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CONS P EC TU S

L ight interacts surprisingly differently with small particles than with bulk or gas
phase materials. This can cause rare phenomena such as the occurence of a “blue

moon”. Spectroscopic particle phenomena of similar physical origin have also
spawned countless applications ranging from remote sensing to medicine. Despite
the broad interest in particle spectra, their interpretation still poses many challenges.
In this Account, we discuss the challenges associated with the analysis of infrared, or
vibron, extinction spectra of small dielectric particles.

The comparison with the more widely studied plasmon spectra of metallic nano-
particles reveals many common features. The shape, size, and architecture of particles
influence the band profiles in vibron and plasmon spectra in similar ways. However,
the molecular structure of dielectric particles produces infrared spectral features that
are more diverse and detailed or even unique to vibron spectra. More complexity
means higher information content, but that alsomakes the spectra more difficult to interpret. Conventional models such as classical
electromagnetic theorywith a continuum description of the wavelength-dependent optical constants are often no longer applicable
to these spectra. In cases where accurate optical constants are not available and for ultrafine particles, where the molecular
structure and quantum effects become essential, researchers must resort to molecular models for light�particle interaction that
do not require the prior knowledge of optical constants. In this Account, we illustrate how vibrational exciton approaches com-
bined with molecular dynamics simulations and solid-state density functional calculations provide a viable solution to these
challenges.

Molecular models reveal two important characteristics of vibron spectra of small molecularly structured particles. The band
profiles in vibron spectra are largely determined by transition dipole coupling between the molecules in a particle. Below a specific
particle size limit, conventional models fail. Molecular models explain many other phenomena in particle spectra, such as size,
shape, and mixing effects, providing the foundation for a better understanding of the interaction of solar radiation with aerosols
and clouds and for the design of dielectric nanomaterials.

Introduction
Visual phenomena arising from the interaction of light with

small particles have fascinated mankind for centuries and

were exploited evenbefore therewas anyunderstanding of

their source or cause. The origin of the striking color of gold

nanoparticles dispersed in water, for example, had been a

mystery since the 19th century. Michael Faraday already

studied this phenomenon,1 but it was only in the early

1900s that Gustav Mie provided one of the first compre-

hensive theoretical explanations.2 Countless applications

of nanostructured metallic systems in nanotechnology,

biophotonics, medicine, and sensing have since followed

and led to the emergence of a research field of its own:

plasmonics (see refs 3�6 and references therein). Intriguing

phenomena caused by the scattering and absorption of

light by small particles are bynomeans restricted tometallic

nanoparticles. They are the reason whymilk is opaque and

white, explain the uncommon occurrence of a “bluemoon”,

and even let us understand the influence of aerosols and

clouds on the radiative balance of planets and moons.7�10

Global warming on Earth, for instance, sensitively depends

on how solar radiation in the infrared interacts with aero-

sols and clouds.10 The spectroscopy of such systems is

as essential to climate modeling as to remote sensing.
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Atmospheric aerosol particles and cloud droplets consist of a

particularly wide range of different chemical species, which

makes the description of the light�particle interaction more

complicated than that for metallic systems. The fact that

spectroscopic properties of aerosols and clouds are often

required over various spectral regions and at different tem-

peratures, for example, in remote sensing, adds even more

complexity.

This Account focuses on the analysis of infrared (IR)

extinction spectra, or “vibron spectra”, of small dielectric

particles, such as aerosol particles built from molecules or

dielectric nanoparticles and nanostructures relevant to the

design of nanomaterials or to the study of interstellar dust.

Appropriate modeling approaches are a prerequisite for the

analysis of particle vibron spectra.11�14 We discuss various

issues that arise in this context and review the latest ad-

vances toward a comprehensive analysis of particle vibron

spectra. Better known than vibron spectra of dielectrics are

extinction spectra of metallic nanoparticles, or “plasmon

spectra”, which typically exhibit strong resonances in the

ultraviolet (UV), visible (VIS), and near-infrared (NIR) regions

of the electromagnetic spectrum. Therefore we begin our

review with a discussion of similarities and differences

in plasmon spectra and vibron spectra of nanoparticles,

with an emphasis on typical finite-size effects in extinction

spectra.

GustavMie's solution to the interaction of an electromag-

netic plane wave with a spherical particle is the basis for

much of our current understanding of how light is absorbed

and scattered by small particles.2 Mie exploited classical

electrodynamics and linear optics to treat the light�particle

interaction.More specifically, he solvedMaxwell's equations

analytically for an incident electromagnetic plane wave and

spherical boundary conditions describing the interface be-

tweenaparticle and its surroundings. Since this fundamental

contribution an impressive body of work has been devoted

to the development of approximations and numerical tech-

niques for the calculation of spectra of particles of arbitrary

shape and architecture.8,15�17 Among the most popular is

the discrete dipole approximation (DDA),18 which is also

used in the present contribution.19 All of these approaches

are essentially based on the same theoretical framework as

Mie's solution, that is, classical electromagnetic theorywith a

continuumdescription of thewavelength-dependent optical

constants (refractive indices) of a particle and its surround-

ings. Throughout this Account, these approaches are de-

scribed as “conventional models”. They are usually con-

sidered satisfactory for the description of plasmon spectra.

It turns out, however, that they are insufficient for understand-

ing spectral features arising from vibrons. Alternative appro-

aches are required, and we review some of the possibilities.

In many cases, a qualitative understanding of the most

prominent features in particle spectra would be highly des-

irable. The interaction of light with particles, however, is

extremely complicated, so this is an elusive goal in general.

We conclude with a description of a hybridization scheme

that provides such a qualitative understanding in specific

cases. It allows us to predict spectra of more complex nano-

structures from the well-known spectra of their simple

building blocks.

Plasmon versus Vibron Spectra
Surfacemodes in small particles can originate from different

types of collective motions. Among them are plasmons

in metallic systems and vibrons (also named vibrational

excitons) in dielectric particles. Plasmons describe collective

oscillations of conduction electrons (Figure 1A), while vibrons

FIGURE1. Sketches of themicroscopic originof (A) plasmons inmetallic
nanoparticles using gold as an example and (B) vibrons in dielectric
nanoparticles using crystalline acetylene as an example. The positive
and negative signs indicate surface polarization charges on the sphe-
rical particles.
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represent collective vibrations of molecules (Figure 1B).

Vibrons are thus typical for systems built from molecules

and arise from the intermolecular coupling of the internal

molecular vibrations.20 Both types of surface modes can be

excited by an external electromagnetic field. The frequen-

cies at which this happens, however, are very different.

Vibron spectra typically show strong resonances in the

mid-IR region,while plasmon resonances are usually excited

by VIS/UV/NIR light.

Vibrons and plasmons have much in common. Although

their microscopic origins are very different, their macro-

scopic effects (i.e., the surface polarization charge for small

particles sketched in Figure 1) are similar. It does not come as

a surprise that they also exhibit common spectroscopic

properties, at least qualitatively. Vibron and plasmon spec-

tra show diverse absorption and scattering features that are

governed by the properties of the particles (Figure 2), of

which the particle size is the most striking. It mainly deter-

mines the amount of light that is absorbed and elastically

scattered by the particle. As a rule of thumb, the larger the

particle, the higher the contribution from elastic scattering.

With increasing scattering contribution, extinction bands in

vibron and plasmon spectra become broader and show

more structure (several peaks and shoulders) as a result of

the excitation of higher order normal modes of the

nanoresonators.8,15�17 Many examples for extinction spec-

tra with varying scattering contributions exist in the litera-

ture (see, for example, refs 11�13, 21, and 22). Conven-

tional models, such as Mie's solution or DDA, are suitable

here formodeling spectra, provided that the particle's optical

constants are well-known (see subsequent section). Charac-

teristic scattering features in spectra together with modeling

allow for the determination of particle size distributions. This

method is often exploited for aerosol particles that are too

delicate for other more invasive sizing techniques. For

vibron spectra in the mid-IR, scattering typically becomes

“negligible” for particles smaller than about 100 nm,11�14

while for plasmon spectra in theVIS, this happens for particle

sizes below about 20 nm. If the dimension of the particle is

much smaller than the wavelength of the light, extinction

bands no longer change their profilewith decreasing particle

size. Their appearance becomes size independent and the

light�particle interaction can be treated within the so-called

electrostatic approximation,8 which is an approximation

FIGURE2. Illustration of particle properties that influence band profiles in vibron and plasmonextinction spectra. The different particle properties are
shown as simple sketches. The crystal structures in panel E are for the cubic (left) and the orthorhombic (right) crystal phase of acetylene.
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within the above-mentioned conventional models. How-

ever, this is only true down to a characteristic particle size

that depends among others on the chemical makeup of the

particle (refs 11�14, 23, and 24 and references therein).

Below this characteristic size, the molecular structure and

quantum effects become important. As a consequence,

unique extinction spectra are observed for each size (see

subsequent section).

The particle shape and architecture also lead to charac-

teristic spectral signatures.11�14,25�48 As is the case for size

effects, they are qualitatively similar for plasmons and

vibrons. Figure 3 compares shape-dependent plasmon spec-

tra of gold particles (A and B) with shape-dependent vibron

spectra of carbon dioxide aerosol ice particles (C and D). IR

signatures of the latter are of interest for the interpretation of

aerosol data from theMars atmosphere, where CO2 is one of

the important cloud components.49 The common trends

observed in Figure 3 can be summarized as follows: Particle

shapes with near unit axis ratios (Au nanospheres and CO2

nanocubes) shownarrower, only slightly structured bandswith

a pronounced maximum. For elongated particles (Au and CO2

nanorods), the band widths increase, the bands becomemore

structured, and new bands appear. Particles can also have

different architectures that influence the spectra. Anexample is

given in the last sectionof thisAccount fora core�shell particle.

The shell gives rise to a characteristic doublet structure both in

vibron13,33,34,41 and in plasmon spectra.44

While plasmon and vibron spectra have qualitative simi-

larities, Figure 3 also reveals quantitative differences. On the

one hand, vibron resonances cover a much narrower fre-

quency range than plasmon resonances. On the other hand

plasmon resonances can be tuned over a much broader

range of energies by modifying the particle's properties,

which is attractive for various applications.3�6 Features in

vibron spectra, however, are less blurred with more detailed

structures and the quantitative agreement between experi-

ment and simulation that can be achieved here is often

better than in the case of plasmon spectra. Moreover, vibron

spectra are modulated by the particle's molecular structure,

which makes them much more diverse than plasmon spec-

tra. Pronounced effects that arise from mixing of different

substances on a molecular level,28,30,31,33�35,39,40,50 from

multifarious phase behavior,31,32,35,37,38,40,51�53 and from

surface contributions in small particles31,32,37,52,54�59 are

FIGURE3. Shape effects in extinction spectra. Transmission electronmicroscope (TEM) images (insets) and experimental and calculated spectra of (A)
Aunanospheres and (B) Aunanorods. Particle sketches, experimental, and calculated spectraof (C) CO2nanocubes and (D) CO2nanorods in the region
of the bending and antisymmetric stretching vibrations.11,13,30,41 All simulated spectra were calculated with DDA (conventional model).19 The
approximate sizes of the experimentally probed particles can be seen from the length scales shown in the figure.
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more common or even unique to vibron spectra (Figure 2). As

an example, Figure 4 shows the spectral differences that arise

from different phases of icy acetylene aerosol particles.

Similar to CO2 particles, C2H2 plays a role in a number of

planetary and lunar atmospheres such as Titan's. Even the

relatively small change in the phase from a crystalline struc-

ture (Figure 4A) to a slightly disordered structure (Figure 4B)

significantly affects the spectra. The calculated spectrum for

the crystalline particle depicted in the middle trace of

Figure 4A is for a polyhedron with a perfect orthorhombic

crystal structure (see structure on the right-hand side of

Figure 2E). The calculated spectrum for the particle with a

slightly disordered structure in the middle trace of Figure 4B

is that of a sphere with a polycrystalline structure. The

polycrystal is modeled by randomly oriented multiple crystal-

line inclusions each with an orthorhombic crystal structure.

The broken symmetry in the polycrystalline case modifies the

particle's vibrational mode structure. A molecular model, such

as the exciton model used in Figure 4, not only affords a

reasonable prediction of the experimental spectra. It also

provides information about the mode structure inside the

particle. The lower panels in Figure 4 are contour plots of

what has been called excitation density (see refs 13, 14, and

38 for details). This is the probability that light of a certain

wavenumber excites molecules at a given location inside

the particle; here the location is specified by the radial

FIGURE 4. IR extinction spectra in the region of the bending vibration of icy C2H2 aerosol particles in different phases.38 Experimental spectra (top),
calculated spectra (middle), and contour plots of the excitation density (bottom) for (A) crystalline orthorhombic C2H2 aerosol particles and (B)
polycrystalline C2H2 aerosol particleswith orthorhombic polycrystallites. The diameters of the experimentally probed particleswere between 10 and
50 nm (Note that the spectrum is size-independent in this size range). Particle spectra were calculated with the exciton model (molecular
model).13,14,29 The excitation density increases from blue to white to red color.
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distance from the center of the particle. The excitation

density of the crystalline particle shows three modes ex-

tending uniformly over the entire particle. Since this mode

structure is a result of the regular crystalline structure, it is no

longer visible in the excitation density of the polycrystalline

particles where the individual polycrystallites prevent the

formation of distinct delocalized modes.

Vibron Spectra: Beyond ConventionalModels
The biggest challenge in the field is the analysis of vibron

spectra outside the range where conventional models are

valid. There are essentially twodifferent situationswhen this

happens, which are briefly discussed here. First, conven-

tional models are not applicable whenever the optical con-

stants (complex refractive index, complex dielectric function)

are not available (e.g., Figure 4),13,30,33,34,36,38,40 because

these are the fundamental quantities needed as input for

any of the conventional models (Mie, DDA, electrostatic

approximation, etc.2,8,15�17). Likewise, the conventional

models are of little use for the spectral analysis if frequency-

dependent optical constants are not sufficiently accurate,13,60

which is often the case in the mid-IR. Second, conventional

models completely fail below a certain particle size, typically

around 10 nm (“ultrafine particles”) for vibron spectra of

molecular systems as mentioned above.11�14,32,37,54,56�59

The influence of molecular structure and quantum

effects, which become important in this size range, can-

not be described by conventional models. Situations

where optical data are missing as well as ultrafine parti-

cles require molecular approaches to simulate the

spectra.11�14,25,29,37,38,40,54�58,60 A large part of our work

has been devoted to the development of molecular models

for the analysis of particle spectra in the IR and in particular

to their validation by comparisonwith various experimental

results. In our approach, we employ vibrational exciton

calculations11�14,29,34,60 in combination with molecular dy-

namics simulations14,37,38,58 and solid-state density func-

tional (DFT) calculations.40,61

The lack or inaccuracy of frequency-dependent optical

constants is a particular issue for molecular systems, be-

cause they can consist of a wide variety of different com-

pounds, exhibit a multifarious phase behavior (several crys-

talline and amorphous states), and form complicated multi-

component mixtures (Figures 2 and 4). It is a daunting if not

impossible task to determine refractive indices experimen-

tally for all those cases (see discussion in ref 8). For metallic

systems, where different phases and mixing are often irre-

levant and the interest is focused on very few compounds

(often Au), this is much less of an issue. Therefore conven-

tional approaches are more widely applicable to simulate

plasmon spectra than vibron spectra. We have shown in

recent years that a hybrid approach using a combination of

molecular and conventional models can be a useful alter-

native here: vibrational exciton approaches37,60 (see below)

or solid-stateDFT calculations40,61 are employed to calculate

the frequency-dependent optical properties, which then

serve as input for Mie or DDA calculations. Figure 5 shows

an example where the complex index of refraction (panel C)

was first calculated with DFT and then used as input to

simulate the particle IR spectrum with DDA (panel B). The

agreement between experimental (panel A) and calculated

FIGURE 5. Experimental (A) and calculated (B) IR spectra of mixed
cocrystalline CO2�C2H2 (β-P21/c crystal phase) aerosol particles in the
region of the bending (ν2) and the antisymmetric stretching (ν3) vibra-
tions of CO2.

40 (C) Modeled complex refractive index (n11þik11,
n22þik22, n33þik33) along three orthogonal axes of the CO2�C2H2

cocrystal in the same spectral region as in panels A andB. The diameters
of the experimentally probed particles are approximately 50 nm. The
crystal structures and the complex dielectric function were obtained
with theABINIT program.61 Particle spectrawere calculatedwithDDA.19
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spectrum is satisfying.40 The calculation reproduces the two

characteristic features, i.e. the typical unstructured broad

ν3 band of CO2 found in mixed CO2 crystals30,33 and

the characteristic splitting of the ν2 band of CO2. The combi-

nation of DFTwithMie orDDAhas clear advantages. Several

commercial program packages make this approach easily

accessible to everybody, andDFT provides information both

on the molecular structures (crystal structure) and on the

optical constants. Among the drawbacks is the somewhat

limited accuracy of the optical data (frequency shifts etc.)

modeled in this way and in particular the fact that solid-state

programs provide bulk refractive indices in practice only for

ordered molecular structures. The major deficiency, how-

ever, is the fact that the combination of DFTwithMie or DDA

also fails to predict vibron spectra for ultrafine particles.

Clearly a different approach is required here, which is based

on a fully molecular description.

Our previous efforts havedemonstrated that the vibrational

excitonapproachoffersaviable solution.11�14,29,37,38,58,60This

is a quantummechanical model that allows for the prediction

of vibron spectra of aerosol particles built from molecules.

Adetailedquantummechanical treatmentof such largemolec-

ular systems is feasible only if the model can be reduced to a

fewdominant interactions.Wehave found that essentiallyone

interaction determines when particle properties such as those

sketched in Figure 2 dominate the IR spectra. It is the resonant

coupling between the oscillating dipoles of all individual

molecules thatmakeupanaerosol particle. The corresponding

Hamiltonian given in the Supporting Information describes the

interaction of each molecular oscillator with the field of all

other oscillators, a network of transmitters and receivers with

molecules asantenne. For any further details on themodel and

its implementation,we refer to the Supporting Informationor to

refs 13, 14, and 29 and references therein. Figure 6 illustrates

the differences between the exciton approach and conven-

tional models (DDA) for ultrafine cubic aerosol particles.

Obviously, DDA does not capture the unique spectral signa-

ture as a function of particle size. Instead it predicts the same

spectrum for all sizes, quite incorrectly. In this example, we

have reached the size range where molecular structure and

quantum effects become important: conventional models

and hybrid approaches are no longer valid as the effective

range of exciton coupling becomes comparable to particle

dimensions. It is a major advantage of the exciton approach

that it does not have any principle limits, such as the

conventional models for ultrafine particles. It is conceptually

simple but successful because it captures the most impor-

tant interaction. Thereby it provides a molecular level

understanding of characteristic features in particle vibron

spectra (e.g., Figure 4). Still, the molecular structure of

the particles and the molecular transition frequencies and

molecular transition dipole moments are required as input.

This is not an issue for crystalline particles with known

structure and known IR bulk or gas phase spectra.14,30,33,34

In all other cases, we have to resort to more or less ex-

tensive molecular modeling, such as molecular dynamics

simulations,14,37,38,58 of the particle's internal structure and

local transition frequencies and dipole moments.

Hybridization Scheme for Complex Particle
Architectures
The usual way to predict and engineer the electromagnetic

response of particles with complex architectures, or more

generally of complex nanostructures, involves full exciton or

full DDA calculations. However, there is an alternative

approach in cases where the complex nanostructure can

be subdivided into simpler subunits whose individual spec-

tra arewell-knownor easy to calculate. Then a hybridization

scheme can be exploited similar to what is known from

FIGURE6. Comparison of particle IR spectra calculatedwith the exciton
model (A) and with DDA (B) for crystalline NH3 particles of various sizes.
The particles have a cubic shape with edge lengths of 10 nm, 5 nm,
3.5 nm, 2 nm, and 1 nm from top to bottom. The conventional model
(DDA) falsely predicts the same spectrum for all sizes, while the molec-
ular approach (exciton model) captures size effects properly.
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molecular orbital theory. This has originally been shown by

Halas, Nordlander, and co-workers for metallic nanostruc-

tures44 and has recently been generalized by us far beyond

metallic systems, in particular including vibron spectra.41

A short description of thehybridization scheme is included in

the Supporting Information.

Figure 7 provides an example for the IR spectrum of a

cubic shell. One can think of it as a superposition of a cube

and a cubic cavity.41 The vibrons of the cubic shell are

admixtures of those of the cube and the cavity. The modes

of the simple subunits (cube and cavity) are well-known and

can be used to construct the unknown IR spectrum of the

shell. As sketched in Figure 7A, the vibrational energy levels

of the shell (middle) are constructed from linear combina-

tions of the known energy levels of the cube (left) and the

cavity (right). Hybridization of the cube and cavity results in

two classes of vibrational energy levels for the shell. Vibra-

tional modes in the energetically lower lying class have

fewer nodal surfaces than those in the energetically higher

lying class (Figure 7B). In analogy to bonding and anti-

bonding molecular orbitals, we call them bonding and

antibonding modes, respectively. Bonding modes have larger

overall transition dipolemoments and couplemore strongly

to the external electromagnetic field. This scheme elegantly

explains the characteristic doublet structure of the shell

spectrum in Figure 7C. It arises from vibrational transitions

from the ground state to the two respective classes of

vibrationally excited states, with the more intense absorp-

tion band at lower energy. The analogy of the hybridization

scheme to molecular orbital theory is quite striking, only

with vibrons instead of molecular orbitals. Both simple and

intuitive, this approach provides a qualitative understanding

of the infrared spectral features of more complex dielectric

nanostructures.

Conclusion
This Account demonstrates that molecular models are indis-

pensable for the analysis of infrared extinction spectra of

small dielectric particles. While conventional models, such

as Mie theory or DDA, are usually sufficient for the analysis

of plasmon spectra of metallic nanoparticles, they often fail

to capture the spectroscopic signatures in vibron spectra of

dielectric nanoparticles.

The combination of molecular models with carefully de-

signed laboratory experiments has helped uncover surpris-

ing aspects of vibron spectra and their interpretation. The

most prominent is the fact that simple dipole coupling

between all molecules that make up a particle determines

when and how band profiles in infrared spectra are domi-

nated by particle properties, such as shape, size, or archi-

tecture.14 This discovery allowed us to formulate propensity

rules for the occurrence of prominent particle effects in

vibron spectra.60 Without the need for explicit calculations,

they explainwhy the information about particle shape is lost

in spectra of multicomponent particles,30 a result of some

consequence for remote sensing, where particle spectra are

easily misinterpreted in terms of shape effects. Moreover,

the comparison of conventional models with molecular

models revealed the existence of a fundamental lower

particle size limit below which conventional models fail.11

The effective range of the dipole interaction becomes com-

parable to the particle dimensions so that the molecular

structure and the quantum nature of the vibrationsmanifest

themselves in the spectral features. At this point, the classical

description of energies and intensities is no longer quantita-

tively correct. But this is only the beginning. State-of-the-art

experimental approaches, such as 2D infrared pump�probe

experiments,62 open exciting possibilities to gain new in-

sight. Among the most interesting aspects are the influence

of anharmonicities, the delocalization of vibrons, and the

role of defects and phonon coupling (lifetimes, coherences).

Along with the ever more accurate information from

experimental advances in particle spectroscopy comes the

demand for improved models. The development of molec-

ular models for light�particle interaction is doubtless the

future direction in the field of small particle spectroscopy. In

contrast to conventional models, they provide a molecular

level understanding of the observed phenomena, revealing

the relationship between molecular structure, particle prop-

erties, and infrared signatures. Most notable is the extension

to ultrafine particles, a size range of crucial importance, for

example, for the nucleation from the gas phase, currently

FIGURE 7. (A) Energy level diagram for the antisymmetric stretching
vibration of CO2 for a cube (left), a cubic shell (middle), and a cubic cavity
(right). Note that only the most significant eigenmodes are depicted. (B)
Sketch of the polarization charges indicating that there are fewer nodal
planes in the polarization charge distribution for the energetically lower
lying modes. (C) IR extinction spectrum of the shell.
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one of the big issues in aerosol and climate research. From a

practical point of view, however, many challenges have to

be solved before molecular models can be used more

widely. These include issues of system size and computa-

tional cost, the question of how to validate the accuracy of

calculations performed at a certain level, and of course the

development into routine tools that are easy to use.
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