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EXPERIMENTAL AND THEORETICAL METHODS

Chemicals 

Sodium phosphotungstate hydrate (Na3PO4·12WO3·xH2O, CAS: 312696-30-3, 99%), sodium 

metavanadate (NaVO3, CAS: 13718-26-8, ≥98%), 1-dodecanethiol (≥98%), 1H,1H,2H,2H-

perfluorodecanethiol (97%), and 11-mercaptoundecanoic acid (98%) were all purchased from Sigma-

Aldrich and used for the preparation of VPOM solutions and HSAM, FSAM, and COOH-SAM surfaces, 

respectively. All VPOM4- syntheses were performed using deionized water (~18.1 MΩ) obtained from an 

ion exchange system, [U.S. Filter, (Snellville, GA)]. 

Synthesis of Vanadium-Doped Tungsten Keggin Polyoxometalates 

Throughout this contribution, we use the abbreviated notation VPOM4- to indicate PVW11O40
4- and 

WPOM3- to specify PW12O40
3-, respectively. VPOM4- were prepared in aqueous solution using a one-pot 

synthesis procedure described in the literature with modifications.1-3  In a representative  synthesis, 15 mL 

of deionized water at ~pH 7 was heated to ~70°C for ~10 min. An 11:1 molar ratio of 

Na3PO4·12WO3·xH2O:NaVO3 salts was added to the water and stirred vigorously for 30 min whereupon 

the color of the solution visually changed from clear to dark orange. The final stock solution of VPOM4-, 

which had a concentration of ~0.1 M, was cooled to room temperature. Solutions for analysis by 

electrospray ionization mass spectrometry (ESI-MS) were prepared by diluting the ~0.1 M stock solution 

to ~100 μM in methanol. ESI-MS characterization of the VPOM4- solutions was performed using an 

Orbitrap Elite Mass Spectrometer (M/ΔM = 60,000 mass resolution, Thermo Fisher Scientific, San Jose, 

CA) operated in the negative ion mode. The mass spectrometer conditions were as follows: capillary 

temperature, 325°C; spray voltage, 5 kV; capillary voltage, 4 V; tube lens, 55 V; s-lens radiofrequency (RF) 

level; RF amplitude, 400 V, and a mass range of m/z = 75 – 2000. The diluted samples of VPOM4- were 

infused into the instrument using a syringe pump through custom-assembled tubing (fused silica Molex 

capillaries, 75 μm internal diameter, 360 μm outer diameter ) at a flow rate of 60 µL/hr. 
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Preparation of Self-Assembled Monolayers on Gold

All of the self-assembled monolayers (SAMs) on gold were prepared on 10 × 10 mm polycrystalline gold 

surfaces with a 50 Å thick titanium adhesion layer and a 1000 Å thick gold layer on an underlying silicon 

wafer [Platypus Technologies, (Madison, WI)]. The as received gold surfaces were cleaned by sonication 

in ethanol for 10 min, dried using a stream of nitrogen gas, and placed in an ultraviolet/ozone cleaner for 

15 min before being immersed in freshly prepared 1 mM ethanolic solutions of the SAMs. The HSAM,4  

FSAM,5  and COOH-SAM6  on gold surfaces were prepared following established procedures reported 

previously in the literature.7  All SAMs were prepared by immersing the recently cleaned gold coated 

surfaces in 1 mM ethanolic solutions of the thiols at room temperature for at least 24 hours in the dark.8  

The SAM substrates were then removed from solution, rinsed with ethanol, and sonicated in ethanol for 5 

min to remove any loosely bound secondary layers of thiols. The SAM surfaces were rinsed with ethanol a 

final time, dried under nitrogen, and introduced into vacuum on a sample holder for ISL experiments.

Ion Soft Landing 

Ion soft landing (ISL) experiments were performed using a specialized high-flux ion deposition apparatus 

designed and constructed at Pacific Northwest National Laboratory and described in detail in previous 

publications.8-10  Gas-phase POM anions were produced using electrospray ionization (ESI)11  and 

introduced into the vacuum system through a heated stainless steel inlet capillary maintained at a 

temperature of ~120°C. Desolvated POM anions were transferred through a series of two high-transmission 

electrodynamic ion funnels12  and radially focused and thermalized by collisions with the background gas 

in a radiofrequency (RF)-only collision quadrupole ion guide maintained at a pressure of ~2 x 10-2 Torr 

(mostly N2). A mass resolving quadrupole filter (Extrel, Pittsburgh, PA), maintained at a pressure of ~1 x 

10-5 Torr, was used to select VPOM4- by mass-to-charge ratio (m/z) for deposition. Mass-selected anions 

exiting the resolving quadrupole were recollimated in a second collision quadrupole ion guide, steered 90° 

with a quadrupole bender, and focused using a series of einzel lenses to produce a circular deposition area 

~3 mm in diameter on the SAM surfaces. The ion current at the surface was measured throughout the 
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deposition with a floatable picoammeter (Model 9103, RBD Instruments, Bend, OR) and used to determine 

and control the surface coverage of VPOM4-. The kinetic energy of the POM anions arriving at the 

substrates was maintained in a range of 10 – 15 eV per charge by applying a repulsive negative potential to 

the surfaces through the floatable picoammeter.

Negative Ion Photoelectron Spectroscopy 

Negative ion photoelectron spectroscopy (NIPE) spectra were obtained in the gas phase using a custom-

built magnetic bottle time-of-flight (TOF) photoelectron spectrometer combined with an electrospray 

ionization (ESI) source and a temperature-controlled cryogenic ion trap.13  The quadruply-charged VPOM4– 

anions were generated by electrospraying a ~0.1 mM acetonitrile solution of [Bu4N]4[PVW11O40] in the 

negative ion mode. The resulting anions were transported by a RF-only quadrupole ion guide and detected 

by a mass resolving quadruple filter and detector to optimize the ESI conditions to ensure sufficiently stable 

and intense ion beams for reliable spectroscopic measurements. The anions were then directed by a 90˚ 

quadrupole bender into the cryogenic 3-dimensional ion trap where they were accumulated for 20 – 100 ms 

and cooled by collisions with cold He buffer gas to the desired temperature of T = 20K. The cooled ions 

were then pulsed into the extraction zone of the TOF mass spectrometer for mass analysis at a repetition 

rate of 10 Hz. The anions of interest were mass-selected and decelerated before being photodetached by a 

157 nm (7.866 eV, Lambda Physik CompexPro F2) or 193 nm (6.424 eV, GAM EX100F ArF) laser beam 

in the interaction zone of the magnetic-bottle photoelectron analyzer. The probe lasers were operated at a 

20 Hz repetition rate with the anion beam shut off on alternating laser shots to afford real-time shot-to-shot 

background subtraction. The resulting photoelectrons were collected at nearly 100% efficiency in the 

magnetic-bottle and analyzed with a 5.2 m long electron flight tube. Recorded flight times were converted 

into calibrated kinetic energies using the known photoelectron spectrum of I−/OsCl6
2−.14, 15  Electron binding 

energies (EBEs) were obtained by subtracting the measured electron kinetic energies from the detachment 

photon energy with an energy resolution (∆E/E) of about 2% (i.e., ~20 meV for 1 eV kinetic energy 

electrons).
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Atomic Force Microscopy

Atomic force microscopy (AFM) topographic and multimodal chemical imaging methods were used to 

identify and characterize well-defined VPOM4- and their assemblies soft landed on different SAM surfaces. 

To map the localized work function (WF) of the SAM substrates before and after soft landing of VPOM4-, 

scanning Kelvin probe microscopy (KPFM) measurements were conducted using a commercially available 

AFM (NX10, Park Systems, Inc). A NSC14/Cr-Au (Mikromasch) probe, with a WF of 4.985 eV derived 

from calibration with highly oriented pyrolytic graphite (HOPG, 4.650 eV), was driven at a frequency of 

160 kHz with a peak-to-peak amplitude of 20 nm. A lock-in amplifier was applied with a 2 V drive at 17 

kHz frequency to differentiate the electrostatic from the Van der Waals forces between the tip and sample. 

In this manner, the WF and topography of WPOM3- and VPOM4- soft landed on different SAM surfaces 

were mapped simultaneously.

Infrared Reflection Absorption Spectroscopy of Soft Landed Polyoxometalates

Infrared reflection absorption spectroscopy (IRRAS) was performed on the soft landed POMs ex situ using 

a Vertex 70 Fourier transform infrared (FTIR) spectrometer (Bruker Optics, Billerica, MA) equipped with 

a liquid-nitrogen-cooled mercury-cadmium-telluride (MCT) detector. IR spectra were obtained by 

acquiring 1500 scans (∼6 min) with 2 cm−1 resolution over a wavenumber range of 800 – 4000 cm-1. The 

IR beam path was continuously purged with N2 gas during the spectroscopy experiments to minimize 

atmospheric contributions to the signal. Plots of the experimental IRRAS data were smoothed and baseline-

corrected in interactive mode using the OPUS software.

Scattering-Type Scanning Near-Field Optical Microscopy

Scattering-type scanning near-field optical microscopy (s-SNOM) was performed to analyze how POM-

POM and POM-surface interactions influence the vibrational modes of VPOM4- as a function of surface 

coverage. Briefly, the output of a broadband, tunable laser (Carmina, Applied Physics Instruments) was 

focused by a parabolic mirror [numerical aperture (NA) = 0.4] onto the apex of a gold-coated AFM tip 
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(AFM+, Bruker) operating in tapping mode. The tip-scattered light, which reflects the local optical 

properties of the sample surface with a spatial resolution of tens of nanometers, was collected by the 

parabolic mirror, combined with light from a reference arm, and sent to an IR detector. Far-field background 

was removed by demodulating the detector signal at the second harmonic of the tip tapping frequency. 

Spectra were obtained interferometrically using an asymmetric Michelson geometry.  

Tip Enhanced Raman Spectroscopy

Nanoholes were prepared by pulse force nanolithography on template-stripped gold films (Platypus 

Technologies, AU.1000.SWTSG) of 100 nm thickness using arrow tips (Nanoworld, ARROW-NCR) and 

single crystal diamond tips (Artech Carbon OÜ, D300).16  These nanoholes were separated by 2 μm to 

ensure that the focused microscopic light source only irradiated a single nanostructure. High spatial 

resolution AFM maps were recorded using super sharp AFM tips (Nanosensors, SSS-NCHR). Gold coated 

100 nm thick AFM tips (Nanosensors, ATEC-NC) were used to record tip enhanced Raman (TER) spectra 

following 633 nm (0.3 mW) irradiation. Signals were time-integrated for 0.1 – 0.25 sec, depending on signal 

levels. The TERS experimental set-up is described in detail in previous works.17    

Theoretical Calculations

Density functional theory (DFT) calculations were carried out using ORCA18  to obtain atomistic-level 

information on WPOM3- and VPOM4-. Initial POM structures were obtained from the literature19  and used 

as starting points for geometry optimization.20   All geometry optimization, electronic structure evaluation, 

and IR/Raman spectra calculations were performed using the hybrid B3LYP functional.21  The Stuttgart 14-

valence electron pseudo-potentials and basis sets for vanadium and tungsten,22  and the def2-TZVP basis 

sets for oxygen and phosphorus were used. This protocol was employed in previous calculations and shown 

to produce reasonable results.23  The structural minima were confirmed by normal mode frequency analysis. 

IR and Raman spectra of the geometrically optimized structures were visualized using the Avogadro 

software to assign the vibrational peaks. The electrostatic potential (ESP) and electron spin density (ESD) 
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maps were generated using Multiwfn.24  The electron vertical detachment energies (VDEs) were calculated 

as the energy differences between POMn- and POM(n+1)-, both at the optimized geometry of POM(n+1)-. The 

electron adiabatic detachment energies (ADEs) were calculated as the energy difference between the POMn- 

and POM(n+1)- at each optimized geometry including zero-point vibration energy corrections. 
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Figure S1. Comparison between the experimentally measured mass spectrum (M/ΔM = 60,000 mass 
resolution) and simulated spectrum generated using the mMass software of a mixed-addenda POM 
prepared with molar ratio of 11:1 of Na3PO4·12WO3·xH2O and NaVO3 at pH 7, showing the 
presence of the V-doped POM anion PVW11O40

4- (VPOM4-).
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Table S1. Comparison between the experimentally measured mass spectrum (M/ΔM = 60,000 
mass resolution) and the simulated spectrum.
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