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ABSTRACT 
 

In this work we present the results on combined experimental and computational study of sub-THz spectra of 
liquid water. The important new result is the detection of hydrogen bonds in liquid water. The experimental 
study was performed by employing Fourier Transform terahertz (THz) spectroscopy with spectral resolution of 
0.25 cm-1. Resonance features in transmission spectra of water layers between thin film substrates are 
demonstrated in the sub-THz range. The theoretical approach for computer simulation of THz absorption 
spectra from liquid water is also discussed. The molecular dynamical (MD) simulations of water were 
performed using Amber 8 and the TIP3P, SPCE (Extended Single Point Charge) and TIP4P water models. 
Several examples of modeling results are presented. The experimental spectra are compared with the 
theoretical predictions. The SPCE model better correlates with experimental spectra compare to two other 
models. 
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I. INTRODUCTION 

 
Terahertz (THz) vibrational spectroscopy is an emerging technique for the characterization of 

biological and other materials. THz radiation interacts with the low-frequency internal molecular 
vibrations involving the weakest hydrogen bonds and other weak interactions by exciting these 
vibrations. The THz region of absorption spectra (2 - 300 cm-1) of bio-molecules  reveals these low 
frequency molecular motions.   

The capability of THz spectroscopy to detect directly the weak bond low-frequency 
vibrations is unique providing the information quite different from the visible or IR spectroscopic 
characterization. This uniqueness opens potentially many applications for THz vibrational 
spectroscopy such as biomedicine, pharmaceutical analysis, real time monitoring of biological 
processes, detecting and identification of harmful biological species.  

  Very recently a THz spectroscopy technique for structural characterization of DNA, 
proteins and other biopolymers in diluted solutions was developed by taking advantages from lower 
liquid water absorption in the sub-THz vs. IR and far IR regions (see section III).  

Water plays a central role in chemical and biological systems [1]. Water is a polar molecule 
so it is quite absorbent of THz radiation and its polarity also makes it active in the infrared region [2]. 
The contribution from water into THz spectra of biological polymers is important even for solid thin 
film samples since these materials often have at least some amount of water [3, 4]. In the case of 
biomolecules in aqueous solutions this contribution is crucial [5, 6]. Absorption coefficient of water 
in the THz region, although significantly smaller than in the IR, is still rather high and usually 
comparable with that of biological material. Molecules in liquid  
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water are in dynamic interactions with each other through the multiple hydrogen bonds, and water 
can not be considered as consisting of individual molecules. Thus we can expect that the absorption 
spectrum of water in the sub-THz is not smooth but probably includes resonance features attributed to 
these hydrogen bonds. Because of the importance of water in aqueous solutions it is the subject for 
many molecular dynamics (MD) and statistical mechanics investigations. In order to simulate water 
at the atomic scale, a number of water models have been developed [7, 8]. Using simple water 
models, the structure, dielectric relaxation and dynamics of water have been studied extensively [1]. 
Dielectric properties of liquid water were also studied in THz frequency range [2, 5, 6]. 

In this work we present the results on combined experimental and computational study of sub-
THz absorption spectra of liquid water. We are interested in details of interaction between THz 
radiation and liquid water. Fourier –Transform THz Spectroscopy is used for experimental study. 
Resonance features in experimental spectra of water in the sub-THz range are demonstrated. The MD 
simulations of water are performed using Amber8 and three water models: TIP3P, SPCE (Extended 
Single Point Charge) and TIP4P. One of our goals is to identify which model better describes 
experimental data at THz frequencies. The experimental spectra are compared with the theoretical 
predictions and the correlation between modeling and experiment is discussed. 
 

II. MODELING 
 
It is well established that H2O molecules attract each other through the special type of 

dipole-dipole interaction known as hydrogen bonding. In this interaction, the partially-positive 
hydrogen atom on one water molecule is electrostatically attracted to the partially-negative oxygen 
on a neighboring molecule.  Notice that the hydrogen bond is somewhat longer (0.17 nm) and 
considerably weaker than the covalent O-H bond (0.1 nm). A hydrogen-bonded cluster, in which 
four H2O molecules are located at the corners of an imaginary tetrahedron, is an especially 
favorable (low-potential energy) configuration, however individual hydrogen bonds are continually 
breaking and re-forming. The molecules in liquid water undergo rapid thermal motions on a time 
scale of picoseconds (10–12 second), so the lifetime of any specific clustered configuration is 
fleetingly brief. The calculated hydrogen bond lifetimes from the computer simulations are in 1 – 3 
ps range [7]. Despite these thermal distortions, liquid water still retains its tetrahedrally coordinated 
random network [9]. Radial distribution functions and partial structures functions obtained both 
from experiments and simulations show two strong peaks, tetrahedral network signatures, pointing 
to the existence of local order in liquid water for 2 coordination spheres at room temperature [8].   

In this work, we simulated liquid water absorption at sub-THz frequencies. The molecular 
dynamical (MD) simulations of water were performed using Amber 8 [10] and the TIP3P, SPCE 
(Extended Single Point Charge) and TIP4P water models [7,8].  The last model tested is called a 
four-point (site) model unlike the first two that are called three-point (site) models. The most widely 
used water models in biological simulations all consist of three interaction sites (points), centered 
on the atomic nuclei. The three-point water model represents a rigid water monomer with three 
interaction sites [7,8].  A SPCE water monomer geometry is represented by O-H distance of 0.1 nm 
and HOH angle of 109.47 degrees. A monomer geometry in both, TIP3P and TIP4P models is 
represented by O-H distance of 0.09572 nm and HOH angle 104.52 degrees. However, the oxygen 
charge in TIP4P model is placed on the extra point (EP) with O-EP distance of 0.015 nm. 

Proc. of SPIE Vol. 6772  67720S-2



  

The general interaction potential is written as a sum of intermolecular interactions with 
contributions from Lennard-Jones pair interactions between oxygen atoms and electrostatic 
contributions from all pairs of atoms belonging to different water molecules: 
 

Vinter = Σ{4ε ((σ/Ro)12 - (σ/Ro)6)} + Σ qiqje2/Rij            
 
In this equation, Vinter is the intermolecular interactions potential energy; Ro is a distance between 
any two oxygen, Rij is the distance between atoms i and j; ε and σ are the Lennard-Jones parameters 
for oxygen atom pairs; e is the electronic charge and qi is the partial charge on atom i.  The first sum 
is over all oxygen-oxygen distances Ro and the second sum is over all inter atomic pair distances for 
atoms belonging to two different water molecules.  Coulomb and Lennard-Jones potentials are 
taken into account in all of these models. The Lennard-Jones parameters for interactions between 
oxygen atoms for the SPCE model are: σ = 0.3165 492 (nm) and ε = 0.1554253 kcal/mol. For this 
model, oxygen partial charge is −0.8476 and hydrogen partial charge is 0.4238.  

For all three models, the initial coordinates of atoms in a water box with a side length equal 
to 6 nm (see figure 1) were generated using a snapshot from a room-temperature equilibration of a 
smaller box of 216 water molecules that measures 18.774 angstroms on a side. This initial small 
box of water molecules has been equilibrated by a Monte Carlo simulation. The density of water in 
the generated box was too low (0.808 g/cm3), so the  

 

 

 
 
 
 
 
 
      
 
     Figure 1. Initial 6 nm box of water.  
      SPCE model. 
 

minimization and additional equilibration were performed to bring the water box to a reasonable 
density (~1 g/cm3). An initial minimization was done using the conjugate gradient algorithm. To 
equilibrate the temperature, 20 ps and 100 ps MD simulations were performed at constant volume 
with Langevin dynamics used for temperature regulation. The resulting trajectories of water 
molecules were generated at constant temperature and constant pressure simulations with 298K and 
1 atm, respectively. Weak-coupling algorithms [11] were used for temperature and pressure 
regulation in production runs. The weak coupling algorithm for temperature regulation also known 
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as Berendsen thermostat just ensures that the total kinetic energy is appropriate for the desired 
temperature. Pressure coupling algorithm is analogous to temperature coupling [11]. In “constant 
pressure” dynamics, the volume of the unit cell is adjusted by small amounts at each step to make 
the computed pressure approach the target pressure (1 atm). 

Periodic boundary conditions were employed to eliminate edge effects. This is necessary in 
order to prevent the outer solvent molecules from ‘boiling’ off into space, and to 
allow a relatively small number of solvent molecules to reproduce the properties of the bulk water. 
In this method, the particles being simulated are enclosed in a box, which is then replicated in all 
three dimensions to give a periodic array (see figure 2). The integration time-step was 2 
femtoseconds (fs), and a production run of MD simulations took up to 5x105 time-steps. A special 
"three-point" Shake algorithm for water models was used [12].  
  

    

 
 
 
 
Figure 2. A fragment of the simulated 
structure of water using SPCE model after 
1 ns.  Oxygen (big red spheres), hydrogen 
(black spheres).  H2O molecules that are 
further from the plane of view are dimmer. 
 

 
 The Cartesian component of the dipole moment of water, Mγ, was calculated as follows: 

 
Mγ = Σeiγi ,        (1) 

 
where ei is the electric charge of atom i; γi is a Cartesian coordinate of atom i; γ = x, y, z; and Σ is a 
sum over all atoms. The dipole moment is uniquely defined by Eq. (1) since the total charge is 0.  

We applied the approach that allows calculating the absorption spectrum from the dipole 
moment time history. This is done by relating the spectrum of fluctuations, which the dipole 
moment undergoes at equilibrium, to the spectrum, with which the dipole moment responds to an 
applied external electro-magnetic field. Previously, this approach was used to study IR absorption 
spectra [13, 14]. We are interested in frequencies much smaller than kBT/h ~ 200 cm-1. Here kB is 
the Boltzmann constant, T = 298K, and h is the Planck’s constant. The appropriate linear response 
equation for the classical absorption cross section is: 
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α = (2πω2/3nc) ∫dt e-iωt < M(0) • M(t)> .    (2) 
 

In Eq.(2), the integration is over time from –∞ to +∞; n is the refraction index of the medium; c is 
the speed of light;  ω = 2πν , where ν is a frequency; M(t) is the dipole moment; < M(0) • M(t)> is 
the ensemble average of the dipole moment time correlation function.  

A more practical expression can be obtained from the Wiener-Khintchine theorem yielding 
the following equivalent expression for the spectrum intensity [13]: 
 

α = (2πω2/3nc) |Mω|2 ,    (3) 
where  

|Mω|2 = limτ->∞ {0.5τ -1∑γ=x,y,z ⏐∫ dt e-iωt Mγ(t) ⏐2}.   (4) 
 

In Eq. (4), the integration is from –τ to +τ. The time-varying dipole moment was calculated every 
100 fs from molecular trajectories that were obtained during 1 ns MD production run at room 
temperature (298 K) and atmospheric pressure (1 atm). The absorption spectrum intensities of 
water, α(νi), were obtained from the ensemble average of the dipole moment correlation function , 
Eqs. (3, 4), using fast Fourier transform (FFT) for discrete frequencies νi.  
The resulting absorption spectrum obtained with the SPCE model is plotted in Figure 3. 
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Fig. 3.  Water absorption spectrum.  
MD simulation with SPCE water model.  
 
 
                          

                             
 Since discrete finite time histories are used to approximate the integration in Eq. (2), 
considerable care must be taken to avoid distorting the spectra as a result of these approximations. 
Spectral estimation theory, windowing and windowing corrections are commonly used. In 
particular, window functions in time domain and in frequency space are utilized [13].  In order to 
compare the discrete simulated absorption intensities with the continuous experimental water 
absorption spectrum and to reduce noise, the water absorption, α(ν), was represented as a 
continuous function of frequency α∗(ν) using a window function in frequency space. The spectrum 
was represented as a sum of Gaussians centered at νi with a window width γ:   
                                  α∗(ν) = Σ α(νi) e-((ν-νi)/ γ)2     (5) 
 

Proc. of SPIE Vol. 6772  67720S-5



  

Here, the sum is over all frequency points (10000, in this case).  The resulting absorption was 
normalized to 1. The results for all three models with the window function applied are plotted in 
figure 4.  The window parameter γ=0.3 cm-1 was used. The dipole moment correlation time in water 
is expected to be smaller than the selected 1/γ  and it will be studied separately. There are obvious 
substantial differences between the three models in the resonant peak positions and  
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   Figure 4. Simulated absorption spectra 
   of  liquid water in the sub-THz range for  
   three models. 
 

 
in absorption intensity trends. Only the SPCE simulation has generated a strong peak at 14 cm-1 and 
even stronger peak at 16.4 cm-1 revealed in the experimental data  (see the next section).   

We also plotted the absorption spectra with the SPCE model for the window width 
parameter  γ = 0.35,  0.4  and 1 cm-1  to show its effect on peak resolution (Figure 5). Notice that 
when the window width parameter γ is very large, absorption is represented by its average over all 
frequencies. In the opposite limit, no window correction is applied.  Averaging with the window 
function can help to reduce the spectral noise. 
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Figure 5.  Simulated absorption spectra 
of  liquid water in the sub-THz range 
forSPCE model with different window 
parameters. 
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III. EXPERIMENTAL SUB-THz SPECTROSCOPY OF LIQUID WATER AND 
COMPARISON WITH MODELING 

 
Dielectric properties of water in the THz spectral range were measured in a number of works 

in the recent years [2, 5, 6]. Both, absorption coefficient and refractive index, spectra have been 
determined [5, 15-17].  However no resonance features have been observed, although water has a 
large number of hydrogen bonds that can probably be revealed at appropriate conditions.  One of 
the most important requirements for experimental detection of hydrogen bonds is a good enough 
spectral resolution. We have recently conducted sub-THz characterization of DNA, proteins and 
other biopolymers and species in gels and dilute water solutions [18-22].  From our studies, the 
estimated energy relaxation time for low frequency vibrational modes of dilute solutions of 
biological molecules, DNA, RNA and proteins, is τ ~7.10-11s, that requires the spectral resolution 
better than 0.5 cm-1 for the observation of these modes. Most of these vibrational modes are due to 
hydrogen bonds. Thus, we can expect the same restriction for observation of hydrogen bond 
dynamics in liquid water.  

Transmission spectra were measured using a Fourier Transform Spectrometer FT66v 
from Bruker equipped with a liquid helium bolometer operating at the temperature T=1.7 K. The 
best available spectral resolution of 0.25 cm-1 was used in the measurements. The spectra were 
measured in the sub-Terahertz (THz) range from 10 to 25 cm-1.  The spectrometer optics was under 
vacuum, however the sample compartment was not. Due to possible mismatch of water vapor 
content in air during the sample and background measurements, there is one absorption feature that 
occurs around  frequency of 18.6 cm-1 that is not reproducible and has to be ignored. All 
spectrometer set-up parameters were the same as described in [18]. 

Thin layers of water were formed between two substrate films inside a spacer. For substrates 
we used polyvinylidene chloride (PVDC) films, Saran Film (SF) from the Dow Chemical Company, 
and polyethylene film from US Plastic (AP) that were 12 and 24 µm thick respectively. Different 
thickness of spacers were used: 12 and 18 µm for samples with SF and 75 µm for samples with AP. 
However spacers do not control the thickness of water layer since the substrate material is very soft, 
and the distance between two substrates is determined by the surface tension, not by the spacer. 
Both substrate materials are very transparent, however their transmission spectra reveal certain, 
very small features that are reproducible (see figure 6). Transmission of water layer samples was 
measured and the contribution from substrate was eliminated by using transmission of two films as 
a reference. Saran films are hydrophobic and they are not completely wettable by water, so saran 
films were treated using plasma etching. This procedure usually reduces hydrofobic effects at the 
interface between water and saran films with water spreading homogeneously on the film surface. 
Nevertheless our results indicate that there are still surface charges at the interface since we observe 
some orientation effects in transmission spectra of water (see figure 7 below). 

Since we could not control the thickness of water layer, we did not calculate absorption 
coefficient spectra, and all results of transmission measurements were converted to absorbance for 
comparison with modeling results. Figure 7 shows absorbance spectra of one water sample at two 
different orientations. In this experiment the holder with water layer was rotated 90 degrees in the 
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