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Polyoxometalates (POMs) with localized radical or open-shell metal sites have the potential to be used as
transformative electronic spin based molecular qubits (MQs) for quantum computing (QC). For practical
applications, MQs have to be immobilized in electronically or optically addressable arrays which intro-
duces interactions with supports as well as neighboring POMs. Herein, we synthesized Keggin POMs with
both tungsten (W) and vanadium (V) addenda atoms. lon soft landing, a highly-controlled surface modifi-
cation technique, was used to deliver mass-selected V-doped POMs to different self-assembled mono-
layer surfaces on gold (SAMs) without the solvent, counterions, and contaminants that normally accom-
pany deposition from solution. Alkylthiol, perfluorinated, and carboxylic-acid terminated monolayers were
employed as representative model supports on which different POM-surface and POM—-POM interactions
were characterized. We obtained insights into the vibrational properties of supported V-doped POMs and
how they are perturbed by interactions with specific surface functional groups using infrared reflection
absorption and scattering-type scanning near-field optical microscopy, as well as tip enhanced Raman
spectroscopy. Different functional groups on SAMs and nanoscale heterogeneity are both shown to
modulate the observed spectroscopic signatures. Spectral shifts are also found to be dependent on
POM—-POM interactions. The electronic structure of the V-doped POMs was determined in the gas phase
using negative ion photoelectron spectroscopy and on surfaces with scanning Kelvin probe microscopy.
The chemical functionality and charge transfer properties of the SAMs are demonstrated to exert an
influence on the charge state and electronic configuration of supported V-doped POMs. The geometric
and electronic structure of the POMs were also calculated using density functional theory. Our joint
experimental and theoretical findings provide insight into how V substitution as well as POM-surface and
POM—-POM interactions influence the vibrational properties of POMs.

such spin centers have to be arranged into optically or electri-
cally accessible quantum gates (QGs) capable of performing

Several envisioned quantum computing (QC) architectures
take full advantage of coherent electronic spins in open shell
metal containing species and molecular radicals." In practice,
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algorithmic operations.” Indeed, large scale QC will only be
achieved if an appropriate and addressable set of QGs are
arranged in a controlled and scalable manner.’> Coordination
complexes and magnetic molecules may be used to assemble
two-qubit QGs that provide notable advantages over solid-state
systems.* In particular, all molecules synthesized following a
given chemical reaction are identical and their structures may
be tailored extensively using established chemistry.?
Coordination chemistry also provides a way of arranging mul-
tiple paramagnetic ions or assemblies of strongly coupled
open shell metals within a molecule.® These species may be
connected across multiple length scales through convenient
and potentially switchable interactions.® Molecular metal

This journal is © The Royal Society of Chemistry 2023
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oxides, known as polyoxometalates (POMs), have additional
advantages for QC such as being robust species that maintain
their structural integrity in solution, in the solid state, and
potentially in 2-dimensional (2D) arrays.” POMs may host
single magnetic ions or groups of ions at defined sites in their
rigid structure, leading to large magnetic molecules and clus-
ters with defined topologies and symmetry.” Due to their mul-
tielectron reduction-oxidation (redox) activity, POMs may also
accommodate different numbers of electrons while maintain-
ing their geometric structure, making them valuable model
systems with which to study the interplay between electron
delocalization and magnetic exchange in high nuclearity
clusters.””®

Despite their advantages, increasing the spin coherence
times of MQs supported in arrays remains a challenge that is
hindering their use in QC.> Ensembles of identical weakly
interacting spin centers are favored in this regard because
there is a fine line between optimum coherent signal gene-
ration and onset of decoherence from spin centers interacting
with one another and their environment.’® Knowledge gaps
remain regarding how the geometric and electronic structures
of POMs and supports may be tailored to minimize different
decoherence mechanisms (i.e., nuclear spin diffusion, electron
spin coupling, methyl rotation, spin-lattice relaxation, and
spin diffusion barriers) and design qubit arrays with
sufficiently long coherence times (T > 100 ps) for practical QC
applications."* In particular, spins in supported molecules
relax through spin-lattice interactions, making the surface-
qubit interface an influential parameter determining the per-
formance of MQ arrays.12 Innovative approaches are needed to
prepare and characterize well-defined arrays of supported MQs
to achieve transformational advances in the understanding of
spin decoherence mechanisms. Synthetic methods currently
used to prepare magnetically doped POMs in solution usually
result in a broad and poorly-defined distribution of products.
The undefined composition of doped MQs, combined with the
presence of solvent and counterions, often results in uncon-
trolled formation of aggregates and crystallites following drop
casting onto surfaces from solution. Collectively, these con-
founding factors make it challenging to establish the struc-
ture-property relationships needed to inform the predictive
design of MQ arrays with extended coherence times.

Ion soft landing (ISL) is a versatile technique that facilitates
the preparation and modification of homogeneous films of
mass-selected polyatomic ions in predetermined charge states
through controlled deposition of gas-phase ions onto
surfaces.’*>! This distinguishing capability allows supported
ions to be investigated in the absence of interference from
counterions, solvent molecules, and other impurities that are
present at interfaces prepared using solution based
deposition.”*** In addition, soft landed ions are deposited
without  aggregation and  crystallite  formation.***
Correspondingly, ISL is able to prepare the highest achievable
coverage of discrete polyatomic ions and clusters dispersed
homogeneously on surfaces. In particular, ISL has recently
demonstrated itself to be a powerful technique for the con-
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trolled fabrication of well-defined POM-based interfaces for
energy storage applications.®?>*>®

Retention of charge by polyatomic ions soft landed onto
self-assembled monolayers (SAMs) on gold was initially
observed by Cooks and co-workers.”® In subsequent investi-
gations of inherently charged cations, we found that the 3+
charge state of Au,,®t clusters was retained on fluorinated
monolayers (FSAMs) up to a threshold surface coverage, while
SAMs terminated with carboxyl (COOH-SAM) and methyl
groups (HSAM) stabilized soft landed Au,,”* clusters predomi-
nantly in the 2+ and 1+ charge states, respectively.***' On
HSAMSs, cationic clusters underwent rapid charge reduction
and neutralization through electron transfer from the under-
lying gold surface, while on FSAMs cationic clusters exhibited
much slower charge reduction.®® Retention of positive charge
by soft landed cations on FSAMs is attributed to an energy
barrier for electron transfer resulting from the electronegativity
of the fluorine atoms in the SAM which induce a dipole at the
Au-S interface.®” In comparison, the charge retention and neu-
tralization of negatively charged anions soft landed onto SAMs
is remarkably different to that of cations. Specifically, triply
charged POM anions were previously found to retain charge
on all three SAM surfaces.>®?” The unexpected charge reten-
tion was attributed to the large electron binding energies of
the POM anions.*®

POMs are known to undergo rapid and reversible multielec-
tron redox processes while maintaining their geometric struc-
ture,** making them promising systems for a wide range of
applications including electrochemical energy storage,*
photochromic films,”> and microelectronics.>® In the context
of MQs for potential QC, we focus herein on vanadium-doped
tungsten Keggin POMs [PV,W;,_,04]®"~ because they are
amenable to solution synthesis with different numbers of V
atoms, each of which introduces a spin-unpaired electron to
the cluster. Alkylthiol (HSAM), hydrophobic perfluorinated
alkylthiol (FSAM), and hydrophilic carboxylic acid (COOH-
SAM) terminated monolayers on gold were selected as well-
defined representative model supports on which to character-
ize POM-surface and POM-POM interactions relevant to poten-
tial QC applications.

In this paper, we report the electronic structure of
PVW,,0,,"~ (VPOM*"), which was synthesized in solution and
measured in isolation in the gas phase using electrospray
ionization mass spectrometry (ESI-MS) and negative ion photo-
electron spectroscopy (NIPES). The electronic properties of
VPOMs soft landed on different SAMs was revealed using scan-
ning Kelvin probe microscopy (KPFM). We investigated the
vibrational properties of supported VPOMs and how they are
influenced by interactions with different SAM surfaces using
infrared reflection absorption spectroscopy (IRRAS) and
nanoindentation enhanced tip enhanced Raman spectroscopy
(TERS). The effect of POM surface coverage, and thereby POM-
POM interactions on the vibrational modes of VPOMs, was
also characterized using scattering-type scanning near-field
optical microscopy (s-SNOM). The electronic structure and
vibrational spectra of the POMs were modeled using density
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functional theory (DFT) calculations. Our joint experimental
and theoretical investigation offers insight into how intra-
molecular interactions between the substituted V atom and
other atoms (W and O), as well as POM-surface and POM-POM
intermolecular interactions influence the electronic and
vibrational properties of supported POMs.

Results and discussion

The experimental and theoretical results are separated into
two sections. The first section describes the electronic pro-
perties of VPOM*™ in the gas phase and supported on different
SAMs. The second section presents the vibrational properties
of SAM-supported VPOM*~,

Electronic properties of VPOM*~ in the gas phase and sup-
ported on SAMs

Electrospray ionization mass spectrometry (ESI-MS).
VPOM*™ anions were prepared through a direct one step solu-
tion-phase synthesis and characterized using ESI-MS. Mass
spectrometer conditions were optimized to minimize fragmen-
tation of POMs through in-source collision induced dis-
sociation so that mass spectra were representative of the
species in solution.’” As shown in Fig. 1a, the solution pre-
pared by mixing Na;PO,-12WO;-xH,O : NaVO; salts in a molar
ratio of 11:1 produced several V-doped POM anions with
VPOM"~ exhibiting the highest relative abundance in the mass
spectrum. The mass spectrum of WPOM>~ is provided in
Fig. 1b for comparison. Notably, the ESI mass spectrum in
Fig. 1a includes both the quadruply (VPOM*") and triply
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Fig. 1 Representative negative mode electrospray ionization mass
spectra of (a) 100 pM VPOM*~ solution in water prepared using an
11:1 molar ratio of NazPO4-12WOs3-xH,0 : NaVOs salts, and (b) 100 pM
WPOM?3~ solution in methanol prepared using Naz[PW;,040]-xH,0.
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charged [H'] [VPOM]*~ anions with the latter species resulting
from association of a proton [H'] from water onto VPOM*~
which helps to Coulombically stabilize the highly-charged 4-
anion. To be confident of the molecular formula assignments,
we obtained high mass resolution spectra for each of the
anions observed in Fig. 1a. We compared the m/z accuracy and
relative abundance of each of the experimentally measured iso-
topes in the overall isotopic envelopes of each POM anion
against those calculated using the freely available mMass soft-
ware (https:/www.mmass.org/). Comparisons of the m/z accu-
racy of the experimentally measured isotopes with the corres-
ponding theoretically calculated values for VPOM*™ are pre-
sented in Fig. S1 and Table S1 of the ESL.{ The results confirm
the accurate formula assignment of VPOM®™ (685.79 m/z)
which matches the corresponding calculated theoretical m/z
values with an error Am/z of —0.003.

Negative ion photoelectron spectroscopy (NIPES). To investi-
gate how doping with a V atom influences the electronic struc-
ture and stability of WPOM?®~, the gas-phase photoelectron
spectra of VPOM*~ were recorded at photodetachment wave-
lengths of 193 and 157 nm, as shown in Fig. 2. More than
eight spectral bands were resolved at 157 nm, with the first
band having the lowest electron binding energy (EBE) labeled
as X. Bands appearing at higher EBEs are notated alphabeti-
cally from A to G in ascending order (Fig. 2b). Notably, both
the X and A bands of VPOM*™ are in the negative EBE range.
The X, A, and B bands are better resolved in the 193 nm spec-
trum in Fig. 2a, whereas the D band is substantially reduced in
intensity and the E, F, and G bands are nearly completely sup-
pressed. Suppression and disappearance of higher EBE bands
at longer photodetachment wavelengths, even though their
EBEs are appreciably smaller than the photon energy, is a hall-

(@) 193 nm

(b) 157 nm

2 0 2 4 6
Electron Binding Energy (eV)
Fig.2 T = 20 K negative ion photoelectron spectra of

VPOM*~ obtained at photodetachment wavelengths of (a) 193 and (b)
157 nm.

This journal is © The Royal Society of Chemistry 2023
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mark of photodetachment from multiply charged anions.*®
This characteristic behavior is due to the existence of repulsive
Coulomb barriers (RCBs) against electron detachment that
prevent electrons with kinetic energies smaller than the RCB
from being emitted.>*™*! From the energy of the spectral band
cutoff (i.e., band D of 1.0 eV at 193 nm and band G of 2.4 eV at
157 nm) the magnitude of the RCB for VPOM*~ is estimated to
be 5.4 eV (photon energy minus the cutoff band EBE). This
value indicates that a roughly 5.4 eV intramolecular coulombic
repulsion exists in the quadruply-charged VPOM®*™ anion,
which is about 2.0 eV higher than that for WPOM®~ and
MoPOM?". Previous work reported that these anions have the
same RCB because of their similar size and identical ionic
charge.>® The adiabatic and vertical detachment energies
(ADE, VDE) were measured from the threshold and maximum
of the band X to be —0.9 and —0.63 €V, respectively, revealing
that VPOM*~ is an electronically unstable species in the gas
phase, possessing 0.9 eV of excess energy against electron loss,
but with a finite lifetime bestowed by the RCB. These electron
detachment energies are substantially lower than those pre-
viously reported for pure WPOM?~ (ADE = 2.1 and VDE = 2.3
eV) and indicate that POM-support and POM-POM inter-

VPOM#*

WPOM?*
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actions will play a critical role in stabilizing arrays of VPOM*~
on different surfaces.

Theoretically calculated electron detachment energies.
Density functional theory (DFT) calculations were performed
to provide molecular-level insight into the geometric and elec-
tronic structures of WPOM>~ and VPOM*". These calculations
revealed ADE and VDE values for WPOM®~ [ADE = 1.9 eV (exp.
=2.1 eV) and VDE = 2.2 eV (exp. = 2.3 eV)] and VPOM"~ [ADE =
—1.1 (exp. = —=0.9 eV) and VDE = —0.7 eV (exp. = —0.6 €V)]
that are in good agreement with the experimental NIPES
measurements presented in Fig. 2. Electrostatic potential (ESP)
maps were also calculated for these clusters and are provided
in Fig. 3(a). As expected, VPOM®™ has more negative charge at
its surface compared to WPOM*". In addition, replacement of
W with a V atom results in localization of electron density near
the V atom, as indicated by the larger red areas in the lower
right of Fig. 3a. The highest occupied and lowest unoccupied
molecular orbitals (HOMO/LUMO) of WPOM>~ and VPOM*~
are also presented in Fig. 3b. Although the HOMO of both
clusters is localized at bridging oxygen atoms, the LUMO of
WPOM?™ is delocalized over multiple W sites while the LUMO
of VPOM*~ is located predominately at the substituted V atom.

WPOM?

VPOM*
HOMO/LUMO gap = 3.9 eV

Fig. 3 (a) Calculated structures and electrostatic potential maps of WPOM3~ and VPOM*~ (P atom is located behind central O atom), (b) the highest
occupied/lowest unoccupied molecular orbitals (HOMO/LUMO) of WPOM3~ and VPOM*~. Atoms follow the color scheme in (a), (c) calculated elec-
tron spin density of WPOM3~ and VPOM#, highlighted in green. Atoms follow the color scheme in (a).

This journal is © The Royal Society of Chemistry 2023
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As a result, the HOMO/LUMO gap decreases from 4.3 eV for
WPOM?®~ to 3.9 eV for VPOM*", suggesting that VPOM*~ is
less stable toward chemical reaction than WPOM?®~. The
reduced HOMO/LUMO gap of VPOM®™ has implications for
the long-term stability of supported VPOM*™ arrays. We also
calculated the electron spin density when an electron is
detached from both WPOM®~ and VPOM*", as partial charge
reduction of these ions is possible when they are supported on
surfaces. The spin density, presented in Fig. 3(c), is localized
on a bridging oxygen in WPOM>™ and on the bridging oxygen
atom nearest the V atom in VPOM*~. Comparing the NIPE
spectra of the quadruply charged VPOM*™ anions presented in
Fig. 2 with those of triply charged MoPOM®~ and WPOM®~
anions reported in a previous study,®® the results show that
replacing one group 6 metal atom (i.e., Mo or W in a nominal
+6 oxidation state) with V (i.e., group 5, formally +5 oxidation
state) releases one additional electron that amounts to a total
charge of 4- for VPOM*". Therefore, doping WPOM>~ with one
V atom results in greatly reduced EBEs, from ADE = 1.7 €V in
MoPOM®~ and 2.1 eV in WPOM®~ to —0.9 eV in VPOM"". The
reduced EBE is largely driven by the increased intramolecular
repulsion from 3.4 to 5.4 eV, gauged from the respective RCBs.
Other factors that contribute to the low ADE = —0.9 eV for
VPOM*™ are chemical in nature. Specifically, earlier 3d tran-
sition metals tend to produce lower EBE species than their
later 4d/5d counterparts in similar chemical structures and
oxidation states.*>**> Combined, V-doping makes the excess
electron in VPOM*~ thermodynamically more prone to trans-
fer. This electron is located on a m2-oxo bridging oxygen, as
indicated by the frontier occupied molecular orbitals (MOs).
These results reveal important changes in the electronic struc-
ture of WPOM resulting from substitution of W with V that
will play a critical role in determining the stability of sup-
ported VPOM*™ arrays.

Scanning Kelvin probe force microscopy (KPFM) of sup-
ported VPOM* ™. After confirming the synthesis of VPOM*~
and investigating its geometric and electronic structure in the
gas phase, ISL was used to deposit a predetermined quantity
of WPOM?®~ or VPOM"™ onto three differently terminated SAM
surfaces (i.e., HSAM, COOH-SAM, and FSAM) on gold. ISL is a
highly controlled surface modification technique which avoids
complications that often confound the characterization and
modeling of samples prepared using solution deposition (e.g.,
aggregation, solvent, counterions). In the ISL experiments, ~1
x 10" mass-selected WPOM>~ or VPOM*™ anions were deli-
vered to the SAM surfaces in vacuum (~10~7 Torr) forming cir-
cular deposited regions ~3 mm in diameter. To investigate the
electronic properties and charge retention of VPOM®*™ soft
landed on different SAMs, the substrates were characterized ex
situ both before and after ISL using an atomic force micro-
scope (AFM) operated in the scanning Kelvin probe force
microscopy (KPFM) mode. Previous experiments have demon-
strated that changing the terminal chemical functionality of
SAMs on Au modulates the work function (WF) of the sub-
strate.*> For example, the electronegative sulfur atoms of
n-alkylthiol HSAMs generate a partially negatively charged

5790 | Nanoscale, 2023, 15, 5786-5797
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region at the Au-S interface.** Together with simultaneous
production of a corresponding partially positively charged
CHj-vacuum interface, the resulting charge polarization con-
stitutes a macroscopic interface dipole that reduces the WF of
the HSAM surface. This reduction in WF occurs because the
electron emitted from the underlying Au surface is transported
through the HSAM away from the partially negatively charged
Au-S interface toward the partially positively charged methyl
groups at the vacuum interface. In contrast, replacing the
terminal methyl (CH;) with more electronegative carboxyl
(COOH-SAM) or fluorinated CF; (FSAM) groups generates a
partially negatively charged SAM-vacuum interface.'®*®
Combined with simultaneous production of a corresponding
partially positively charged Au-S interface, the resulting
inverted interface dipole impedes electron transfer from the
underlying gold surface through the SAM. Consequently, the
WF increases in instances where electronegative -COOH or
-CF; terminal groups are present at the vacuum interface. The
three different SAMs investigated in this study were selected as
model systems to explore how different chemical functionality
and electron transfer properties of surfaces influence the elec-
tronic structure and vibrational modes of supported POMs.

As shown in Fig. 4a, the measured WFs of the bare SAMs
increase in the order HSAM (5.03 eV) < COOH-SAM (5.09 eV) <
FSAM (5.52 eV) (Table 1), revealing a trend that is consistent
with previous studies.***® Due to charge reduction and ion
neutralization processes that occur between supported ions
and SAM substrates, soft landed species may become partially
neutralized following deposition.’*'* Previous studies from
our group demonstrated an approach combining experimental
IRRAS measurements with DFT calculations to determine the
distribution of anionic charge states of POMs supported on
different SAMs. This method relies on correlations between
the wavenumbers and shifts of characteristic vibrational
modes [terminal metal-oxygen band (M=0;,), bridging metal-
oxygen bands (M-Op,; ,-M)] and the ionic charge state of sup-
ported POMs. In our previous study, WPOM>~ was found to
partially retain its 3- charge on FSAMs while partially oxidized
WPOM?>~ was observed to be the most abundant species on
HSAMs. In general, the charge retention of soft landed anions
on SAMs follows the order gusam < gcoon-sam < Grsam- Herein,
we used the measured WFs to better understand the ionic
charge states and electronic structure of supported POMs. As
shown in Fig. 4b, following soft landing of WPOM>~ the WFs
of all three SAMs were reduced and found to increase in the
order HSAM (4.77 eV) < COOH-SAM (4.84 eV) < FSAM (4.94
eV). The global reduction in the WFs following deposition of
WPOM?>~ on all three SAMs results from accumulation of nega-
tive charge at the SAM interface. In this case, electrons are
emitted from the WPOM?>~ anions at the SAM interface where
increased negative Coulombic repulsion is present, rather than
from the underlying Au surface. As shown in Fig. 4c, the
measured WFs of soft landed VPOM*~ were found to be closer
to those of the bare SAMs than WPOM?~. Interestingly, the WF
was observed to be larger (5.36 eV) on the HSAM than on the
COOH-SAM (5.17 eV) or FSAM (5.11 eV). This finding contrasts

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Distribution of work function values measured over a 4 ym? area
of (a) bare HSAM, COOH-SAM, and FSAM, (b) 1 x 10 WPOM3~ soft
landed on HSAM, COOH-SAM, and FSAM, and (c) 1 x 10** VPOM*~ soft
landed on HSAM, COOH-SAM, and FSAM.

with the results for the bare SAMs and SAMs with soft landed
WPOM?®~ where the relative WF increased in the order HSAM <
COOH-SAM < FSAM. For VPOM"™, the largest negative charge
is expected to accumulate on the FSAM, resulting in increased
Coulombic repulsion that reduces the WF (assuming electron
emission from VPOM*™ rather than the Au surface). This repul-
sion builds up during deposition because ISL delivers only
anions to the surface without any solvent or counter cations.
In comparison, less negative charge from VPOM*™ is expected
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to be retained on the HSAM, resulting in less Coulombic repul-
sion and a higher WF. Similar to the results for WPOM?®™, in
this case electrons are emitted from VPOM*™ anions at the
vacuum interface rather than from the underlying Au surface.
Based on the gas phase NIPES results presented in Fig. 2, the
ADE and VDE of WPOM>~ are much higher than those of
VPOM*™, due to increased Coulombic repulsion in quadruply
charged VPOM*~ compared to triply charged WPOM>™. In
comparison, the consistently larger WFs measured for
VPOM*~ compared to WPOM>~ on all three SAMs suggests
that the surface plays an important role in stabilizing POMs
toward electron detachment, possibly through an image poten-
tial interaction with the underlying polarizable gold surface.*’
It is also possible that the larger charge accumulation resulting
from soft landing of VPOM*~ compared to WPOM®~ was
sufficient to promote spontaneous electron dissociation or
transfer to the underlying gold surface.’® In either case, this
would result in formation of partially oxidized VPOM>™>~'~
species with reduced overall negative charge and Coulombic
repulsion and, therefore, increased WFs (assuming electron
emission from VPOM*"). These findings illustrate how substi-
tution of a W atom with V influences the electronic structure
and stability of VPOM*~ supported on surfaces with different
chemical functionality and electron transfer properties.
Finding the right balance of substitution and surface function-
ality will be critical to preserving the electronic and vibrational
properties of POMs for potential use in MQ arrays.

Vibrational properties of supported VPOM*~

Infrared reflection absorption spectroscopy (IRRAS) and
theoretical calculations. To investigate how surface inter-
actions influence the vibrational properties of supported
POMs, we obtained IRRAS spectra of WPOM>~ or VPOM* ™~ soft
landed on three different SAMs. The major vibrational features
of POM>™ on SAMs have been characterized in detail pre-
viously.***” To the best of our knowledge, the vibrational
spectra of isolated VPOM*~ supported on well-defined surfaces
has not been reported thus far.*® For WPOM?>~, the main fea-
tures reported in the literature for the asymmetric P-O stretch
are found in the range of 1060-1080 cm™" while the terminal
W=0, stretch appears between 950-970 cm'.>®?7*97%1 Two
different types of bridging tungsten-oxygen bands also con-
tribute vibrational features observed at ~860-880 cm™ (W-
0p,-W) and ~805-820 cm™" (W-0,,-W), respectively. Oxygen
sites are identified as O; (internal), O, (terminal), Ob,, (brid-
ging 1), and Ob, (bridging 2). All of these characteristic IR
bands of POMs have been reported previously in the literature

Table 1 Experimentally measured work functions of the bare SAM substrates on Au before and following soft landing of ~1 x 10** WPOM?3~ or

VPOM*~ anions

Material Work function (eV) Material Work function (eV) Material Work function (eV)
Bare HSAM 5.03 WPOM® /HSAM 4.77 VPOM*~/HSAM 5.36
Bare COOH-SAM 5.09 WPOM?®~/COOH-SAM 4.84 VPOM*~/COOH-SAM 5.17
Bare FSAM 5.52 WPOM®~/FSAM 4.94 VPOM*™/FSAM 5.11

This journal is © The Royal Society of Chemistry 2023
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and are observed in the IRRAS spectra of WPOM?>~ or VPOM*~
presented in Fig. 5a. The presence of these peaks confirms the
intact deposition of WPOM®~ and VPOM*~ onto the SAM sur-
faces. Additional deposition experiments performed at higher
kinetic energies which induce fragmentation of POMs did not
reveal these characteristic peaks.

To better understand and interpret the experimental IR fea-
tures presented in Fig. 5a and the implications of their shifts
on different SAMs, we used DFT calculations to determine the
gas phase IR spectra of isolated WPOM®~ and VPOM*",
Snapshots of the structures used in these calculations are illus-
trated in Fig. 5b, and the theoretically predicted IR/Raman
vibrational spectra are presented in Fig. 5c and d, respectively.
In addition to the IR modes reported previously, the simulated
vibrational spectra validate the peak assignments in the experi-
mental spectrum (Fig. 5a). Specifically, WPOM>~ exhibits two
W-0,, ,-W peaks, one W=0, peak, and one P-O; peak in the
range of 800-1200 cm ™. Furthermore, the simulations identify
additional peaks in the vibrational spectra of VPOM*™ result-

a)

WPOM?*/FSAM

VPOM#4/COOH

VPOM*/HSAM

Absorbance

VPOM4/FSAM

View Article Online
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ing from substitution of one W atom with V (1093-1107 cm ™).
For example, an additional peak is found at ~950 cm™" in
Fig. 5c which is not attributed to a single bond, but rather a
combination band with contributions from both the P-O; and
W-0,-W stretching vibrations. The W=0, mode in VPOM*~ is
comprised of two equally intense peaks located close to each
other instead of the single peak observed for WPOM?>". This
difference in the IR spectra is consistent with the loss of mole-
cular symmetry resulting from substitution of V for a W atom.
In addition, the P-O; peak of VPOM*~ is shifted to lower wave-
number compared to WPOM®~ and a new V-O peak is also
observed at ~1100 cm™". Another weak peak associated with
W=0, is observed at higher wavenumber ~1150 cm " for
VPOM*~ that is not present in WPOM?>~. Previous reports in
the literature used variations in this spectral feature to investi-
gate vibrational signatures of V-substituted POMs.>>** Our
results agree with this previous work on mono-substituted
«-(TBA)4[PVW;,040] where two vibrational bands were found
to be present. However, V,POM®~ substituted with two V

c)

Absorbance

T T T T T

1200 1150 1100 1050 1000 950

T 1

900 850

Wavenumber (cm™)

800 1200 1150 1100 1050 1000 950 900 850 800
Wavenumber (cm™™)
d)
W=0,
VPOM#*
2
8 l A M
2
=
WPOM?3-
A o
1900 1650 1400 1150 900 650 400

Wavenumber (cm™)

Fig. 5 (a) Experimental infrared reflection absorption spectroscopy spectra obtained following deposition of ~1 x 10** VPOM*~ ions on HSAM,
COOH-SAM, and FSAM surfaces on Au. WPOM3~ on FSAM is also shown for comparison, (b) theoretically calculated ground state structures of
WPOM3~ and VPOM*~, four types of oxygen sites are identified as O; (internal), O, (terminal), Ob,, and Ob; (bridging), (c) theoretically calculated IR
spectra of gas phase WPOM3~ and VPOM*~, (d) theoretically calculated Raman spectrum of gas phase VPOM*~ and WPOM3~.
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atoms, showed triplet combinations of vibrational bands for
P-0;, V=0;, and W=0,.

Comparison of the different IR spectra presented in Fig. 5
and Table 2 provides insight into how V substitution for W
and interaction of POMs with the different terminal functional
groups of SAMs influence their vibrational properties. For
instance, the P-O mode, which appears as a single peak at
1084 cm™" for WPOM>®™ on FSAM, is observed as two peaks
spread across a broader wavenumber range for VPOM*~ on all
three SAMs. This difference is consistent with the reduction in
molecular symmetry that accompanies the substitution of W
with a V atom in the external metal-oxygen cage of VPOM"",
In addition, the W=0, peak, which appears at 988 cm™" for
WPOM?>~ on FSAM, is shifted to lower wavenumber for
VPOM*~ on all three SAMs. This shift is most pronounced for
VPOM*~ on the COOH-SAM surface where the peak appears at
978 cm™". A substantial shift in the W=0, mode is reasonable
considering that these bonds are located on the outside of the
POM and, therefore, interact intimately with the SAM surface
and adjacent POMs. Compared to WPOM?>™, shifts to lower
wavenumber are also observed for the W-0,,-W band of
VPOM*~ where the effect is again most prominent on the
COOH-SAM. Compared to WPOM>~, the W-O,,-W bands of
VPOM*™ exhibit shifts to lower wavenumber on COOH-SAM
and higher wavenumber on HSAM and FSAM. This difference
may be attributed to the polar anionic character of carboxylate
(COO7) groups that may form through partial deprotonation of
COOH. In comparison, the terminal CH; and CF; groups of
the HSAM and FSAM are both nonpolar and comparatively
inert.

In a previous study, we calculated how the different
vibrational modes of WPOM?>~ shift as a function of the charge
state of the supported POM.?” Shifts in vibrational frequencies
are also related to the interaction of Mo or W with the rest of
the Keggin structure. For example, the IR peak positions of
WPOM?~ anions soft-landed on an FSAM surface shifted
toward higher wavenumber when compared with other soft-
landed anions such as MoPOM.?~ This finding may be related
to the weaker bonding in MoPOM>®~ compared to WPOM.>~
The W=0; band, in particular, exhibited a pronounced shift
to higher wavenumber as the charge state of WPOM decreased
from 3- to 2- to 1- to 0 due to oxidation. The W-O,,; ,-W bands
also exhibited modest shifts to higher wavenumber with
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decreasing anionic charge of the WPOM. However, as shown
in Fig. 5 and Table 2, most of the shifts observed for VPOM*~
on the three SAMs were in the opposite direction toward lower
wavenumber. Based on these findings, it appears that only a
small amount of charge reduction or neutralization of VPOM*~
occurs on the SAMs following soft landing, which is beneficial
for maintaining the native electronic configuration of VPOM*".

Scattering-type scanning near-field optical microscopy
(s-SNOM). To explore the spatial heterogeneity of the sup-
ported POMs, spatially-resolved IR s-SNOM spectra were
acquired at regular positions across the ~3 mm diameter circu-
lar area of soft landed VPOM*~ on all three SAMs. The result-
ing spatio-spectral datasets are presented in Fig. 6a-c where
each line color indicates an IR spectrum obtained at a
different position sequentially across the sample starting at
the edge and moving in a straight line toward the center of the
deposition. The ISL deposition technique has a unique advan-
tage because the flux of the ion beam is most intense at the
center and weakest near the edges. This inherent radial beam
profile results in samples with a Gaussian-like distribution of
surface coverages going from highest at the center of the depo-
sition to lowest at the edges. Correspondingly, the IR absor-
bance is largest at the center of the spot where the POM cover-
age is highest and decreases towards the edge of the spot fol-
lowing a Gaussian-like trend. Interestingly, the wavenumber
position of the W=0, band (~988 cm™) is found to shift
depending on the position (and surface coverage) as well as
the type of SAM. For example, on the FSAM, the peak shifted
from ~980 cm™' at the edge of the deposited spot to
~987 cm™ at the center. On the HSAM, we observed similar
but less pronounced behavior where the W=0; peak shifted
from 978 cm™" to 981 cm™" across the deposited spot. In con-
trast, on the COOH-SAM a consistent peak position at
974 cm™" was observed that did not change with the position
or coverage of VPOM*™. The shift of the W=0; band to higher
wavenumber near the center of the FSAM and HSAM may be
explained by an increase in the surface coverage of VPOM*".
Specifically, near the edges of the spot where the surface cover-
age is low, the soft landed VPOM®™ interact primarily with the
SAM surfaces because there is a large space between neighbor-
ing POMs. However, as the surface coverage increases near the
center of the spot, the deposited POMs interact more with
each other and less with the underlying support. Indeed, at

Table 2 Experimentally measured vibrational modes of ~1 x 10* WPOM3~ or VPOM*~ anions soft landed onto HSAM, COOH-SAM, and FSAM sur-
faces on Au. The wavenumber shift compared to WPOM3~ on FSAM is shown in parentheses. DFT calculated vibrational modes are provided for

comparison

VPOM*~ (em™)

WPOM®™ (cm™)

IR assignment FSAM (exp.) FSAM (exp.) HSAM (exp.) COOH-SAM (exp.) Gas-phase (calc.)
V=0, 1093 1093 1095 1107

P-0, 1084 1074 (10) 1071 (13) 1067 (17) 1097

W=0, 988 988 (0) 987 (1) 978 (10) 974

W-0,,-W 900 901 (—1) 899 (1) 892 (8) 887

W-0,,-W 836 845 (—9) 842 (—6) 835 (1) 845

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Spatially-resolved infrared s-SNOM spectra obtained following deposition of 1 x 10'* VPOM*~ ions on (a) FSAM, (b) HSAM, and (c)
COOH-SAM surfaces on Au. The feature appearing at ~980 cm™ corresponds to the terminal W=0; vibrational band. Arrows from the bottom to
the top indicate data collected from the edge (r = 1.2-1.7 mm) of the soft-landed sample to the center (r = 0 mm), (d) TERS spectra of VPOM*~
obtained at three different positions in the same nanoindentation on FSAM/Au. The peaks observed beyond 1150 cm™ may result from inter-cluster

vibrations and the underlying SAM on Au.

sufficiently high coverage multiple layers of POMs may form
that are not in direct contact with the SAM but rather with pre-
viously deposited POMs. Interestingly, POMs supported on the
COOH-SAM do not exhibit the same shift in wavenumber as
those deposited on HSAM and FSAM. The W=O0, band is also
much broader on the COOH-SAM compared to the HSAM
and FSAM, where this band appears sharper. The lack of a
shift on the COOH-SAM may result from the presence of a frac-
tion of deprotonated carboxylate anions (COO™) on the surface
that give the COOH-SAM a partial negative charge. A mixture
of COOH and COO™ surface sites would also explain the
broader W=0, peak observed on the COOH-SAM. In compari-
son, no negative charge is present on the bare HSAM and
FSAM so the change in charge at the surface following soft
landing of VPOM*™ may be more substantial than on the

5794 | Nanoscale, 2023,15, 5786-5797

COOH-SAM. These results show that in addition to POM-
surface interactions, POM-POM interactions play an important
role in determining the vibrational properties of supported
POMs.

Tip enhanced Raman spectroscopy (TERS). Further insights
into the heterogeneity of potential MQ arrays were obtained
from VPOM*~ soft landed on FSAM using spatially resolved
nanoindentation enhanced tip enhanced Raman spectroscopy
(TERS). Conventional TERS measurements were attempted
first but the signal-to-noise ratio for VPOM*~ on SAMs was not
sufficient to allow collection of reproducible Raman spectra.
To overcome this challenge, we took advantage of imprinted
plasmonic nanostructures prepared using pulsed-force nano-
lithography to enhance the TERS signal. Previous work demon-
strated a 50x increase (on average) in TERS signal levels com-

This journal is © The Royal Society of Chemistry 2023
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pared to TERS acquired from a flat region of a gold substrate.>*
The Raman spectra obtained using this approach are pre-
sented in Fig. 6d where each line color indicates a spectrum
acquired at a different location within a single nanoindenta-
tion. The peaks occurring in the range of 900-1000 cm™ are
consistent with the W=0O, vibrational modes reported pre-
viously in the literature for WPOM® .>>°® The simulated
Raman vibrational spectra from DFT calculations also repro-
duces such W=0, peaks between 900-1000 cm™', as illus-
trated in Fig. 5d. Furthermore, unlike the experimental Raman
spectra, the DFT simulated spectra do not show any peaks
beyond 1150 cm™". Since the simulated Raman results corres-
pond to the vibrations of POM clusters in the gas phase, the
additional peaks observed in the experiments beyond
1150 cm~" may result from inter-cluster vibrations and the
underlying SAM on Au. The varying intensity of the three
Raman spectra indicate different levels of enhancement
depending on the position in a single nanoindentation.
Differences in the relative intensity of the peaks between
spectra suggest that even when using a highly-controlled depo-
sition technique such as ISL, there is still substantial hetero-
geneity between different regions of supported POMs. These
differences may result from varying orientations of the
reduced symmetry VPOM*~ on the surface as well as from dis-
ordered regions of the SAMs. These findings emphasize the
importance of spatially-resolved spectroscopic probes in
understanding the role of nanoscale heterogeneity in deter-
mining the properties of materials for potential QC
applications.

Conclusions

POMs have the potential to be used as transformative elec-
tronic spin-based MQs for QC applications. In practical
devices, MQs have to be immobilized in addressable arrays to
form QGs that are capable of performing algorithmic oper-
ations. The array environment introduces unavoidable inter-
actions of MQs with supports as well as with neighboring
POMs. Therefore, understanding POM-surface and POM-POM
interactions and how they may be harnessed to maximize spin
coherence times is central to developing addressable MQ
arrays. In this contribution, ISL was used to deposit mass-
selected VPOM*~ onto three different SAM surfaces on gold
which were used as representative model systems on which to
characterize support and intermolecular interactions. ISL
avoids the complications inherent to deposition from solution
and provides well-defined samples that are amenable to
detailed spectroscopic characterization and high-level theore-
tical modeling. The electronic structure of VPOM*™ syn-
thesized in solution was determined in the gas phase using
NIPES and on three different SAMs using scanning KPFM. The
terminal chemical functionality and charge transfer properties
of the SAMs were shown to exert an influence on the charge
state and electronic configuration of supported VPOM*". The
vibrational modes of VPOM*™ and their perturbation through

This journal is © The Royal Society of Chemistry 2023
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interactions with surfaces were also explored using IRRAS and
TERS revealing that different functional groups on SAMs and
nanoscale heterogeneity both modulate the observed spectro-
scopic signatures. The effect of surface coverage and inter-
molecular interactions on the vibrational properties of
VPOM"~ was also investigated using spatially-resolved s-SNOM
revealing spectral shifts that are dependent on POM-support
and POM-POM interactions. The geometric and electronic
structure of the POMs, along with their vibrational spectra,
were also calculated using DFT to provide molecular-level
insight into the stability and local spin density in VPOM*".
Collectively, our findings provide insight into how V substi-
tution for W as well as different POM-surface and POM-POM
interactions influence the electronic and vibrational properties
of supported POMs. The vibrational properties of POMs modu-
late spin-lattice decoherence rates which determine the suit-
ability of MQ arrays for potential QC applications.
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