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Abstract: We use ab-initio Density-Functional Perturbation Theory together with THz 
spectroscopy for precise prediction and assignment of vibrational modes in molecular crystals. We 
show that THz spectroscopy is useful for analysis of liquids and food products.  
©2007 Optical Society of America 
OCIS Codes: (300.6270) Spectroscopy, far-infrared  (170.1580) Chemometrics 
 

1. Introduction 
  
In the recent years there has been a tremendous activity in the field of basic and applied THz frequency research. A 
sizable fraction of this effort has been focused on the exploitation of the fact that most organic molecules in the solid 
state have a rich and distinct dielectric spectrum in the THz region 0.3-5 THz. It has turned out that the vibrational 
modes found in this particular region of the electromagnetic spectrum are highly characteristic not only for the 
molecule, but also for its environment. The space group symmetry of the unit cell as well as the content of co-
crystallized solvent molecules (e.g. water) has been shown to be the main factors forming the THz vibrational 
spectrum of the solid. 
 The richly structured dielectric spectra often observed in poly- and single-crystal materials, including powders, 
are due to combinations of phonon- and intramolecular modes of the crystallites or single-crystals. On the other 
hand, in amorphous condensed-phase systems the existence of spectrally localized features is extremely rare because 
of the strong coupling between the random environment and intramolecular modes [1]. This study showed that the 
long-range order of the environment of the molecules is one of the dominating factors in the shaping of the dielectric 
spectrum of the molecules.  
 Here we present a generally applicable ab-initio simulation method that is capable of predicting the position and 
intensity, as well as identifying the normal modes of vibrational spectra in the THz region. The applicability of the 
method is demonstrated with results of the simulation of vibrational modes of the hydrogen-bonded molecular 
crystal sucrose. The experimentally determined absorption spectrum of polycrystalline sucrose has been reported 
earlier [1]. 
 In line with the rising demands on increased food quality and safety there is a need of new and fast measuring 
methods for rapid and objective determination of the state and quality of the food product on its way from the 
producer to the consumer. However, the development of new optical measuring methods for food control still 
implies fundamental studies of the interaction between light and matter and it is therefore not only an important 
issue for the food industry but also interesting from a general scientific point of view.   
 The spectral regions of NIR and mid-IR typically give intramolecular information such as the presence of 
different characteristic bonds, e.g. C-O, C-C, C-H and C-N, thus indicating the presence of certain molecules or 
groups of molecules in the sample. However, these spectral ranges give poor intermolecular information, e.g. the 
alignment of molecules, hydrogen bonds to surrounding molecules and whether the molecules are a part of an 
amorphous or crystalline structure. This information is to be found at longer wavelengths, namely in the terahertz 
region.  
 In spite of the lack of spectral features in the THz range of the dielectric function of amorphous materials and 
aqueous solutions, THz spectroscopy turns out to be very useful for identification also of ingredients in solution, and 
also to determine their concentration with high accuracy. We will show how THz reflection spectroscopy can be 
used to determine the alcohol concentration with high accuracy in a wide range of beverages such as beer, wine and 
spirits, independent of the presence of microparticles, carbon dioxide, and other ingredients. 
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2. Selected results 
 
To accurately predict the low frequency modes, which are of strong intermolecular nature, the full periodic structure 
of the crystal must be considered. The calculations are based on the plane-wave density functional method within 
the generalised gradient approximation as implemented in the Castep code [3]. In Fig. 1 (left panel) we show the 
result of a simulation of the vibrational spectrum of the sucrose crystal. The vertical bars correspond to the 
calculated vibrational frequencies, and the solid curve is the experimentally determined absorption spectrum of 
sucrose, measured at a temperature of 10 K. 

 
 The positions as well as the intensities of all the predicted vibrational modes are in very good agreement with 
the experimentally observed lines. The convincing agreement between experiment and theory allows us to suggest 
an assignment of the various vibrational frequencies to specific modes of the sucrose crystal.  
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Figure 1: (left panel) Comparison of the measured absorption spectrum (solid curve) and calculated vibrational frequencies of the sucrose 

crystal. (right panel) Comparison of reference measurements (solid lines) of the average refractive index and absorption coefficient of alcohol-
water mixtures with measurements on various beverages with alcohol contents ranging from 5 to 80% by weight. 

 To illustrate the use of THz spectroscopy for detection of relevant quantities in non-crystalline systems, Fig.1 
(right panel) shows a series of measurements of the absorption coefficient and index of refraction (averaged over the 
range 0.3-1 THz) of various beverages with alcohol content ranging between 5 and 80% by weight (red data points). 
The solid lines in the plots are the corresponding values of reference mixtures of pure water and pure ethanol. 
  The good agreement between the properties of the reference mixtures and those of the commercial alcoholic 
beverages tested here shows that the presence of other ingredients in addition to ethanol and water in the beverage 
has little influence on the accuracy of the measurement of the alcohol concentration. The accuracy of the 
measurement is typically in the range of a few percent, currently mainly limited by the size of the reference data set 
(here recorded in 5%-intervals) and the temperature stability of the sample.  
 
4. Conclusion 
 
 The detailed information available with the simulation method presented here about the solid-state THz 
vibrational modes of molecules will allow new and important insight into the weak, delocalized forces that hold 
hydrogen-bonded crystals together. In environments with no long-range order, such as liquids, we have shown that 
THz spectroscopy still yields important information about the material. Measurements on various food products, 
such as cheese, butter and meat, indicate that the far infrared properties of such products are very contrary to 
expectations based on the water content of the sample. This discovery points to that it is not only the amount of 
water in the sample but also the conditions of the water in the sample that is decisive for the dielectric properties. 
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