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Abstract: Large weakly bound molecular aggregates are ubiquitous: As atmospheric aerosols they influence the 
quality of the air and have a significant impact on our climate. Furthermore pharmaceuticals in the form of nano-
particles are required to achieve a targeted drug delivery. In all these fields, physical-chemical methods play a 
crucial role for the preparation and characterization of this type of matter. Apart from such experimental efforts, one 
of the greatest challenges is to understand the properties of large molecular aggregates on a microscopic level.

Keywords: Collisional cooling · Infrared spectroscopy · Intermolecular interactions · Molecular nanoparticles · 
Rapid expansion of supercritical solutions

her Dr. sc. nat. in 1999 with a thesis on 
‘Struktur und Dynamik von Molekülkat-
ionen’. Ruth Signorell was postdoctoral 
fellow of the Deutsche Akademie der Na-
turforscher LEOPOLDINA (2000–01) and 
later on Wissenschaftliche Assistentin C1 
(2001–02) at the Georg-August Universi-
ty Göttingen, where she worked with Prof. 
Martin Suhm on infrared spectroscopy of 
molecular aggregates. From 2002 to 2005 
Ruth Signorell was Assistant Professor for 
Physical Chemistry at the University of 
Göttingen. Since 2005 she is Professor for 
Physical and Analytical Chemistry at the 
University of British Columbia in Vancou-
ver. Current research interests are centred 
around the generation and spectroscopic 
characterization of molecular nanoparticles 
and aerosols in the submicron size range.

1. Introduction

The rapidly increasing interest in the 
properties of clusters, nanoparticles, and 
aerosols built from molecules arises from 
their relevance in many different fields. 
Molecular particles of widely varying com-
position have a significant influence on at-
mospheric processes [1]. At the same time, 
small particles in the form of atmospheric 
aerosols can pose a risk to our health. Sol-
id ‘ice’ particles containing water, carbon 
monoxide, carbon dioxide, and various 
small organic molecules also exist in inter-
stellar dust, where their properties and their 

influence, for example as reactive sites, are 
still largely unexplored [2]. The subject 
of another very active field is the targeted 
preparation of micro- and nanoparticles of 
pharmaceutical agents [3]. The microniza-
tion of pharmaceuticals improves their bio-
availability, and in combination with sur-
face modification this can be exploited for 
a targeted and enhanced drug uptake.

With sizes ranging from subnanometers 
to microns, molecular particles typically 
contain from some tens up to billions of 
molecules. Common to all these species is 
the fact that they are held together by rather 
weak intermolecular forces (Van der Waals 
forces, hydrogen bonds) acting between the 
different molecules. These weak forces con-
trast with the strong chemical bonds within 
the molecules themselves. This pronounced 
hierarchy of forces in combination with the 
huge change in size make this type of mat-
ter particularly complicated to investigate 
and understand. It is thus not astonishing 
that many properties are still largely unex-
plored. However, for the targeted prepara-
tion of particles and the modeling of pro-
cesses involving particles reference data 
are urgently needed, and these can only be 
obtained from corresponding laboratory in-
vestigations.

The hierarchy of forces mentioned has 
also a crucial influence on the particles’ 
properties. In the investigation of particulate 
matter intrinsic particle properties such as 
shape and size effects are of particular inter-
est, because both the shape and the size of the 
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particles can have a characteristic influence 
on the phase behavior, the reactivity, and the 
spectroscopic properties. The present contri-
bution discusses some of these phenomena 
and their microscopic origins.

2. Experimental Approaches

The study of particulate matter requires 
the combination of a wide range of different 
experimental techniques both for the particle 
preparation and for the particle character-
ization. A major difficulty is the generation 
of submicron particles in the lab with well-
defined size distributions and that for differ-
ent substances. For volatile substances, we 
use two methods, collisional cooling [4–9] 
and supersonic expansion [10][11]. In both 
cases particles are formed directly from the 
gas phase by bringing a dilute sample gas to 
supersaturation. In collisional cooling cells 
this is realized by injecting the sample gas 
into a precooled bath gas (helium, T > 4K) 
and in supersonic expansions the particle 
formation is induced by rapid expansion of 
the sample gas through a small nozzle. The 
combination of both methods allows us to 
generate particles from subnanometers to 
several microns, which is a prerequisite 
to study size-dependent effects. With col-
lisional cooling we can also study the tem-
poral behavior of an aerosol over several 
hours as well as investigate phase transi-
tions and reactions. Conventional particle 
preparation methods for non-volatile sub-
stances, such as milling or spray drying, are 
not suitable to form submicron particles. 
Such particles can rather be generated by 
rapid expansion of supercritical solutions 
(RESS) [12][13] or by electrospraying [14]. 
The key idea behind RESS is to dissolve the 
solute of interest in a supercritical medium 
(i.e. CO2) and to precipitate this solution by 
rapid expansion through a small nozzle. In 
an electrospray the particles are formed by 
spraying an aqueous solution with subse-
quent solvent evaporation. The latter tech-
nique only works for compounds that are 
soluble in polar solvents.

For the characterization of molecular 
nanoparticles infrared spectroscopy is par-
ticularly well suited. It opens a direct win-
dow to the characteristic intermolecular 
and intramolecular vibrational dynamics of 
these species. Furthermore it is sensitive, 
non-invasive, and can be used for various 
kinds of particulate samples under a broad 
range of different experimental condi-
tions. The usage of specially designed in 
situ techniques [12][15] enables us, for ex-
ample, to observe the particle formation in 
the aerosol phase and to probe the proper-
ties of particles in supersonic expansions. 
We complement the results from in situ 
infrared spectroscopy with particle sizing 
using a scanning mobility particle sizer, 

three-wavelengths-extinction measurements, 
and electron microscopy. The latter also 
provides information about the particle’s 
shape. As further off-line techniques we 
also use X-ray diffraction and differential 
scanning calorimetry [16].

3. Infrared Patterns of Shape and 
Size

In recent years we have systematical-
ly studied the infrared signatures of very 
weakly bound molecular aggregates, which 
are stable only under cryogenic conditions 
[4][5][10][11][17][18]. This includes solid 
particles consisting of water, carbon diox-
ide, ammonia, sulfur dioxide, and various 
composite particles. In the lab, we generate 
these particles in collisional cooling cells as 
aerosols and study them in situ by infrared 
spectroscopy. These ‘ice’ particles are of 
relevance in the atmosphere and in the inter-
stellar dust. They are also important for the 
generation of non-volatile particles by rapid 
expansion of supercritical solutions (see Sec-
tion 5) where the solvent forms ice particles 
during the expansion process [12]. One of 
the first questions that comes to mind in this 
context is whether the finite size leads to any 
characteristic features in infrared spectra.

 
3.1. Shape Effects

Fig. 1 illustrates that this is indeed the 
case [4][17][18]. The left-hand side shows 
experimental and calculated (see Eqn. (1)) 
spectra of pure CO2 particles in the region 

of the antisymmetric stretching vibration, 
for two different particle shapes, in panel a) 
for predominantly elongated particles, and 
in panel b) for mostly spherical particles. 
The comparison of the two panels clearly 
reveals the strong influence the particle 
shape has on the structure of the infrared ab-
sorption band. An elongated particle leads 
to a broad band with three different maxima 
whilst a spherical particle is characterized 
essentially by a single narrow absorption. 
This example demonstrates that it is pos-
sible to draw conclusions on the particle 
shape directly from infrared spectra.

A central point for the understanding of 
the microscopic origin of these phenomena 
is the prediction of infrared spectra based 
on quantum mechanical models. However, 
for the large aggregates considered here, 
which contain about 106 molecules (diam-
eter ~50 nm), it is not possible to perform 
such calculations ab initio having regard to 
all intra- and intermolecular interactions. 
For the species studied here, we have shown 
that this is not really required [19] because 
in this case a single intermolecular interac-
tion is responsible for the shape sensitivity. 
It is the resonant coupling between the os-
cillating dipoles of all individual molecules 
in a particle. This is something similar to 
transmitter and receiver in classical phys-
ics. The coupling operator appropriate to 
this interaction has the form:

Fig. 1. Infrared spectra in the region of the antisymmetric stretching vibration of CO2 for pure CO2 and 
mixed CO2/NH3 particles of different shape. The upper traces show experimental spectra and the 
lower traces contain the corresponding calculated spectra (see Eqn. (1)). a) For elongated pure CO2 
particles; b) For spherical pure CO2 particles; c) For elongated statistically mixed CO2/NH3 particles; 
d) For spherical statistically mixed CO2/NH3 particles. The ratio of CO2:NH3 amounts to 20:80. The 
diameter of the particles lies around 50 nm.

(1)
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®µi is the dipole moment operator and 
rij stands for the distance between the mol-
ecules labeled i and j. This resonant cou-
pling lifts the degeneracy of the uncoupled 
states and leads to eigenfunctions that are 
delocalized over the whole particle. This 
delocalization explains the distinct shape 
dependence in the infrared spectra. Calcu-
lated spectra for the two different particle 
shapes discussed above are depicted below 
the corresponding experimental spectra on 
the left-hand side in Fig. 1. The compari-
son with the experiment clearly confirms 
resonant transition dipole coupling as the 
microscopic origin of shape effects.

Investigating atmospheric aerosols 
one is often more interested in the proper-
ties of composite than of pure particles. In 
composite particles, the different chemical 
substances can be statistically mixed, form 
inclusions, or build core-shell structures. All 
these different architectures lead to charac-
teristic patterns in the infrared spectra. The 
right hand side in Fig. 1 illustrates, as an 
example, what happens with shape effects 
in the case of statistically mixed particles. 
The particles considered here consist of 
20% CO2 and 80% NH3. Panel c) again 
shows the infrared spectrum in the region 
of the antisymmetric stretching vibration of 
CO2 for predominantly elongated particles 
and panel d) again depicts the spectrum 
for mostly spherical particles. The spectra 
for the two different particle shapes do not 
differ any longer in the case of statistically 
mixed particles. This demonstrates that for 
such mixed particles the information about 
particle shape is lost in the infrared spectra.

3.2. Size Effects
Of course, it is not the particle shape 

alone which influences the infrared spectra, 
but also the size of the aggregates [4][11]. 
Such size effects are particularly important 
for small particles, which in general means 
aggregates with radii less than 10 nm. In 
contrast to large particles, the fraction of 
molecules which lie in the surface layer is 
no longer negligible in the case of small par-
ticles. It can even outnumber the molecules 
in the core. Due to the boundary, this sur-
face region has different structural and thus 
spectroscopic properties than the core of 
the particles. This is illustrated for ammo-
nia particles in Fig. 2. Panel a) shows the in-
frared spectrum for ammonia particles with 
different sizes in the region of the umbrella 
vibration. With decreasing particle size the 
band shape becomes broader especially to-
wards higher frequencies. The combination 
of molecular dynamics simulations with vi-
brational dynamics calculations shows that 
this spectral evolution can be understood in 
terms of surface effects. The surface of the 
particles has a more amorphous structure 
than the core of the particles (see Fig. 2b) 
and thus absorbs in this case at somewhat 

higher energy around 1120 cm–1 (panel a). 
Fig. 2a illustrates that for smaller particles 
the relative absorption of the surface in-
creases consistent with a relative increase 
of surface region in smaller particles.

4. Reactive Processes

An important current issue concerns re-
active processes involving particles, which 
includes surface reactions, decay reactions 
of particles, and particle formation process-
es starting from gas phase components. At-
mospherically relevant chemical processes 
are, for instance the reaction of ozone with 
organic acid particles and the formation of 
sulphuric acid aerosols [20][21] as well as 
many other complex heterogeneous and ho-
mogeneous processes. 

The example shown here in Fig. 3 dem-
onstrates that the chemical composition 
can also depends on the particle prepara-
tion method. For that we compare the gen-
eration of dihydroxyacetone particles in a 
collisional cooling cell with the generation 
in an electrospray [14]. A typical infrared 
spectrum obtained in the collisional cooling 
cell is depicted in the lower trace of Fig. 3. 
As expected one finds the prominent car-
bonyl stretching band of dihydroxyacetone 
around 1740 cm–1. A further analysis of the 
fingerprint region reveals that the mono-

mers form hydrogen-bonded chains in the 
particles as indicated on the right-hand side 
of Fig. 3b. For the particles generated in 
the electrospray, by contrast, the carbonyl 
band is completely missing (Fig. 3a). This 
tells us that in the electrospray the particle 
formation is accompanied by a chemical 
reaction. In the case of dihydroxyacetone 
this is the chemical dimerization to the cy-
clic hemiketal (see the right-hand side of 
Fig. 3a). Under the aqueous conditions of 
the electrospray this reaction is proton cata-
lyzed whereas the aprotic conditions in the 
collisional cooling cell inhibit this chemical 
dimerization.

5. Drug Particles

There is also a lot of interest in pro-
ducing pharmaceutical or cosmetic agents 
in the form of micro- or nanoparticles 
[3][12][13][16]. The micronization of phar-
maceuticals is a means to increase their 
bioavailability. One important aspect here 
is that small particles have a huge surface 
with correspondingly increased solubil-
ity in aqueous solutions even if the bulk 
substance itself hardly dissolves in water. 
Another important point is that by choos-
ing the chemical composition particles rep-
resent an elegant way for controlled drug 
delivery. For instance, pH-dependent coat-

Fig. 2. a) Infrared spectra of ammonia particles for three different particle radii r in the region of the 
umbrella vibration of ammonia. b) Structure of an ammonia particle with a crystalline core and a 
partially amorphous surface.
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ings can allow for targeted drug release in 
different intestinal regions. 

Some aspects of drug particle formation 
are summarized in Fig. 4. for the example 
of phytosterol particles. Phytosterol can be 
used as an agent to reduce the amount of 
cholesterol in human blood and as an addi-
tive for cosmetics. The particles considered 
here were generated by rapid expansion of 
supercritical CO2 solutions. CO2 is a par-
ticularly suitable solvent for the formation 
of thermally labile drug particles since it has 
low critical data, it is non-toxic, and it can 
easily be separated from the particulate phase 
after the particle formation. The picture from 
scanning electron microscopy (SEM) in Fig. 
4 shows that pure phytosterol particles have 
a strong tendency to coagulate and agglom-
erate, which leads to a decrease in the active 
surface of the particles and thus reduces the 
dissolution rate and the bioavailability. This 
agglomerated spongy structure consists of 
primary particles with diameters between 50 
nm and 150 nm. To avoid coagulation and 
agglomeration, we mix or coat the particles 
with different biodegradable polymers such 
as eudragit© or poly-lactic-acid (PLA). We 
have found that the stabilization of the parti-
cles strongly depends on the amount of poly-
mer in the mixture. The beauty of infrared 
spectroscopy is here that we can determine 
and thus control the amount of polymer in 
situ during the particle formation (see infra-
red spectra in Fig. 4). 

6. Summary

The purpose of this article was to il-
lustrate how the combination of various 
particle generation and characterization 
methods provides a wealth of information 
about particle properties. An important as-
pect was the discussion of intrinsic particle 
properties such as shape and size effects 
in infrared spectra of these weakly bound 
molecular aggregates. It has been a central 
concern to demonstrate that these phenom-
ena can be understood on a microscopic 
level and that they can even be calculated 
from molecular properties. On a more prac-
tical level, such investigations give insight 
into atmospherically relevant processes as 
well as into the course of technically rel-
evant processes of particle formation. This 
should help us to understand, predict and, in 
the latter case, optimize them.
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Fig. 3. a) Infrared spectrum of chemically-bound dihydroxyacetone dimer particles generated in an 
electrospray. This dimerization is proton catalyzed under the aqueous conditions in the electrospray. 
b) Spectra of dihydroxyacetone particles generated in a collisional cooling cell. The sketch illustrates 
that the monomers form hydrogen-bonded chains in the particles.

Fig. 4. Left: Image from electron microscopy for pure phytosterol particles. The primary particles are 
strongly coagulated and agglomerated. This can be avoided by mixing/coating the particles with 
polymers. The amount of polymer can be controlled in situ with infrared spectroscopy (infrared spectra 
on the right).
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