl. The precipitate which
appeared was filtered off and air-dried. This crude material
was dissolved in 650 mL of distilled water in order to remove
any insoluble impurities through filtration. The transparent
solution was then heated to roughly 90 °C for at least 48 h in
order to make it concentrated. After this period of time, the
solution was allowed to cool to room temperature before being
placed finally in a refrigerator at 4 °C. After a few days, yellow
crystals of Ke¢[P,W;506,]-14H,0 were collected (232.5 g; 95%)
(air, water and heat stable).
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2.2. Electrospray ionization mass spectrometry (ESI MS) and
trapped ion mobility spectrometry (TIMS)

ESI MS and TIMS ion mobility measurements were performed
on a Bruker TIMS-TOF mass spectrometer. The mass spectro-
meter was equipped with an electrospray source and the
measurements were performed in the negative ion mode. The
following conditions were used for the ESI process: capillary
voltage: 3000 V, end plate offset: 2000 V, dry temperature:
200 °C, dry gas: 3.5 1 min~" and nebulizer: 0.3 bar.

The TIMS parameters were as follows: IMS tunnel voltages,
delta 1: 20 V, delta 2: 20 V, delta 3: =30 V, delta 4: —20 V, delta
5: 0.0 V, delta 6: —20 V, IMS ramp time: 500 ms and inverse
mobility gap (ramp end - ramp start): 0.4 V s cm >, TIMS data
were recorded with m/z selection for each of the species.
Determination of "™°CCSy, requires calibration. For this, the
commercially available Agilent tuning mix and the reported
drift tube CCS of the calibrant ions were used.’* The Bruker
TIMS TOF platform records the ion intensities as a function of
inverse mobilities (1/K). To generate the mobilograms (as
shown in the results), the recorded values of 1/K were con-
verted to "™°CCSy, using the Mason-Schamp equation.

2.3. Photoelectron spectroscopy (PES)

PES spectra were taken for the POM and different POM(y-CD)
complexes using a previously reported machine.*® A new laser
system from EKSPLA (NT342 Series, 20 Hz pulse frequency, ns
pulses) was introduced to the instrument. It utilizes an OPO to
generate wavelengths between 210 nm and 2000 nm. Further
experimental details on the PES measurements are included in
the SI.

2.4. Computational details

The y-CD and POM input files were obtained from crystal
structures'® with subsequent GFN1-xTB*® optimization.
Different interaction sites between the y-CD and the POM
molecule were probed with the automated Interaction Site
Screening (aISS)*! algorithm and GFN1-xTB geometry optimi-
zations implemented in the xTB®® program package version
6.6.0. Additional structures were generated manually by follow-
ing symmetrical criteria and subsequently optimized with
GFN1-xTB. r’SCAN-3c** geometry optimizations, Hessian cal-
culations, and ®B97X-V** and PBE0-D4 single-point energy cal-
culations were performed using ORCA** version 5.0.3. Default
settings of the respective program packages were applied if not
stated otherwise. Mulliken charges for the CCS calculations
were taken from the respective method used for geometry
optimizations.

2.5. Trajectory calculations

The calculation of ™CCSy, was performed with IMoS 1.09
using the trajectory method (TM) in N, gas.*> Atomic coordi-
nates and Mulliken partial charges obtained from DFT
(r’SCAN-3c) and GFN1-xTB calculations were used as input
parameters. The trajectory calculations were carried out at
300 K and the ion-induced quadrupole potential was con-
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sidered explicitly.*® For all structures, we simulated 3 x 107 tra-
jectories (1 x 107 trajectories per rotation of the molecule) to
reduce the statistical error (standard error of the mean) to
around +0.3-0.4%. The standard error of the mean for a simu-
lation of 3 x 10’ trajectories was determined for different
complex types by simulating 10 times 3 x 10° trajectories.

3. Results and discussion
3.1. Synthesis and structure of [P,W;504,]°~

The Wells-Dawson POM, denoted as [P,W;506,]°", was syn-
thesized according to the reported method®® (see experimental
methods above) and characterized using ESI MS (Fig. S1). The
structure of the POM anion is presented in Fig. 1A. Its central
region resembles a belt formed by two tetrahedral PO, groups,
surrounded by an array of 12 equatorial tungsten (W) atoms.
These W atoms occupy the centers of WO, octahedra arranged
in an alternating pattern of corner- and edge-sharing con-
nections. On each side of the belt, three edge-sharing WO,
octahedra form cap-like arrangements that enclose the top
and bottom of the structure. This overall architecture exhi-
bits D3, symmetry and high thermal and chemical stability,
making it a valuable model for catalytic and materials
applications.

3.2. ESI MS of the POM and POM-y-CD adducts

During the electrospray process, the POM ionized in multiple
charge states in the negative ion mode depending upon the
number of counter ions (H'/K") attached to the molecular ion
and were primarily observed as [HPOM]’~ (m/z 873), [KPOM]*~
(m/z 880), [K.POM]*™ (m/z 1110) and [KzPOM]~ (m/z 1493)
(Fig. S1). The POM (structure in Fig. 1A) and y-CD (structure in
Fig. 1B) were mixed in a 1: 3 molar ratio to allow the formation
of their complexes in solution (water-acetonitrile mixture) as
reported earlier."® The concentrations of the POM and y-CD
solutions were 1 mM. The resulting mixture was analyzed by
ESI MS and up to three y-CD attachments to the POM were
observed in ESI MS, as shown in Fig. 1C. A series of peaks
were observed that corresponded to the species [POM
(y-CD),*~ (m/z 943), [POM(y-CD),]°" (m/z 1159), [POM
(y-CD);]*~ (m/z 1376), [KPOM(y-CD),]>~ (m/z 1139), [KPOM
(y-CD),]>~ (m/z 1399), [KPOM(y-CD);]>~ (m/z 1658), [K,POM
(y-CD),]*~ (m/z 1434), [K,POM(y-CD),]*” (m/z 1759), and
[K,POM(y-CD);]*~ (m/z 2083). The composition of the observed
supramolecular complexes may be generalized as [K,POM
(y-CD),]®™~ (x = 0-2, n = 1-3). The assignment of the species
was further confirmed from the comparison of the experi-
mental and simulated isotopologue patterns for each of these
species (Fig. S2). Note that in a previous report by Moussawi
et al. also, some of these complexes were observed in ESI
MS.' However, a larger number of complexes are observed
here likely due to different concentrations of the reaction
mixture and electrospray conditions, compared to the earlier
report.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (A) Structure of [P,W,;506,1°~ (POM), (B) structure of y-CD, (C) ESI MS of the mixture of the POM and y-CD. Color codes: pink: WOg octa-
hedron and W at the centre, red: O, orange: P and PO, tetrahedron, green: C and white: H.

3.3. TIMS studies on adducts of the POM with y-CD,
[POM(v-CD),|°” (n = 1-3)

To determine the gas-phase topologies, we subjected the
desired ions to TIMS® measurements that allow determi-
nation of their CCS in N, gas ("™°CCSy). The ™5CCsy,
values reported here correspond to the mean of measurements
taken over three separate days, with the standard error of the
mean also provided (see Table S1). First, we performed TIMS
studies on the isolated POM in different charge states and a
single peak corresponding to one stable form was observed in
each of the species, [HPOM]*~ ("™5CCSy, = 515.4 + 0.4 A?),
[KPOM]*~ ("™SCCSy, = 520.7 + 0.5 A%), [K,POM]"~ ("™5CCSy, =
445.9 £ 0.5 A%) and [K;POMP ™ ("™5CCSy, = 390.0 + 0.3 A%)
(Fig. S3). Note that "™®CCSy, slightly increases by replacement
of H" with K" in the 5 charge state of the POM. The signifi-
cant increase in "™°CCSy, with increasing negative charge on
the [K,POM(y-CD),]*™~ complex arises from stronger charge-
induced dipole interactions with the collision gas N,.
Furthermore, we focused on determining the gas-phase struc-
tures of [POM(y-CD),]®” (n = 1-3). TIMS measurements on
these ions are presented in Fig. 2. The species [POM(y-CD),]*~
showed one peak with "™°CCSy, of 665.0 + 3.1 A>. However,
for [POM(y-CD),]%", two distinct peaks corresponding to two
different isomers were observed with ™®CCSy, of 728.6 +
0.5 A% and 738.4 + 0.4 A% For the larger adduct with three
7-CDs attached, [POM(y-CD);]°”, four distinct isomers were
observed with "™9CCSy, values of 790.6 + 0.6 A% 798.7 +
0.6 A%, 821.2 + 0.6 A> and 825.1 + 0.5 A% The multiple isomers
observed in the case of the complexes of the POM with two
and three y-CDs likely arise due to possible interactions at

This journal is © The Royal Society of Chemistry 2025

different binding sites of the molecules, while for [POM
(y-CD),]°, only one isomer seems to be formed. The supramo-
lecular complexes in the gas-phase will be stabilized primarily
by the hydrogen bonding (HB) interactions between the term-
inal surface oxygen atoms of the POM and the -OH groups of
the y-CD. Other non-covalent interactions like ion-dipole and
van der Waals interactions will also contribute to the stabiliz-
ation of the complexes.

3.4. Theoretical studies and discussion of TIMS results

3.4.1. Gas-phase structure of [POM(y-CD),]®". The Wells-
Dawson POM [P,W;50,,]°” presents both a longitudinal (long
axis) belt region and capping surfaces where the y-CD mole-
cules can interact. Moreover, the y-CD molecule is flexible in
nature and conformational changes can occur by bond
rotations at the glycosidic linkages or the hydroxyl groups.
Previous ion mobility studies on complexes of y-CD molecules
with metal ions revealed the presence of multiple
conformers.*®*? The various interaction sites of the POM com-
bined with the conformational flexibility of y-CD potentially
lead to a large conformational space, where the conformation-
al stability will be affected by the nature of the interactions of
the POM surface and the y-CD ligand. For [POM(y-CD),]°~, we
observed one stable structure in the gas-phase, suggesting only
one stable conformer. This suggests that the conformational
flexibility of the y-CD ring is restricted when bound to the
surface of the POM and that there is obviously one single pre-
ferred coordination site of y-CD to the POM. To determine the
structure of isolated [POM(y-CD);]°", we first carried out
quantum chemistry based molecular docking calculations

Nanoscale, 2025,17, 22988-22999 | 22991
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between [POM]®~ and y-CD using the automated Interaction
Site Screening (aISS)*' algorithm implemented in the XxTB
program package.>® The lowest energy isomers obtained from
molecular docking were further optimized with the r’SCAN-3c
DFT composite functional, which proved to be accurate for
conformational problems.*> The resulting structure (M1) is
presented in Fig. 3A. It shows partial inclusion of the POM
into the cavity of y-CD, where the y-CD molecule sits obliquely
across the longitudinal belt and one of the capping surfaces of
the POM. Binding occurs through the -OH groups on the sec-
ondary rim of y-CD. We considered further isomeric structures
of [POM(y-CD);]°” with y-CD interacting laterally over the
longitudinal belt region through its secondary (isomer M2)
and primary (isomer M3) rim sites. The resulting DFT-opti-
mized structures are shown in Fig. 3B and C, respectively. For
the free energy differences, we refined the r>SCAN-3c electronic
energies with ®B97X-V**/def2-QZVPP.>°* While M1 and M2 have
similar free energies, M3 has an ~1.13 eV higher free energy
(0.80 eV with r’SCAN-3c) (see the details in Table S2),
suggesting that M3 is a less favorable form. The small energy
difference between M1 and M2 does not indicate a clear prefer-
ence of one structure over another and is within the error of

22992 | Nanoscale, 2025,17, 22988-22999
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the applied methods for such complexes. However, in the
experiment, only one conformer was observed (at a
resolution of ~140, FWHM of the [POM(y-CD);]°" peak is
4.8 A>, Fig. 2).

To identify which one of those two conformers is observed
in the experiment, we calculated the CCS values of the DFT-
optimized structures with the trajectory method (TM) in IMoS
1.9 using the optimized Lennard-Jones (L]) parameters for W
reported earlier, i.e. ¢ = 3.75 meV and ¢ = 4.40 A,*" instead of
the default parameters of IMoS (¢ = 2.60 meV and o = 3.5 A).
Thereby, we considered the quadrupole interactions that are
expected to be important due to the high negative charge of
the complexes. With the optimized L] parameters for W, we
obtained better agreement with the experiment in the case of
the parent [HPOM]’~ (Fig. S4) for which the possible structural
types are more constrained than those for the y-CD adducts.
The condensed phase structure of [POM]°~ is known from crys-
tallography data’*>* and the [HPOM]’~ structure was built by
adding H to possible protonation sites. With the optimized LJ
parameters for W, the ™CCSy, value of the lowest energy
structure of [HPOM]®~ (see Fig. S4) was 516.1 A” and is in very
good agreement (within ~1%) with the experiment ("™°CCSy,
= 515.4 A%). When using the default IJ parameters, the calcu-
lated CCS is ~4% smaller ("™CCSy, = 497.6 A%). The values of
™CCSy, were 667.2 A%, 659.2 A* and 686.4 A* for M1, M2 and
M3, respectively. The standard error in the values of ™CCSy,
was <0.4%. The structure M1 (™CCSy, = 667.2 A%) shows the
best agreement with the experiment ("™°CCSy, = 665.0 =
3.1 A%). Although M1 and M2 were energetically similarly prob-
able in the gas-phase, the TIMS results suggest that only M1
exists as the dominant gas-phase isomer as the possible pres-
ence of M2 can be excluded by the high-resolution ion mobi-
lity measurements. Notably, the structure M3, which shows
interactions through the primary rim sites of y-CD, can be
ruled out by both energetic and ™°CCSy, means, even
though such interaction motifs were observed previously in
the condensed phase/solution.'* However, such a structure is
energetically less favorable in the isolated state due to a
smaller number of HB interactions, compared to structures
that show binding through the secondary rim sites of y-CD.
Different from the gas-phase, such structures get stabilized
from the overall extended packing patterns in the condensed
phases or in the solution-phase.'* To quantify this, Table S3 in
the SI presents the HBs identified in the structures M1, M2
and M3. The structures M1 and M2 exhibit the highest
number of intermolecular HBs, formed between the secondary
OH groups of y-CD and the O atoms of the POM. In contrast,
the structure M3—where the POM is coordinated through the
primary OH rim of y-CD—exhibits a lower number of inter-
molecular HBs between y-CD and the POM and the lengths of
the intramolecular HBs in the secondary rim sites of y-CD all
exceed 2 A. Consequently, M3 exhibits a lower overall HB stabi-
lization energy compared to M1 and M2. This line of reasoning
can, in principle, also be applied to larger systems in which
the POM is coordinated by multiple y-CD units. In such cases,
the spatial arrangement and nature of the OH groups involved

This journal is © The Royal Society of Chemistry 2025
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M1
™CCS,, = 667.2 A2
AG =0.01 eV

™CCS,, = 735.0 A2
AG =0.43 eV

™CCS,, = 659.2 A2
AG = 0.00 eV
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MCCS,, = 686.4 A2
AG=1.13eV

D3
™MCCS,, = 742.9 A2 ™MCCS,, = 784.2 A2
AG =0.00 eV AG =0.20 eV

Fig. 3 DFT optimized isomeric structures of (A—C) [POM(y-CD),]°~ and (D—F) [POM(y-CD),]®". Color codes: pink: WOg octahedron, orange: PO,
tetrahedron, green: y-CD. AG is the relative change in free energy in the gas-phase, computed using the ®B97X-V/def2-TZVPP method for M1-M3
(A-C) and the r’SCAN-3c method for the larger D1-D3 (D-F). Individual energetic contributions are listed in the SI. Standard error in TMCCSN2

values was <0.4%. (POM = P,W;50s,).

in coordination would similarly influence the HB network and
stabilization energy.

3.4.2. Gas-phase [POM
(7-CD),]°". Similarly, we considered several isomeric structures
of [POM(y-CD),]®” by varying the site of attachment of the
y-CDs on the POM surface. In isomer D1 (Fig. 3D), the two
y-CD molecules were attached on opposite sides of the longi-
tudinal belt region (long axis) of the POM, such that the POM
lies sandwiched between the two y-CD molecules. In isomer
D2 (Fig. 3E), one y-CD interacts laterally over the longitudinal
surface and the other obliquely over the longitudinal and
capping surface. In isomer D3, both y-CD molecules were
placed obliquely over the POM surface (interaction site similar
to M1) at opposite sides. In all cases, the interaction of the
y-CD molecules was considered through the secondary rim,
which offers more HB interactions, as already observed in the
case of [POM(y-CD);]°". Interactions through the primary rim
sites will lead to energetically significantly less favorable struc-
tures and hence they are not considered further. Among the
calculated structures, D1 was the most compact isomer with
™QCCSy, of 735.0 A> and could be assigned to the isomer (i)
observed in the experiment ("™°CCSy, of 728.6 + 0.5 A®). The
structure D2 (™CCSy, of 742.9 A%) could explain the larger
isomer (i) ("®CCSy, of 738.4 = 0.4 A%) observed in the experi-
ment (Fig. 2B). The ™CCSy, of D3 was 784.2 A%, which was
much larger compared to the experimentally observed ones,
and hence, its possible existence could be ruled out.
Regarding the free energy difference, D2 was the energetically

structure of conformers of

This journal is © The Royal Society of Chemistry 2025

most stable structure, followed by D1 (0.43 eV higher in energy
compared to D2), further supporting the findings that D1 and
D2 have "™5CCSy, values that match the experiment. However,
it has to be noted that the energy evaluation might be less
accurate than for the [POM(y-CD),]° structures as the Hessian
calculations of vibration for the thermo-contributions were
carried out with GFN1-xTB and the single-point Hessian
approach® instead of r’SCAN-3c due to the larger size and
electronic complexity of the adducts. Furthermore, ®B97X-V/
def2-QZVPP energy refinement of the r2SCAN-3c electronic
energies was not feasible.

3.4.3. Gas-phase structure of conformers of [POM
(y-CD);3]°". For [POM(y-CD);]°", four distinct isomers were
observed in TIMS MS studies (Fig. 2), as the additional y-CD
molecule leads to a larger number of possible stable isomers.
The isomeric structures of [POM(y-CD);]®~ (T1-T4) simulated
are shown in Fig. 4 and were generated considering different
patterns of packing of the three y-CD molecules on the POM
surface. Due to the larger size of the adducts, DFT geometry
optimizations were not feasible and all calculations were
limited to the semi-empirical GFN1-xTB level. To estimate the
errors introduced by the GFN1-XTB geometry optimizations, we
compared the DFT-optimized structure of M1 to the result of a
GFN1xTB optimization (Fig. S5). ™CCSy, of the GFN1-xTB
optimized structure was smaller by 1.3% compared to that pre-
dicted by DFT as the NCI contacts were generally closer. The
RMSD between the DFT and GFN1-xTB structures was 0.38 A,
suggesting that GFN1-xTB could also be used to predict the

Nanoscale, 2025, 17, 22988-22999 | 22993
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™CCS,, = 814.9 A2
AG =0.00 eV

™CCS,, = 791.6 A
AG =0.81eV
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side view

top view

™MCCS,, = 815.0 A2
AG =0.87 eV

™MCCS,,, = 828.8 A2
AG =1.66 eV

Fig. 4 GFN1-xTB optimized structures of different conformers of [POM(y-CD);]®". The view along the longitudinal side (long axis) is shown with A—
D and along the capping surface with E—H. Color codes: pink: WOg octahedron, orange: PO, tetrahedron, three y-CDs are colored differently in
blue, green and pink, white: H transferred to the POM surface or bonded between two y-CDs. The standard error in the mean values of TMCCSN2

denoted here is <0.4%. The AG values were calculated with GFN1-xTB.

topology of the adducts qualitatively, but larger errors com-
pared to DFT are expected. Furthermore, in structures T1-T4,
proton transfer from the -OH groups of the y-CD to the O
atoms on the POM surface occurred. This is likely an artifact
of GFN1-xTB as it was also observed when optimizing smaller
adducts with GFN1-xTB where DFT optimizations did not
show a proton transfer (Fig. S5). However, such small effects
are unlikely to affect TMCCSNZ. In all these simulated struc-
tures, binding of y-CD to the POM surface was again con-
sidered through the larger secondary rim to maximize the
number of HB interactions. The view of the structures T1-T4
along the longitudinal side is presented in Fig. 4A-D and the
view along the capping surface is in Fig. 4E-H, respectively. In
T1 (Fig. 4A and E), three y-CDs were packed over the longitudi-
nal surface of the POM, leading to a compact structure with
the surface around the long axis of the POM completely
wrapped by the y-CD molecules. In T2 (Fig. 4B and F), one
y-CD binds laterally over the longitudinal surface. On the
opposite side of the POM relative to this y-CD, the other two
y-CDs bind obliquely across the two capping sites. The struc-
ture T2 can be visualized to hierarchically grow from the lower
adduct D2, where an additional y-CD attaches over the exposed
surface of the POM in D2. In isomer T3 (Fig. 4C and G), two
y-CDs bind on opposite sides of the longitudinal surface of the
POM and the third CD binds on one of the capping surfaces.
This structure T3 can also be considered to hierarchically grow
from D1, with an additional y-CD covering one of the capping

22994 | Nanoscale, 2025, 17, 22988-22999

surfaces of D1. In T4 (Fig. 4D and H), the three y-CDs were
arranged over the longitudinal surface of the POM, but here
the y-CDs were less compactly packed compared to isomer T1.
The structures T1-T4 show TMCCSNZ values of 791.6, 814.9,
815.0 and 828.8 A%, respectively. This agrees with the range of
TMSCCSy, values of the four isomers observed in the experi-
ment (790.6 = 0.6 A%, 798.7 + 0.6 A%, 821.2 + 0.6 A> and 825.1 +
0.5 A%. While the errors observed in the computations are
larger due to the limited applicability of precise methods,
TIMS MS and theoretical studies revealed that in isolated
states, multiple isomers exist in a [POM(y-CD);]°~ complex due
to different binding patterns of the y-CD molecules over the
POM surface. A comparison between the experimental
TMSCCSy, values and ™CCSy, values for the calculated struc-
tures is given in Table 1.

3.5. Effect of counter ions (K*) and charge state on the con-
formational space of the POM and y-CD adducts

We further performed TIMS measurements on [KPOM
(y-CD),J>". Different from [POM(y-CD),]°", where only one
isomer was observed (Fig. 2), the TIMS spectra of [KPOM
(y-CD),]>~, presented in Fig. 5A, clearly show two distinct
isomers with "™5CCSy, values of 593.9 + 0.6 A> and 605.2 =
1.0 A% This revealed the role of the counter ions in controlling
the conformer-space of these adducts, as upon attachment of
the K* ion, more isomeric structures are stable.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Comparison of T'MS‘CCSN2 (mean values) of the observed
species and ™MCCSy, of the calculated structures that matched best with
the experiment

Species ™Scesy, (A%) ™cesy, (A%)
[POM(y-CD),]*~ 665.0 (i) 667.2 (M1)
[POM(y-CD),]*~ 728.6 (i) 735.0 (D1)
738.4 (ii) 742.9 (D2)
[POM(y-CD);]*~ 790.6 (i) 791.6 (T1)
798.7 (ii) 814.9 (T2)
821.2 (iii) 815.0 (T3)
825.1 (iv) 828.8 (T4)
[KPOM(y-CD),]°~ 593.9 (i) 597.3 (M'1)
605.2 (ii) 609.7 (M'2)

Similar to [POM(y-CD),]*~, several possible structures of the
isomeric [KPOM(y-CD),]’>~ were optimized with r’'SCAN-3¢ and
refined with ©B97X-V/def2-QZVPP electronic energies. The
lowest energy structures with matching "™ CCSy, values are pre-
sented in Fig. 5B and C. Isomer M'1 shows binding of y-CD lat-
erally over the longitudinal surface of the POM and the K' ion
on the opposite surface. Isomer M'2 shows binding of the
y-CD obliquely over one of the capping surfaces and the longi-
tudinal surface with K" on an adjacent site on the longitudinal
surface. The ™CCSy, of M'1 is 597.3 A%, which matches the
experimentally observed isomer (i) ("™°CCSy, of 593.9 A%). The
isomer M'2 with a ™CCSy, value of 609.7 A> corresponds to
isomer (i) ("™5CCSy, of 605.2 A?) in the experiment. The
other isomeric structures which were considered with K"
attached over the capping surface are shown in Fig. S6. A struc-
ture with y-CD attached laterally over the longitudinal surface
like M'1 but with K' over the capping surface (Fig. S6A)
showed a ™(CCSy, value of 600.3 A> and hence its possible
existence in the experiment cannot be ruled out by CCS alone.
However, its free energy was higher by 0.67 eV compared to M’
2 and is unlikely to be present in the experiment. A structure
similar to M'2 but with the K' position over the capping
surface (opposite to the side of y-CD) could also be ruled out
due to its 0.54 eV higher free energy than that of M2, and a

A [KPOM(y-CD),J*

500 600 700

TIMSCCSNZ (AZ)

View Article Online

Paper

™gCSy, value of 619.0 A* (Fig. S6B), which is much higher
compared to the experimentally observed values.

We further performed TIMS measurements for [KPOM
(y-CD),]>~ (n = 2, 3) and [K,POM(y-CD),]*” (n = 1-3). The
spectra and "™°CCSy, values are presented in Fig. S7 and
Table S1. Similarly to the previously discussed result, they
revealed that for a fixed number of y-CD molecules attached to
the POM, the conformer stability is strongly affected by the
number of K' ions attached and hence the overall charge state
of the species.

3.6. CID studies on [POM(y-CD),]°” (n = 1-3) complexes

In order to further probe the nature of the interaction between
the POM and the y-CD, we performed collisional excitation of
the [POM(y-CD),,]°” (n = 1-3) complexes with N,. Transfer of
protons from y-CD to the POM surface was observed during
the detachment of y-CD from the POM surface. The proton
transfer to the POM surface was also followed by the loss of
water molecules, suggesting that decomposition of the POM
can occur inside the y-CD cavity (Fig. S8-510). This is consist-
ent with the fragmentation behavior of CD complexes of
Keggin and Lindqvist POMs, which has been observed
earlier.>*

3.7. Anion PES studies on POMs and their adducts with y-CD

3.7.1. PES experiments to determine experimental electron
binding energies (EBEs). To investigate how non-covalent com-
plexation of CDs with POMs affects their electronic structures,
we performed anion PES on the multicharged POM anions
and their respective y-CD adducts. A previously reported
machine*® (PES coupled to an IMS MS platform) was used for
the PES measurements. Note that the ion mobility resolution
of the IMS cell in this setup is ~30 and hence the isomers
observed on the high resolution TIMS platform (as described
above) were not resolvable here. All the isomers of a particular
species contribute to the PES spectra that will be discussed
below. Note that in principle two different ESI sources operat-
ing under different conditions may not make the same isomer

M1 M2
™MCCS,, = 597.3 A2 TMCCS,, = 609.7 A2
AG =0.23 eV AG =0.00 eV

Fig. 5 (A) TIMS spectra of [KPOM(y-CD),]*", (B and C) DFT-optimized lowest energy structures of [KPOM(y-CD);]>~. "™SCCSy, values denote the
mean values over three measurements. The standard error is <1.0 A% AG is the relative free energy, computed using the @B97X-V/def2-TZVPP
method. Color codes: pink: WOg octahedron, orange: PO, tetrahedron, green: y-CD.

This journal is © The Royal Society of Chemistry 2025
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distribution. However, given the host-guest nature of the
adducts generated, we expect identical overall structure
types and assume that identical isomer distributions are
generated.

The PES spectrum of the parent [KPOM]’~ anion was
measured at a detachment wavelength of 210 nm. This clearly
showed the presence of two bands (Fig. 6A). PES spectra of
[KPOM]®~ were recorded at higher wavelengths of 220 nm and
240 nm (Fig. S11). The spectra allowed us to estimate the
corresponding ADE (adiabatic detachment energy), VDE (verti-
cal detachment energy) and RCB (repulsive Coulomb barrier).
For [KPOMJ’~, the corresponding ADE was determined to be
—2.6 = 0.5 eV (reflecting the threshold on the lower electron
binding energy (EBE) side) and VDE was assigned as —1.3 =+
0.4 eV to reflect the maximum of the first band. The negative
values of the EBEs indicate that the [KPOM]>~ anion is electro-
nically metastable in the gas-phase, but the repulsive Coulomb
barrier (RCB) prevents significant electron tunneling autode-
tachment before UV laser irradiation. Autodetachment of an
electron from the [HPOM]’~ electronic ground state was also
observed using an Orbitrap instrument, which showed
e-detachment half-lives of 40-100 s (depending on experi-
mental conditions), when the parent ion was isolated in the
ion trap (Fig. S12). From the PES experiment, the RCB was
determined to be 4.0 + 0.3 eV (from the spectral cutoff at the
higher EBE - see also discussion in the SI). Negative EBEs have
also been previously reported for similar POMs such as
PVW,,0,,"” (ADE: —0.90 eV and VDE: —0.63 eV).>® In contrast,
Keggin type anions such as [PM;,040]>~ were highly stable in
the gas-phase with an ADE of 1.7 eV for M = Mo and 2.1 eV for
M = W, respectively.>®

Similarly, PES spectra were also recorded for the adduct
[KPOM(y-CD),]>~ at 210 nm (Fig. 6B) and the measured ADEs

A [KPOM]> & [POM(y-CD),]*
, , : (11
-2 0 2 -2 0 2
B [KPOM(y-CD),I D [POM(y-CD),]*
2 0 ' 2 0 2
EBE (eV) EBE (eV)

Fig. 6 Negative ion photoelectron spectroscopy (PES) spectra of (A)
[KPOMI®~, (B) [KPOM(y-CD),J*>~, (C) [POM(y-CD),|®~ and (D) [POM
(y-CD),1®", measured at 210 nm. EBE denotes the electron binding
energy.
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were used to determine the stabilization of the [KPOM]>~
anion resulting from complexation with y-CD. For [KPOM
(y-CD);>~, the ADE was determined to be —0.2 + 0.3 eV
(Fig. 6B). The ADE value showed a significant shift to a higher
EBE for [KPOM(y-CD);]>~ compared to that of [KPOM]>,
suggesting that binding of the [KPOM]’~ anion in the cavity of
y-CD stabilizes the anion electronically by ~2.4 eV. We further
performed PES measurements on the adducts [POM(y-CD);]°~
(Fig. 6C) and [POM(y-CD),]°” (Fig. 6D) at 210 nm and the ADEs
of these anions were —2.0 + 0.5 eV and —1.4 + 0.4 eV, respect-
ively. Here also, complexation of a second y-CD molecule to
[POM(y-CD),]°" stabilizes the anion and increases the ADE by
~0.6 eV. The isolated POM (without y-CD complexation) was
not observed in the 6 charge state in the gas-phase, so com-
parison with the [POM]°~ anion could not be made to assess
the stabilization by the addition of the first y-CD molecule.
Experimental errors are higher for faster electrons due to the
unavailability of suitable calibration systems in the negative
EBE side. For the adducts with y-CD, PES spectra could not be
obtained at longer wavelengths and hence their VDE and RCB
were not determined. PES measurements could not be per-
formed on other y-CD adducts of the POM due to poor signal
intensity in the PES setup.

3.7.2. Calculated ADEs and discussion on electron binding
energies (EBEs). The theoretical ADEs of [KPOM]’~ were pre-
dicted with PBE0®’-D4°%/def2-QZVPP to be —1.74 eV, while the
range-separated hybrid wB97X-V/def2-QZVPP yielded —1.19 eV.
While these rather large deviations between both hybrid
methods already indicate larger errors predicting ADEs for
such electronically complex systems, the overall trend of nega-
tive EBEs supports the experimental observation as discussed
below. For the larger [KPOM(y-CD);]°~, no converged wavefunc-
tion could be achieved with PBEO, so only the @B97X-V/def2-
QZVPP result was considered further. Here, the calculated ADE
for [KPOM(y-CD),]>~ was determined to be +1.68 eV. This is
again a large shift compared to the experiment (0.2 + 0.3 eV),
but it is ~2.9 €V higher than the predicted value for [RPOM]*~
and agrees well with the trend in the experiment (~2.4 eV
increase of the ADE upon CD complexation). Hence, this con-
firms the electronic stabilization of the [KPOM]’~ anion upon
complexation with neutral y-CD, which can also be deduced
from a Born-Haber cycle, as shown in Fig. S13. According to
Fig. S13, the electronic stabilization due to complexation with
¥-CD can be expressed as

AADE = ADE([KPOM]’~) — ADE([KPOM(y-CD)]’")
= AAG,([KPOM(y-CD)]*") (1)
— AAGy([KPOM(y-CD)]* ")

where ADE([KPOM]’") and ADE([KPOM(y-CD)]*") are the adia-
batic electron detachment energies of [KPOM]’~ and [KPOM
(y-CD)’~ and AAG, ([KPOM(y-CD)]*") and AAG, ([KPOM
(y-CD)]?") are the binding free energies of y-CD to the POM
anions. Such approaches have also been used earlier to esti-
mate BEs from PES data for other systems.”>*® The binding
free energies were calculated with ©B97X-V/def2-QZVPP elec-

This journal is © The Royal Society of Chemistry 2025
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tronic energies and GFN1-xTB thermo corrections via a single-
point Hessian approach for the r*SCAN-3c optimized struc-
tures. The AAG), values for y-CD binding to [KPOM]’~ and
[KPOM]*~ were —6.5 eV and —3.8 €V, respectively. The stabiliz-
ation of [KPOM]>~ by complexation with y-CD can be estimated
from the binding energy difference of ~2.7 eV (AADE = —3.8 —
(—6.5 eV) = 2.7 eV) in reasonable agreement with the experi-
ment (~2.4 eV). A similar phenomenon was also observed in
the case of negative ion PES measurements on boron clusters,
where the inclusion of B;,X;,>” clusters in the cavity of CDs
resulted in an increase in their electronic stability."* Moreover,
PES studies on such non-covalent complexes of B;,X;,>~ clus-
ters with CDs revealed the existence of two distinct RCBs
arising from electron detachment from B;,X;,>~ and ioniza-
tion of the neutral CD molecule.®*

4. Conclusion

In summary, we report a joint experimental and theoretical
investigation on the geometrical and electronic structures of
the non-covalent adducts of y-CD with a POM in their isolated
states. Using TIMS studies, we demonstrate that supramolecu-
lar adducts of y-CD with the POM show distinct conformers in
their isolated states (gas-phase) in contrast to their condensed
phase structures, which show one dominant form. The gas-
phase topologies are also different compared to their pre-
viously reported solution-phase or condensed-phase forms.*
Moreover, attachment of counter ions and charge states of the
adducts also affected the nature of the conformer formation in
the gas-phase. The geometrical structures were resolved
through comparison of experimentally observed ™™°CCSy,
with ™CCSy,, i.e. calculated CCS of computationally predicted
structures. Moreover, anion PES studies revealed that the EBE
(ADE) of the POM anion significantly increases upon com-
plexation with y-CD, suggesting that electronic stabilization of
the POM anion occurs upon complexation with the y-CD
cavity. Our work provides significant insights into the geo-
metrical and electronic structures of non-covalent complexes
of the POM and y-CD, which will enable better designing of
supramolecular hybrids in the future. Moreover, the obser-
vation of different structures in the gas-phase compared to
the structures formed in the solution phase or condensed-
phase suggests that new types of supramolecular assemblies
can be created by preparative MS methods,**®® which cannot
be accessed by conventional condensed phase routes.
Deposition of m/z-selected ions on surfaces by the method of
ion soft-landing has been used in the past to create novel
materials (most recently even alternating between mass-
selected ions and mass-selected counterions).®”> A future
direction would be to couple IM techniques to such ion-depo-
sition systems to allow isomer-selective deposition of m/
z-selected ions. Mass and isomer-selected [POM(y-CD),,] com-
plexes could be deposited on different surfaces or ionic
liquids to create new materials with properties related to
their gas-phase assembly.

This journal is © The Royal Society of Chemistry 2025
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