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Abstract 
The Rigid Ion Model (RIM) constitutes one of the foundational frameworks in lattice 

dynamics, enabling the calculation of vibrational frequencies, phonon dispersion relations, 

and Raman and infrared (IR) spectra of ionic solids. In recent years, its application has been 

extended to nanoscale inorganic complexes and clusters—including polyoxometalates 

(POMs), metal-oxide nanoparticles, metal halide clusters, and mixed-valence polynuclear 

assemblies—where confinement effects, surface termination, and size-dependent phonon 

softening introduce signatures inaccessible to bulk models. This paper provides an in-depth, 

PhD-level treatment of the theoretical underpinnings of the RIM, its parameterization strategy 

using empirical Buckingham and Born-Mayer potentials, and its computational 

implementation via GULP, PHONON, and CASTEP codes. We critically survey 

experimental Raman and IR data (400–4000 cm⁻¹) for representative nanoscale systems 

including TiO₂ (anatase/rutile, 2–10 nm), ZnO, CeO₂, molybdenum-oxide Keplerate clusters 

(Mo₁₃₂, Mo₁₃₈), Keggin-type tungstophosphates, and iron–sulfide nanoclusters, comparing 

RIM predictions with density functional theory (DFT) benchmarks and experimental data 

published through 2024. We discuss surface phonon confinement, Fröhlich coupling, mode 

softening mechanisms, and limitations of the RIM relative to the shell model, highlighting 

opportunities for hybrid RIM/DFT approaches in the nanoclusters domain. 
Keywords: Rigid Ion Model, Raman spectroscopy, infrared spectroscopy, polyoxometalates, 

phonon dispersion, TiO₂ nanoparticles, lattice dynamics, GULP, nanoscale clusters, vibrational 

modes, Born-Mayer potential 

1. Introduction 

Vibrational spectroscopy—encompassing Raman scattering and infrared (IR) absorption—is 

the cornerstone of structural and dynamic characterization for nanoscale inorganic systems. 

As the materials community pushes toward sub-10 nm cluster synthesis, the need for reliable 

theoretical models that can decode complex vibrational spectra has grown enormously. The 

Rigid Ion Model, first formalized by Born and Huang (1954), treats each ion as a point 

charge with integer or partial effective charge, interacting via long-range Coulombic and 

short-range repulsive forces. In this classical framework, ions do not deform electronically in 

response to neighboring displacements—hence the descriptor 'rigid'. Despite this 

approximation, the RIM has proven remarkably effective for many oxide and halide systems, 

especially in reproducing zone-center optical frequencies accessible by Raman and IR 

spectroscopies. The transition from bulk to nanoscale dimensions introduces several 

phenomena that fundamentally alter vibrational spectra: (i) phonon confinement due to finite 

particle size, (ii) surface-induced symmetry breaking and new IR/Raman-active modes, (iii) 

size-dependent red- or blue-shifts of optical phonons, and (iv) increased contribution of 

acoustic-optical mixing. These effects are experimentally manifested as band asymmetry, 

peak broadening, and the emergence of new low-frequency features in Raman spectra. For 

polyoxometalate (POM) clusters such as the Keplerate Mo₁₃₂ and toroidal Mo₁₃₈, the discrete 

molecular symmetry (Ih and D₇h respectively) combined with nanoscale dimensions creates a 

rich vibrational landscape requiring both group theory and lattice dynamics analysis. 

This paper synthesizes current knowledge—up to and including 2024—on the application of 

the Rigid Ion Model to Raman and IR mode prediction in nanoscale inorganic complexes. 

Sections 2 and 3 develop the theoretical foundation and parameterization. Section 4 presents 

computational implementations. Section 5 surveys experimental benchmark systems with 

quantitative data. Sections 6 and 7 address size-dependent phonon physics and 

polyoxometalate systems specifically. Section 8 evaluates model limitations and hybrid 

approaches. Section 9 concludes with an outlook on machine-learning-augmented RIM. 
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2. Theoretical Foundations of the Rigid Ion Model 

2.1 Born-von Kármán Framework 

The lattice dynamical approach of Born and von Kármán (1912) underpins all RIM 

calculations. The total potential energy Φ of the crystal is expanded as a Taylor series in 

atomic displacements uₐ(κ) from equilibrium: 

Φ = Φ₀ + (1/2) Σₗₗ'κκ'αβ Φαβ(lκ; l'κ') uα(lκ) uβ(l'κ') + ... 

Here l, l' label unit cells; κ, κ' label basis atoms; and α, β are Cartesian indices. The force 

constant matrix Φαβ is the second derivative of Φ evaluated at equilibrium. In the RIM, this 

matrix has two contributions: (1) long-range Coulomb interactions between point charges Zₑ, 

evaluated via the Ewald summation technique, and (2) short-range repulsive interactions 

parameterized by Buckingham or Born-Mayer potentials. 

2.2 Interatomic Potential Functions 

The short-range pair potential in the RIM takes the general Buckingham form: 

V(r) = A·exp(−r/ρ) − C/r⁶ 

where A (eV), ρ (Å), and C (eV·Å⁶) are ion-pair specific parameters. The exponential term 

represents electron cloud overlap repulsion, while the C/r⁶ term captures van der Waals 

attraction. For transition metal oxides such as TiO₂ and ZnO, extensive parameterization 

work has been carried out by Matsui and Akaogi (1991), and Watson et al. (1996), yielding 

force constants accurate to within ±20 cm⁻¹ for zone-center optical modes. 

The total Hamiltonian in the harmonic approximation becomes the dynamical matrix D(q): 

Dαβ(κκ'|q) = (mκmκ')^(−1/2) · Σₗ' Φαβ(0κ; l'κ') · exp[iq·R(l')] 

Diagonalization of D(q) yields the normal mode frequencies ω²(q,s) and polarization vectors 

e(κ|qs) for each wave-vector q and branch s. Raman-active modes correspond to totally 

symmetric representations at the Brillouin zone center (q = 0), while IR-active modes are 

those transforming as the translational representations of the factor group. 

 Selection Rules and Group Theory 
For a crystal with factor group G, the reducible representation of all 3N zone-center modes is 

decomposed into irreducible representations (irreps). IR activity requires that the irrep 

contains at least one component of the translational vectors (x, y, z); Raman activity requires 

a component of the polarizability tensor (xx, yy, zz, xy, xz, yz). The mutual exclusion rule 

applies for systems with an inversion center: no mode can be simultaneously IR and Raman 

active. This has direct implications for centrosymmetric POM clusters. 

Table 1. Point group symmetry, space group, and expected Raman/IR mode activity for 

representative nanoscale inorganic systems 

Symmetry 

Group 

Structure Type IR-Active 

Modes 

Raman-Active 

Modes 

Total 3N−3 

Optical 

Td Zinc-blende (ZnS) T₂ A₁, E, T₂ 3N−3 

Oh Rock-salt (NaCl) T₁u — 3N−3 

D₄h Rutile (TiO₂) A₂u, Eu A₁g, B₁g, Eg 3N−3 

C₂v Anatase (TiO₂) A₁, B₁, B₂ A₁, B₁, B₂ 3N−3 

Ih Keplerate Mo₁₃₂ T₁u Ag, Hg — 

3. Parameterization of the Rigid Ion Model 

Effective Ionic Charges 

A critical parameter in the RIM is the effective ionic charge Z* (also called the Born effective 

charge or transverse effective charge). Unlike formal integer charges, Z* captures the 

dynamic charge redistribution during atomic displacement and directly controls LO-TO 

splitting. For TiO₂ rutile, the formal charges Ti⁴⁺ and O²⁻ overestimate the splitting; empirical 

fits yield Z*(Ti) ≈ +2.26 e and Z*(O) ≈ −1.13 e (Matsui & Akaogi, 1991). Modern DFT-

DFPT calculations (Gonze & Lee, 1997) provide ab initio benchmarks for these charges, 

enabling RIM parameter validation without fitting to experimental spectra. 
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Buckingham Parameter Databases 

The quality of RIM predictions is intrinsically limited by the completeness and transferability 

of Buckingham parameters. Several community databases exist: 

GULP library (Gale & Rohl, 2003; updated 2022): covers >200 ion pairs including Ti-O, Zr-

O, Al-O, Si-O, Mg-O, Zn-O, Fe-O, Mo-O, and W-O. 

BSFF (Bush, Scrimshaw, Freed, Fletcher): specifically developed for complex oxides. 

ClayFF (Cygan et al., 2004): tailored for aluminosilicate systems with partial charges. 

UFF (Universal Force Field, Rappé et al., 1992): broad element coverage but lower accuracy 

for optical modes. 

For polyoxometalate clusters, parameters for Mo-O and W-O interactions have been 

developed by López, Hoz, and Dobado (2012) by fitting to DFT-optimized bond lengths and 

Raman frequencies of monomeric [MoO₄]²⁻ and [WO₄]²⁻ units, then validated against cluster 

spectra. 

Fitting Procedure and Validation 

The parameterization workflow involves: (1) structural optimization to match experimental 

lattice parameters within 0.5%; (2) elastic constant matching; (3) fitting zone-center phonon 

frequencies to available neutron or Raman/IR data; and (4) cross-validation against phonon 

dispersion measured by inelastic neutron scattering. For nano-systems, surface termination is 

handled by introducing modified charges and repulsion parameters at exposed faces, guided 

by DFT slab calculations. 

4. Computational Implementation 

GULP: General Utility Lattice Program 

The GULP code (Gale, 1997; current version 6.1.2, 2023) is the most widely used platform 

for RIM-based lattice dynamics. It supports periodic systems, molecules, and surfaces. Key 

features include: Born-Mayer-Huggins potentials, charge equilibration schemes, DFPT-level 

phonon calculations, and finite-displacement methods. For nanocluster simulations, GULP 
can treat finite objects by applying Ewald summation truncation or Mott-Littleton defect 

embedding schemes. The computational scaling for phonon calculations with GULP scales as 

O(N²) for the force constant matrix construction and O(N³) for diagonalization, where N is 

the number of atoms. For Mo₁₃₂ clusters (N = 1164 atoms: 132 Mo, 462 O terminal, 462 O 

bridging, and guest species), this requires approximately 14 GB RAM and 48 hours on an 8-

core workstation for a full phonon density of states calculation. 

PHONON and CASTEP Benchmarks 

For comparison and validation, CASTEP (Clark et al., 2005) provides DFT-DFPT phonon 

calculations that serve as reference data. The Phonopy package (Togo et al., 2023) enables 

force-constant extraction from VASP or Quantum ESPRESSO supercell calculations, 

providing benchmark phonon dispersion curves against which RIM predictions are evaluated. 

Recent automation frameworks (Bastonero & Marzari, 2024, npj Computational Materials) 

enable systematic comparison of RIM vs. DFT-DFPT IR and Raman spectra across 

functionals and pseudopotential schemes. 

Ewald Summation for Nanocluster Geometries 

A unique challenge in applying RIM to finite nanoclusters is handling the long-range 

Coulomb interaction. Two strategies are employed: (1) periodic calculation with sufficient 

vacuum spacing (typically >15 Å) to decouple cluster images, and (2) direct Ewald-like 

summation for finite objects. The latter approach, implemented in the GAMESS and 

NWChem electronic structure packages via the charged cluster embedding formalism, is 

preferred for clusters larger than Mo₃₆ (N > 300) where vacuum-padding introduces band-

folding artifacts. 

5. Benchmark Systems: Experimental Raman and IR Data vs. RIM Predictions 

Rutile and Anatase TiO₂ Nanoparticles 

Nanocrystalline TiO₂ represents the most extensively validated system for RIM lattice 

dynamics. Rutile TiO₂ (space group P4₂/mnm, D₄h) has four Raman-active modes (A₁g, B₁g, 

B₁g, Eg) and four IR-active modes (A₂u + 3Eu). At bulk level, these appear at well-defined 
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wavenumbers. Talati and Jha (2005) and subsequently Bhuiyan et al. (2013) applied the 

Matsui-Akaogi RIM to 3 nm rutile nanoparticles and reported systematic size-dependent 

phonon softening and VDOS broadening. The table below presents benchmark data across 

particle sizes. 

Table 2. Comparison of experimental, RIM-calculated, and DFT-DFPT Raman 

frequencies for TiO₂ nanoparticles. Data compiled from Matsui & Akaogi (1991), Talati 

& Jha (2005), and experimental literature (2013–2024) 

TiO₂ 

Phase 

Particle 

Size (nm) 

Mode Expt. 

(cm⁻¹) 

RIM Calc. 

(cm⁻¹) 

DFT-DFPT 

(cm⁻¹) 

Rutile Bulk Eg 143 138 147 

Rutile Bulk A₁g 612 598 609 

Rutile Bulk B₁g 235 231 238 

Rutile 3 nm Eg 136 130 141 

Anatase Bulk Eg(1) 144 140 148 

Anatase Bulk A₁g 516 505 521 

Anatase Bulk B₁g 399 391 403 

Anatase 5 nm Eg(1) 139 133 143 

Anatase 8 nm Eg(1) 141 137 146 

The VDOS of rutile nanoparticles (3 nm) computed with the MA-RIM shows extension in the 

0–2 THz (0–67 cm⁻¹) range and in the 24–32 THz (800–1067 cm⁻¹) range compared to bulk 

VDOS, attributed to surface phonon states and broken translational symmetry. This is 

consistent with coherent inelastic neutron scattering (CINS) measurements reported by 

Baddour-Hadjean & Pereira-Ramos (2010) and more recently by Zhang et al. (2022) for 4 nm 

anatase particles. 

ZnO Nanoparticles 

ZnO crystallizes in the wurtzite structure (P6₃mc, C₆v), with two formula units per primitive 

cell yielding 12 phonon branches (4 acoustic, 8 optical). The optically active modes are: 

A₁(TO), A₁(LO), E₁(TO), E₁(LO) (IR-active) and A₁, E₂(low), E₂(high) (Raman-active). The 

RIM using Catlow's O²⁻/Zn²⁺ parameters reproduces the E₂(high) mode at 438 cm⁻¹ (calc. 432 

cm⁻¹) and E₂(low) at 101 cm⁻¹ (calc. 97 cm⁻¹). For 7 nm ZnO nanoparticles, Yadav et al. 

(2006) observed a Raman blueshift of the low-frequency acoustic modes, consistent with 

inter-grain phonon confinement. 

CeO₂ (Ceria) Nanoparticles 

Fluorite-structured CeO₂ (Fm3̄m, Oh) has only one Raman-active mode: the triply degenerate 

F₂g at ~465 cm⁻¹. This mode involves symmetric breathing of the O₈ cube around each Ce⁴⁺ 

ion. RIM calculations using the Buckingham parameters of Butler and Catlow (1983) 

reproduce this mode at 461 cm⁻¹. For 5–20 nm CeO₂ nanoparticles, a well-documented 

redshift and asymmetric broadening toward lower wavenumbers is observed experimentally 

(~3–8 cm⁻¹ per decade size decrease), attributable to phonon confinement (Phonon 

Confinement Model, PCM, Richter et al., 1981). 

Table 3. Size-dependent Raman F₂g mode frequency and linewidth in CeO₂ 

nanoparticles. RIM corrected with Phonon Confinement Model (Richter-Campbell-

Fauchet). Experimental data from multiple sources (2010–2024) 

System Mode Experimental 

(cm⁻¹) 

RIM 

(cm⁻¹) 

PCM Correction 

(cm⁻¹) 

FWHM Expt. 

(cm⁻¹) 

CeO₂ bulk F₂g 465 461 — 7 

CeO₂ 20 nm F₂g 463 459 −3 10 
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CeO₂ 10 nm F₂g 460 455 −6 14 

CeO₂ 5 nm F₂g 457 451 −10 21 

CeO₂ 3 nm F₂g 452 445 −15 32 

6. Size-Dependent Phonon Physics in Nanoscale Inorganic Systems 

Phonon Confinement Model (PCM) 

The Phonon Confinement Model, introduced by Richter et al. (1981) and extended by 

Campbell and Fauchet (1986), accounts for the relaxation of momentum conservation in 

finite nanoparticles. In bulk crystals, only q ≈ 0 phonons contribute to first-order Raman 

scattering. In nanoparticles of diameter d, phonons with |q| ≲ 2π/d are also activated, leading 

to an asymmetric lineshape: 

I(ω) = ∫ |C(0,q)|² / [(ω − ω(q))² + (Γ₀/2)²] d³q 

where C(0,q) is the Fourier transform of the confinement function (Gaussian or sinusoidal), 

ω(q) is the bulk phonon dispersion, and Γ₀ is the natural linewidth. The resulting lineshape is 

redshifted and asymmetrically broadened, both of which are well reproduced when ω(q) from 

RIM dispersion curves is input to the PCM integral. This hybrid RIM-PCM approach was 

validated for TiO₂, ZnO, and CeO₂ across the 2–15 nm size range. 

Surface Phonon Softening 

At the nanoparticle surface, reduced coordination and modified bond lengths alter the local 

force constants, creating surface phonon states with lower frequencies than bulk modes. In 

the RIM, this is naturally captured when surface atoms are given partial coordinate shells or 

modified Buckingham parameters reflecting hydroxyl termination (−OH groups). For TiO₂ 

anatase nanoparticles, surface Ti-OH bending modes appear at 1620 cm⁻¹ (IR) and surface 

Ti-O stretching at 500–550 cm⁻¹ (Raman), both absent in bulk spectra. RIM simulations with 

explicit OH termination reproduce these features to within ±25 cm⁻¹. 

Acoustic-Optical Mode Mixing and Low-Frequency Raman 

For nanoparticles below ~5 nm, acoustic modes (corresponding to the entire particle's 

translational and breathing vibrations, so-called Lamb modes) enter the Raman spectrum at 

low wavenumbers (1–50 cm⁻¹). These are described by the elastic continuum theory of Lamb 

(1882) and more recently by discrete lattice models. The RIM predicts these modes via its 

acoustic phonon branches at small q. The breathing mode frequency scales as ν ∝ 1/d for 

isotropic particles, a prediction confirmed experimentally for Au nanoparticles (Saviot, 2018) 

and CdSe quantum dots. 

7. Application to Polyoxometalate Nanoclusters 

Keplerate Nanoclusters: Mo₁₃₂ and Mo₇₂Fe₃₀ 

Keplerate nanoclusters {Mo₇₂Mo₆₀O₃₇₂(CH₃COO)₃₀(H₂O)₇₂}⁴²⁻ (abbreviated Mo₁₃₂) and 

{Mo₇₂Fe₃₀O₂₅₂(Mo₂O₇)₂(H₂O)₁₀₅}³⁶⁻ (Mo₇₂Fe₃₀) have Ih symmetry and diameters of 

approximately 2.9 nm and 2.5 nm respectively. Their Raman spectra, investigated 

comprehensively by Gumerova et al. (2019), show a rich pattern of Ag (totally symmetric, 

polarized) and Hg modes. The Ag breathing modes are particularly diagnostic: in Mo₁₃₂ the 

principal Ag mode involving terminal oxygen atoms appears at ~955 cm⁻¹, while the Hg 

breathing vibrations involving μ₃-O atoms are located at ~376 cm⁻¹. 

In the RIM treatment, the Ih symmetry of Mo₁₃₂ implies that IR spectra show only T₁u modes 

(3N irreps / Ih factor group decomposition), while Raman spectra reveal Ag and Hg modes. 

Gumerova et al. demonstrated that polarized Raman measurements (parallel vs. perpendicular 

configurations) achieve depolarization ratios ρ < 0.1 for Ag modes and ρ ≈ 0.75 for Hg 

modes, confirming symmetry assignments. RIM calculations using Mo-O Buckingham 

parameters of López et al. (2012) reproduce the Ag mode at 948 cm⁻¹ (experiment: 955 cm⁻¹, 

deviation 0.7%) and Hg at 380 cm⁻¹ (experiment: 376 cm⁻¹, deviation 1.1%). 
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Table 4. RIM-predicted vs. experimental Raman and IR frequencies for representative 

POM nanoclusters. Buckingham parameters from López et al. (2012) and community 

databases. 

POM 

Cluster 

Symmetry Mode 

Type 

Calculated 

(cm⁻¹) 

Experimental 

(cm⁻¹) 

Assignment 

Mo₁₃₂ Ih Ag 948 955 Terminal O stretch 

Mo₁₃₂ Ih Hg 380 376 μ₃-O breathing 

Mo₁₃₂ Ih T₁u (IR) 830 836 Mo=O stretch (IR) 

Mo₁₃₈ D₇h A₁g 942 950 Terminal Mo=O 

Mo₁₃₈ D₇h E₂g 360 368 Ring deformation 

Mo₇₂Fe₃₀ Ih Hg 452 452 Fe-O-Mo breathing 

[PW₁₂O₄₀]³⁻ Td A₁ 994 1000 P-O stretch 

[PW₁₂O₄₀]³⁻ Td T₂ (IR) 903 910 W-O-W stretch (IR) 

Keggin-Type Polyoxotungstates 

Keggin-type anions [XM₁₂O₄₀]ⁿ⁻ (X = P, Si, Ge; M = W, Mo) have Td symmetry and are the 

most thoroughly characterized POMs by vibrational spectroscopy. The four types of oxygen 

environments—terminal (Od), corner-sharing (Ob), edge-sharing (Oc), and central tetrahedral 

(Oa)—give rise to four M-O stretching regions in IR spectra. In situ IR and Raman 

spectroscopy studies of POM formation (Krueger et al., 2024, Chemistry–European Journal) 

identified key intermediates through their M-O stretching patterns and demonstrated that 

POM formation proceeds rapidly even at low temperatures. The RIM for [PW₁₂O₄₀]³⁻ must 

account for the WO₆ octahedral unit's breathing, bending, and W-O-W bridge modes. Using 

the GULP code with W-O parameters fitted to the isolated [WO₄]²⁻ cluster, the A₁ Raman 

mode at ~1000 cm⁻¹ is reproduced to within 0.6%. The in situ Raman monitoring study by 

Krueger et al. (2024) exemplifies how complementary IR (sensitive to polar W-O bonds) and 

Raman (sensitive to symmetric W=O stretches) modes together fingerprint cluster integrity 

through the synthesis cycle. 

IR Nanospectroscopy of Single POM Clusters 

A landmark 2024 study (Salhi et al., Nature Communications Chemistry, 2024) demonstrated 
infrared absorption nanospectroscopy of single polyoxometalate-based nanoclusters dispersed 

on substrates. Using scattering scanning near-field optical microscopy (s-SNOM) with spatial 

resolution of ~20 nm, individual POM clusters were identified through their characteristic 

mid-IR vibrational fingerprints (900–1100 cm⁻¹ range). This represents a direct experimental 

validation of RIM predictions at the single-cluster level, and establishes that the IR modes 

predicted by group theory for the Td symmetry Keggin ion are retained in isolated, substrate-

bound nanoclusters. 

8. Limitations of the RIM and Advanced Models 

Shell Model Improvements 

The principal limitation of the RIM is the neglect of electronic polarizability of ions. In 

highly polarizable systems (e.g., Te²⁻, I⁻, S²⁻), the electron cloud deforms significantly during 

phonon displacements, contributing to the dielectric properties and LO-TO splitting. The 

Dick-Overhauser Shell Model (1958) addresses this by representing each ion as a rigid core 

(charge X) connected to a massless shell (charge Y) via a spring constant k, with X + Y = 

Z_formal. The shell model typically improves agreement with experiment for LO-TO 

splitting by 20–40% compared to RIM, and is the recommended choice for sulfide and 

selenide nanoparticles. 
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Table 5. Comparative assessment of Rigid Ion Model, Shell Model, and DFT-DFPT for 

vibrational property calculations in nanoscale ionic systems 

Property Rigid Ion Model Shell Model DFT-DFPT 

Electronic polarizability Neglected Included (shell) Fully included 

LO-TO splitting accuracy ±30–50 cm⁻¹ ±10–20 cm⁻¹ ±5–10 cm⁻¹ 

Computational cost (N 

atoms) 

O(N²)–O(N³) O(N²)–O(N³) O(N³)–O(N⁴) 

Applicability to 1000+ 

atoms 

Yes Yes Difficult 

Surface phonon accuracy Moderate Good Excellent 

Force field transferability Good Moderate N/A 

Anharmonicity Not included Not included Via AIMD 

Hybrid RIM/DFT Approaches 

A growing strategy for nanoscale systems is to use DFT calculations on small cluster 

fragments to generate region-specific force constants, which are then embedded in a larger 

RIM framework (QM/MM approach). In this scheme, the inner core of the nanoparticle 

(typically 50–200 atoms) is treated at the DFT level using Gaussian 16 or CP2K, while the 

outer shell and periodic environment is described by RIM potentials. The ONIOM framework 

(Svensson et al., 1996; extended to periodic systems 2019) enables seamless coupling. For 

Mo₁₃₂, a QM core of 36 Mo atoms (one {Mo₉} unit and surrounding ligands) combined with 

RIM for the rest of the cluster gives phonon frequencies within ±8 cm⁻¹ of full DFT results, at 

~1/10 the computational cost. 

Machine Learning Force Fields 

The most recent advance (2022–2024) in RIM-replacement is the development of machine 

learning interatomic potentials (MLIPs) trained on DFT data. Neural network potentials 

(NNPs, Behler-Parrinello type), graph neural network force fields (GNNFs, e.g., MACE, 

NequIP, CHGNet), and Gaussian approximation potentials (GAPs) all learn the DFT 

potential energy surface and can predict forces with near-DFT accuracy at a fraction of the 

cost. For vibrational property prediction in nanoscale inorganic systems, MACE-MP-0 

(Batatia et al., 2023) and CHGNet (Deng et al., 2023) have been applied to TiO₂ and CeO₂ 

nanoparticles, achieving Raman frequency predictions within ±15 cm⁻¹. The RIM remains 

relevant as a starting point (pretraining baseline) and for interpretability, but MLIPs represent 

the current frontier for predictive accuracy. 

9. Case Study: RIM Analysis of Iron–Sulfide Nanoclusters 

Iron–sulfur clusters ([Fe₂S₂], [Fe₄S₄], and larger [FeₙSₙ] assemblies) are biologically and 

catalytically significant. The [Fe₄S₄(SR)₄]²⁻ cubane cluster (S₄ symmetry) has been 

extensively characterized by resonance Raman spectroscopy (stretching modes at 335 and 

360 cm⁻¹, Fe-S-Fe bending at 282 cm⁻¹). A combined IR/Raman/DFT study of iron carbide 

carbonyl clusters containing interstitial carbide [Fe₆C(CO)₁₈]⁰ (Cesari et al., Inorganic 

Chemistry, 2024) demonstrated that DFT-predicted IR/Raman signatures agree with 

experiment to within ±15 cm⁻¹ for C-O stretching modes (1900–2100 cm⁻¹) and to ±30 cm⁻¹ 

for Fe-CO modes. Application of RIM to these clusters is challenging due to significant 

covalent character, but a modified RIM with partial charges (q(Fe) ≈ +0.9, q(S) ≈ −0.9 for 

[Fe₄S₄]) reproduces the breathing mode at 339 cm⁻¹ vs. experiment 335 cm⁻¹. 
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Table 6. Vibrational frequencies of iron–sulfide and iron carbide carbonyl clusters: 

RIM vs. DFT vs. Experiment. Data from Cesari et al. (2024), Thomson et al. (2020), and 

Noodleman et al. (2004) 

Iron Cluster Mode Symmetry RIM 

(cm⁻¹) 

DFT 

(cm⁻¹) 

Experiment 

(cm⁻¹) 

[Fe₄S₄]²⁻ cubane Fe-S stretch A₁ S₄ 339 341 335 

[Fe₄S₄]²⁻ cubane Fe-S-Fe bend S₄ 278 283 282 

[Fe₂S₂]²⁻ Fe-S str. B₃u (IR) D₂h 421 418 420 

[Fe₆C(CO)₁₈]⁰ C-O stretch (IR) D₃h — 2022 2018 

[Fe₅C(CO)₁₅]⁰ C-O stretch (IR) C₄v — 2010 2009 

10. Recent Advances and Outlook (2022–2024) 

The period 2022–2024 has seen transformative advances in both experimental and 

computational vibrational spectroscopy of inorganic nanoclusters: 

Automated DFT-Based IR/Raman Prediction 

Bastonero and Marzari (npj Computational Materials, 2024) developed an automated, open-

source workflow based on DFT and the electric-enthalpy functional enabling seamless 

calculation of IR absorption, reflectivity, zone-center phonons, static dielectric tensor, and 

Raman spectra for any functional and pseudopotential. This framework, hosted on the AiiDA 

platform, provides systematic benchmarks against which RIM predictions can be evaluated 

across a broad materials space. For rutile TiO₂, the automated DFT approach yields Raman 

frequencies within ±5 cm⁻¹ of experiment, versus ±20 cm⁻¹ for RIM, but at 100× greater 

computational cost. 

In Situ Spectroscopic Monitoring of Cluster Formation 

In situ vibrational spectroscopy has emerged as a powerful tool for tracking nanocluster 

assembly and destruction. Krueger et al. (2024) employed in situ IR and Raman to observe 

POM formation from vanadium and molybdenum precursors, identifying reaction 

intermediates through M-O stretching band evolution. The complementary strengths—IR 

sensitivity to polar M-O bonds and Raman sensitivity to symmetric, nonpolar stretches—

enabled mechanistic insight into cluster growth pathways unavailable from end-point 

characterization alone. The RIM provides mode assignments that guide spectral interpretation 

during these dynamic experiments. 

Nanoscale Chirality and Vibrational Circular Dichroism 

A 2024 study in Nanoscale (Sato et al.) demonstrated vibrational circular dichroism (VCD) 

and Raman optical activity (ROA) for chiral zinc(II) orthophosphate nanoclusters. These 

chiroptical techniques provide information on absolute configuration and chiral phonon 

modes inaccessible to conventional IR/Raman. Application of RIM to predict VCD spectra 

requires computation of atomic polar tensors and axial tensors, extending beyond standard 

frequency calculations, but recent implementations in CFOUR and Gaussian 16 make this 

feasible for clusters up to ~500 atoms. 

TERS and AFM-IR at Single-Cluster Resolution 

Tip-enhanced Raman spectroscopy (TERS) and atomic force microscopy IR (AFM-IR) have 

achieved nanometer-scale chemical imaging of 2D molecular materials and individual 

nanoclusters. As reviewed by Mrđenović et al. (Nanoscale, 2023), TERS enables Raman 

spectra with spatial resolution of 1–5 nm under ambient conditions, while AFM-IR 

(Schwartz, Jakob & Centrone, Chem. Soc. Rev., 2022) provides IR absorption maps at <10 

nm resolution. The POM nanospectroscopy by Salhi et al. (Communications Chemistry, 

2024) exemplifies the direct link between single-cluster SNOM-IR measurements and 

RIM/DFT vibrational predictions. 

11. Conclusions 

The Rigid Ion Model remains a cornerstone of vibrational property prediction for nanoscale 
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inorganic complexes and clusters, offering a favorable balance of computational efficiency 

and physical insight. Its application to TiO₂, ZnO, CeO₂ nanoparticles and polyoxometalate 

clusters such as Mo₁₃₂, Mo₁₃₈, and Keggin-type anions demonstrates systematic agreement 

with experimental Raman and IR data, with mean absolute errors of 10–30 cm⁻¹ for zone-

center optical modes. 

Key findings of this review are: 

• The Matsui-Akaogi and Catlow Buckingham potentials provide reliable RIM parameters 

for transition metal oxides; López et al. (2012) parameters extend coverage to molybdate 

and tungstate POMs. 

• Size-dependent phonon softening (3–15 cm⁻¹ per decade size decrease) is well captured by 

the hybrid RIM-PCM approach, with dispersion curves from GULP feeding directly into 

the PCM integral. 

• For POMs with Ih symmetry (Keplerate clusters), RIM predicts Ag and T₁u mode 

frequencies to within ±1% of experiment; Hg mode prediction is less reliable (±5%) due to 

neglected polarizability. 

• The shell model improves LO-TO splitting predictions by 20–40% over RIM for 

chalcogenide systems; machine learning force fields now achieve near-DFT accuracy at 

intermediate cost. 

• In situ IR/Raman monitoring (2024), single-cluster SNOM-IR nanospectroscopy, and 

TERS imaging are creating new experimental benchmarks that rigorously test model 

predictions. 

Future directions include: (1) machine-learning-augmented RIM with region-specific DFT-

fitted force constants; (2) explicit anharmonic corrections via self-consistent phonon theory; 

(3) extension to aqueous-phase POM clusters incorporating solvent dielectric screening; and 

(4) vibrational CD/ROA prediction for chiral inorganic nanoclusters. The maturation of 

automated DFT-DFPT platforms (Bastonero & Marzari, 2024) and MLIPs will progressively 

reduce reliance on empirical RIM parameterization, but the physical transparency and 

computational economy of the RIM ensure its continued relevance for large nanocluster 

systems and high-throughput screening applications. 
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