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Abstract We have used Terahertz time-domain spectroscopy (THz-TDS) to investigate the 
complex dielectric function of water solutions containing different ions. Using HCl and 
NaCl solutions with different concentrations we study the changes of the dielectric response 
introduced by the ions. We find a linear increase of the real and imaginary part of the 
dielectric function compared with pure water with increasing ion concentrations. We use an 
expanded model for fitting the dielectric function based on a combination of a Debye 
relation and damped harmonic oscillators for the anions and cations. A good agreement 
between the model and the experimental results is obtained. 
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1 Introduction 

As one of the most important substances on our planet water has been studied extensively in 
the past. Many different methods have been applied for the studies of water and water based 
solutions. Among those techniques, Terahertz time-domain spectroscopy (THz-TDS) has 
become important, since the relaxational response associated with intermolecular fluctua
tions of polar liquids can be observed with THz spectroscopy. Hence this method provides 
access to the understanding of the physical and chemical properties ofliquids on a molecular 
level. R0nne et al. and Jepsen et al. have used THz-TDS in reflection geometry to study the 
dielectric response of liquid water including the temperature dependence and also some 
organic solutions [1-5]. Hirori et al. and Ngai et al. have built an attenuated total reflection 
THz-TDS system to study water dynamics and biological solutions at THz frequencies [6-
9]. Tielrooij et al. have built a THz-TDS system in transmission geometry to study the THz 
dynamics of ions in water [10, 11]. 
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Ions solutions such as acid, alkali and salt solutions are of great relevance in biological 
systems. Compared to pure water, ions provide electrical conductivity to the solution and 
cause a rearrangement in the hydrogen bond network which makes intermolecular inter
actions much more complicated. Charged ions can induce electric fields which will reorient 
the dipoles of the surrounding water molecules, hence the charge will be screened and long
range interaction between cations and anions is reduced [12]. Protons (H!) play different 
roles compared with regular positive ions. It was revealed by de Grotthuss in 1806 that 
hydronium (H30+-) can form covalent and hydrogen-bonds (H-bonds) with adjacent molecules, 
through which pro tonic charge can be transferred via a rearrangement of the covalent and 
hydrogen-bonds [13]. This is the reason why the conductivity of protons in water is much larger 
than through other ions under similar conditions [11, 12]. In dilute solutions cations and anions 
are relatively isolated in a "cage" formed by surrounding water molecules [14]. However, at 
high concentrations, hydronium and chloride ions can also be connected by interaction via 
hydrogen bonds [15-17]. The same situation applies also to sodium ions (Na l. 

A double Debye model is adopted and commonly used for the analysis of the dielectric 
response of water and related solution systems [2-5, 7-10, 18~21]. This model works well 
for pure water in the low frequency range, but it is inadequate to describe the solutions since 
ions introduce conductivity, polar interactions and will give contributions to the dielectric 
relaxation. Diedrich et al. and Dodo et al. described a model to explain the change of the 
absorption coefficient of solutions with different concentrations [14, 22]. However, there is 
still no model entirely describing the dielectric relaxation of the solutions. 

In this paper, we measured the dielectric function ofHCI and NaCI solutions with concen
trations in the range from 0.1 molll to 3 molll by employing a reflection geometry THz-TDS 
system. A combined model based on the combination of the Debye model and damped 
harmonic oscillators was developed to explain the dielectric response of solutions for different 
ion concentrations. The fitting obtained by the model is in good agreement with experimental 
results obtained in the frequency range from 0.1 THz to 2.7 THz at room temperature. 

2 Experimental set up 

The experimental set up is depicted in Fig. 1. The solution is enclosed in a reservoir beneath 
a high resistivity Si wafer. The spectral response of the Si-solution interface is measured in a 
THz-TDS system. Compared with THz-TDS in transmission geometry, our setup is espe
cially applicable to highly absorbing liquids. In reflection geometry from the Si-liquid 
interface with HCI and NaCI solutions we do not have to consider the thickness of the 
sample and the reduction of the signal quality by strong absorption as compared to 
transmission geometry. 

In order to perform experiments with a good long-term stability and a high signal-to-noise 
ratio, our THz-TDS system employs high-speed asynchronous optical sampling (ASOPS). 
ASOPS uses two mode-locked femtosecond oscillators working at 1 GHz repetition rate 
with a fixed repetition frequency difference around 2 kHz as sources of pump and probe 
pulses, generating and detecting the THz pulses, respectively [23]. 

A copper sample holder was used which was equipped with a front window made of 
double polished, high resistivity silicon wafer with a thickness of 260 !-Lm. Two small holes 
are drilled on the side of the sample holder through which we can inject liquid samples 
without any further mechanical changes to the set up. THz pulses are generated from a large 
area photoconductive THz emitter [24]. P-polarized THz pulses are focused on the silicon 
window of the sample cell with an incident angle around 60°. The THz pulse is partially 
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Fig. 1 (a): Set up based on two separate Ti:sapphire fs lasers (pump and probe laser) pumped by a diode 
pumped solid state laser (DPSS) and the ASOPS technique. (b): detailed view of the sample holder and the 
THz beam path. 

reflected at the air-silicon interface, while a second reflection takes part at the silicon-liquid 
interface. Both pulses can be clearly separated in time as can be seen in Fig. 2. We use the 
pulse with no liquid filled in as a reference and the pulse measured with liquid as signal 
pulse. The second pulse contains the information about the complex dielectric constant of 
the liquid. Hence we can determine the complex dielectric constant of the liquid from the 
Fresnel reflection coefficients [2]. 

3 Experimental results and analysis 

Our THz-TDS system provides good stability and high-speed data acqulSItlOn. We 
performed a series of measurements of solutions with concentrations varied from pure 
water to 3 molll at room temperature. Each measurement was repeated four times with 
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Fig.2 THz time trace with the 1st and 2nd reflection of the THz pulse from the Si surface and Si-water interface, 
respectively. The solid line corresponds to the empty cell, the dashed line to the cell filled with water. 
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Fig.3 Terahertz pulses (2nd pulse) reflected by an empty vessel and by vessel filled with pure water as well 
as I moVl, 3 molll HCI water solutions. 

each for 512000 averages. The results shown in the following are the average values 
of the four measurements. As a typical measurement, we show in Fig. 3 the reflected 
THz pulses from an empty vessel and from vessels filled with pure water as well as 
1 molll, 3 molll HCI solutions. To clarify the stability of our system we show in 
Fig. 4 the obtained complex dielectric constant of pure water with error bars. These 
error bars are the standard deviations. The uncertainty of the measurements was 
caused by the fluctuations of the laser power and the temperature variation. 

The refractive index and the absorption coefficient in the range from 0.2 THz to 
2.7 THz are obtained quantitatively from these measurements. In Fig. 5(a) and (b) the 
refractive index and the absorption for different concentrations of the HCl-water 
solutions are shown. The concentration has been increased by steps of 0.5 mollI. 
Clearly both the refractive index and the absorption coefficient of the HCI solutions 
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Fig. 4 Complex dielectric constants of pure water with error bars. 
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Fig. 5 (a): Refractive index of HCI solutions with different concentrations from 0.5 to 3 molll. (b): 
Absorption coefficient of HCI solutions with different concentrations from 0.5 to 3 molll. 

have a gradual and monotonic increase with higher concentrations in the whole THz 
regIOn. 

The complex dielectric function c(co, c) = Cl (co, c) + iC2(co, c) of HCI solutions as a 
function of concentration and frequency are shown in Fig. 6. Similar to pure water, the real 
and imaginary parts of the dielectric function decrease with frequency. For increasing ions 
concentrations they both increase. There are several oscillatory structures and dips on the 
spectra shown in Fig. 5 and Fig. 6 as deviations from a smooth curve. These stem primarily 
from the Fourier transforms in the data evaluation and an increased noise level at low 
«500 GHz) and higher (>2 THz) frequencies. However these deviations from a smooth 
curve do not have a physical origin and do not influence the trends of the main spectral 
features. 

The complex dielectric function ofNaCI solutions shows a similar gradual increase as the 
HCI solutions concerning the dependence on concentration. As the tendency of the dielectric 
constant with concentration is almost consistent in the whole frequency range, we choose the 
data at 1 THz in order to compare the results. Figure 7 shows the real and imaginary part of 
the dielectric function at the frequency of 1 THz. Both the HCI and NaCI solutions show a 
linear increase with increasing concentrations. This behavior is consistent with the results 
from Tielrooij et al. [10]. 
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Fig. 6 (a) The real part of the complex dielectric function Et(W,C) shown as a function of frequency for 
different concentrations ofHCI. (b) The imaginary part of the complex dielectric function E2(W,C) for different 
concentrations. 
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Fig.7 (a), (b) dependence of real and imaginary part of dielectric constant Cl(W,C),C2(W,C) ofHCI and NaCl 
solutions, respectively, with concentration, with data measured (points) and theoretical fits (solid line for HCl 
and dash line for NaCl). 

A double Debye model has been shown to describe very well the dielectric function of 
bulk water with three components [2-5, 7-10, 18-21]: 

Cs - Cl Cl - Coo 
e{w) = Coo + + , 

1 + iW"CD 1 + iW"C2 
(1) 

where foo is the high-frequency limit of complex permittivity, fs also called the static 
permittivity is the low-frequency limit of permittivity describing the response of a medium 
to static electric fields, 7D and Cs-Cl are the relaxation time and the strength of the rotational 
Debye relaxator, respectively, and 72 and Cl-Coo are those of the second Debye relaxator. The 
dielectric constants of bulk water in our measurements (in Fig. 5 and Fig. 6) are 10 % smaller 
than the results from R0nne et al. [2], but are in quite good consistent with results from 
Masaya et at. [7] and even much earlier results from Afsar et al. [25]. Using this model to fit 
the dielectric constant of our results on water we obtain fitting parameters as listed in Table 1. 
The slow and fast relaxation times 7D and 72 are 8.2 ps and 0.39 ps, respectively, which are 
slightly different from Masaya 's work, in which their parameters are 9.36ps and 0.30ps. The 
high-frequency limit foo in our simulation is 3.53 which is higher than their value of 2.5 [7] 
but consistent with Jepsen et.al [5]. 

The experimental data reveal that the dielectric function of solutions shows the same 
frequency dependence as bulk water and a gradual and monotonic increase for increasing 
concentrations as seen in Fig. 6 and Fig. 7. We assume that the dielectric response of the 
water molecules remains unchanged in dilute solution at the investigated ion concentrations. 
To simulate the experimental data, we used a model based on the following assumptions: the 
frequency dependent molar dielectric function cross sections (J~c and (Jell of cations and 
anions, respectively, are described by a reduced-mass resonance which describes the anions 
and cations as damped harmonic oscillators [14,22]. So the obtained total dielectric function 
is a linear superposition of the individual contributions 

(2) 

where c.~ is the concentration of ionic compounds, Wmc is the water concentration of pure 
water at room temperature, Vwo is the molar volume of pure water, ifJe s is the ions apparent , 



Table 1 Fit parameters for reduced-mass resonance and the dielectric function of ionic solutions. 

Fitting parameters HCI NaCI 

Wme (mole/liter) 55.51 55.51 

ma (amu) 35.45 35.45 

me (amu) 19.02 22.99 

tfJes (cm3/,mole) 17.8 16.62 
, I 

S:,s(cm3liter2mole -l) 1.884 1.884 

Coo 3.53 3.53 

Cs 80.3 80.3 

Cl 5.2 5.2 

'D (ps) 8.2 8.2 

'2 (ps) 0.39 0.39 

V;,fl (cm3Imole) 18.02 18.02 

(Tic (literHzlmole) 19.4±0.3 4.3 

lA (THz) 15.46 15.46 [14] 

kA (kgls2) 7.3 7.3 

le (THz) 6.5±0.4 10.62 [14] 

ke (kgls2) 1O.6±0.2 63.08 [14] 

Se (g/mol) 40.12 40.12 [14] 

molar volume at infinite dilution, and S; s is the experimental slope of the Masson equation , 
[14, 22]. The first term of Eq. (2) is the dielectric contribution of water molecules to the 
solutions. (Jic is the ion induced electrical conductivity [10, 18] with different values for 
different ions (see Table 1), and Eo is the vacuum permittivity. (JEi is the frequency dependent 
molar dielectric constant cross sections expressed by: 

O"c:i = fJ/1J2 - ki + ifJ/1JYi 

(fJiOJ2 - ki )2 + fJTOJ2YT ' 
(3) 

where NA is Avagadro's number, fJi = (mi*si)/(mi + Si) is the reduced mass of the ion with 
a reduced-mass fitting parameter Si' ri is the damping constant ofthe oscillations and ki is the 
force constant describing the strength of confinement of the ions due to the interaction with 
the surrounding water molecules [14,22, 26]. Besides the double Debye model included in 
this model, we used five adjustable parameters to fit the frequency dependent molar 
dielectric constant cross section which are all shown in Table 1. We are aware of the fact 
that this large number of fitting parameters opens a large parameter space for fitting the 
experimental data. However, we believe that the model as a combination of two known 
description reflects well the complex dynamics. 

This model agrees well with HCI and NaCI solutions as shown in Fig. 8, which depicts 
the theoretical calculations together with the measured complex dielectric functions of both 
solutions. 

Incorder to study the contributions of the different part ofEq. (2) to the complex dielectric 
constant of the solution, we plot the different contributions in Fig. 9. Comparing each 
contribution to the complex dielectric function by the chloride, hydronium and sodium ions, 
the chloride ions have a 10 times higher contribution than the sodium ions to the real part of 
the dielectric function, and 100 times higher for the imaginary part, respectively. This means 
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Fig. 8 (a), (b) real and imaginary part of dielectric constant E,(W,C),E2(W,C) of HCl solutions for different 
concentration, with data measured (points) and theoretical fits (solid line for 3.0 mol/L, dashed line for 
1.0 mol/L and dotted line for water), (c) and (d) for the NaCl solutions (dotted line for 0.1 mollL). 

that in NaCI solution the increase of dielectric constant is mainly caused by the contributions 
from chloride ions. The contribution of hydroniums has the same value scale as the 
contribution from the chloride ions. This is expected because of the much stronger inter
actions with surrounding water molecules. 

Fig. 9 Ions contributions to the real and imaginary part of dielectric constant E,(W,C),Eiw,c) in corresponding 
solutions. (a), (b) and (c) are chloride ions, hydronium, and sodium ions, respectively. (solid line for 1.0 mol/L, 
dashed line for 2.0 mol/L and dotted line for 3.0 mollL). 



In the NaCl solution, anions and cations can be certainly described as damped 
harmonic oscillators in the cage, as they do affect less the dynamics of hydrogen 
bonds of surrounding water molecules [14]. However, circumstances are different in 
the HCl solutions. The proton (F) can form a covalent bond with a water molecule 
turning to be hydronium (H30+) which can also form hydrogen bonds with surround
ing water molecules and reorient the dipoles of water molecules further due to the 
induced electric field. This gives a much stronger effect to the relaxation of water 
molecules and causes the value of the dielectric function of HCl solution to be much 
larger than NaCl with the same concentration (Fig. 7). It is assumed that the protonic 
charge is transferred from the hydronium to the surrounding molecules by rearrange
ment of covalent and hydrogen bonds, thus resulting in <Tic of HCl solution much 
higher than <Tic of NaCI solution under the same concentration [10, 12]. 

Although the hydronium changes the hydrogen bond network, it is assumed that the 
effect to surrounding water molecules gets weaker at increased distance. Hydrogen bonds 
are formed and broken on picosecond time scales in the water network, hence the config
uration of surrounding water molecules around the hydronium is assumed to remain 
constant. Therefore we can still treat the system as damped harmonic oscillators. The 
relevant arrangement of protons in water solution is still under debate: It has been proposed 
that the most relevant configuration is either as hydronium (H30+) as Zundel cation (HS02 +) 
or Eigen cation (H904+) and more [10, 12]. In our model of damped harmonic oscillators we 
used the hydronium configuration. The force constant kc ofhydronium due to the interaction 
with surrounding water molecules is quite different from that of sodium ions due to the 
difference of the covalent and hydrogen bonds. The main parameters for fitting the model to 
the experimental data are the mass, the force constant kc and the electrical conductivity (lic' 

Best results are obtained by setting the hydronium mass mc= 19.02, and force constant kc = 
10.6, and the electrical conductivity <Tic= 19.4 for HCI. 

Summarizing our experimental results and the theoretic analysis, we conclude that for 
acid and salts water solutions, the THz complex dielectric constant can be described as a 
linear supposition of contributions of bulk water and ionic oscillations in a water cage 
defined by the solvating water as well as induced electrical conductivity. A linear increase of 
the dielectric function compared with pure water with increasing ion concentrations is 
verified by both the experiment and theoretic analysis. Within this model hydroniums can 
also be described as damped harmonic oscillators with compensated fitting parameters 
although they are associated with more complex dynamics compared to other positive ions. 

4 Conclusion 

We have performed measurement ofHCI and NaCI solutions with different concentrations at 
room temperature in the range from 0.1 THz to 2.7 THz using an ASOPS based Terahertz 
time-domain reflection spectroscopy set up. A model based on the Debye model as well as 
damped harmonic oscillators for the ions was developed and the obtained fits are in good 
agreement with the complex dielectric constant of the solutions. Our system provides a 
useful method to study the dynamics of aqueous solutions for different concentrations, 
temperatures etc. 
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