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Abstract 
The purpose of our study was to analyse the effect of the moisture content in benzoic acid on the electrical conductivity 
of its melts.
The measurements were performed using impedance spectroscopy in a hermetically sealed metal cell with the temperature 
of the melts being 160–200 °С. Samples of benzoic acid with different moisture content were used: (i) as-received benzoic 
acid; (ii) acid dried over anhydrous calcium chloride; (iii) acid exposed to air at 100 % relative humidity.
The study demonstrated that electrical conductivity increased with an increase in the amount of moisture in the acid (the 
conductivity of the sample with the highest moisture content was about 2.5 times higher than that of the driest sample).
The results obtained are of importance for understanding the mechanisms of proton exchange processes on lithium niobate 
crystals and can be used for the production of proton-exchange waveguides with stable characteristics.
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1. Introduction 
Benzoic acid (BA) is widely used as a source of 

protons to perform proton exchange on lithium 
niobate (LN) LiNbO3 crystals in order to produce 
integrated optical devices. During the proton 
exchange, a lithium niobate crystal is kept in a 
BA melt at a temperature of 170–200 °С. During 
this process, some of the lithium ions in the 
surface layer of the LiNbO3 crystal are replaced 
with protons: LiNbO3 + xH+ ↔ HxLi1–xNbO3 + xLi+. 

Furthermore, lithium ions in the lithium 
niobate crystal are replaced with hydrogen ions 
(protons) followed by the formation of a solid 
solution HxLi1–xNbO3. This results in an increase 
in the refractive index of the surface layer of the 
crystal [1–4]. Due to the increase in the refractive 
index and the total internal reflection, light 
travels through the waveguide. 

Some researchers believe that it is possible 
to control the intensity of the proton exchange 
process by reducing the acidity of the benzoic 
acid melt with lithium benzoate [5]. We should 
note that there are very few studies focusing 
on the state of benzoic acid in the melt. Thus, 
[6] demonstrates that the concentration of free 
protons in a benzoic acid melt is considerably low, 
and the protons required for proton exchange 
may result from dissociative adsorption of BA 
molecules in the surface of LiNbO3. Analysis of 
the IR spectra of benzoic acid melts demonstrated 
that benzoic acid molecules are mostly present 
in the melt in the form of dimers [6]. Further 
studies [7, 8] determined that small amounts 
of water (about 0.5 wt%) added to benzoic acid 
intensify the proton exchange process. This could 
be explained by the increased dissociation of BA 
and increased concentration of protons in the 
BA melt. At the same time, only a few studies 
consider the effect of water added to benzoic acid 
on the result of proton exchange [9, 10]. Thus, 
they determined a significant influence of water 
in a melt of benzoic acid and lithium benzoate 
on the characteristics of the waveguides formed 
in lithium niobate [10].

The purpose of our study was to analyse 
the effect of moisture in benzoic acid on the 
concentration of free protons in a benzoic acid 
melt under conditions simulating those of the 
proton exchange process on lithium niobate. 
For this purpose, we measured the electrical 

conductivity of benzoic acid melts prepared in 
different ways and with different amounts of 
water in them.

2. Experimental 
In our experiments we used benzoic acid 

prepared in the following ways. 
1) As-received benzoic acid (analytical grade) 

stored in a closed container in a laboratory for 
10 months (storage temperature 22–24 °С, the 
air humidity up to 60 %). This sample will be 
further on referred to as the BA with the “natural” 
moisture content. 

2) The same BA after drying in a desiccator 
over calcined calcium chloride for 7 days (dried 
BA). The weight loss was 0.02 %. 

3) The same BA after 5-7 days in a desiccator 
at 100 % relative air humidity. The weight 
increase was 0.02 %. 

The method used in the experiment was 
practically the same as the one described in [6]. A 
hermetic aluminium cell was used (Fig. 1). The cell 
had two identical metal electrodes embedded in 
fluoropolymer. The diameter of the electrodes was 
5 mm, and the distance between the electrodes 
was ~ 2 mm. The electrodes were placed parallel 
to each other. The electrodes were made of either 
titanium (as in [6]) or aluminium. Before the 
experiment the electrode surface was polished 
with fine abrasive cloth and cleaned with ethanol. 
The lid of the cell had a thermocouple inlet. The 
cell was sealed to prevent the release of benzoic 
acid and water vapours during the measurements. 
The range of operating temperatures Т was 160–
200 °С. The accuracy of the maintained operating 
temperature was ±1 °С. The cell was calibrated 
using 0.01 and 0.02 M solutions of potassium 
chloride.

Preliminary tests demonstrated that, when 
kept in BA melts for several hours, titanium and 
aluminium remain quite stable, and no corrosion 
products capable of affecting the electrical 
conductivity of the melt were observed. However, 
we should note that in the studied temperature 
range, thin oxide films formed on the surface of 
Ti and Al in BA melts.

To determine the conductivity of BA melts, 
we measured the frequency dependences of the 
impedance of the cell using a Solartron 1287/1255 
analyser (Solartron Analytical). The amplitude 
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of the signal was up to 2 V. Large amplitudes of 
the alternating signal were used due to the high 
impedance (up to ~5×107 Ohm). The resistance of 
the melt demonstrated a linear current-voltage 
characteristic. Therefore, a large amplitude signal 
can be used to reduce the noise in the impedance 
response [11]. 

3. Results and discussion 
Experimental graphs of the impedance 

spectra on the complex plane are an almost 
perfect capacitive semicircle with a large diameter 
and a centre insignificantly displaced from the 
abscissa (Fig. 2). The semicircle is determined by 
the electrical resistance of the melt between the 
electrodes and the geometric capacitance of the 
measuring cell (not the double-layer capacity on 
the electrode-melt interface). The explanation for 
this is provided in [6]. The resistance of the melt 
is determined by the diameter of the capacitive 
semicircle (Fig. 2), rather than by the intercept 
of the capacitive arc on the abscissa at high 
frequencies f (when the influence of the geometric 
capacitance is observed, the real axis intercept at 
f Æ • practically equals zero).

G e o m e t r i c  c a p a c i t a n ce  C g =  e 0e / d 
(e0 = 8.854×10–12, F/m is the electric constant, e is the 
dielectric constant of the medium filling the cell, d 
is the distance between the electrodes) is parallel 
to series connection of the interfacial impedance 
and the resistance of the medium between the 
electrodes [12]. Geometric capacitance has very 
low values (usually 10–11 F [12]) and its impedance 
1/(wCg) has high values. However, if the resistance 

of the medium between the electrodes and/or the 
interfacial impedance is high, then the effect of 
Cg on the measured impedance of the cell at high 
frequencies is dominant. Therefore, the effect 
of Cg is taken into account when studying high-
resistance systems [13–16].

After the measurements in the BA melt (the 
highest temperature 200 °С) and cleaning the 
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Рис. 1.  
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Рис. 2.  
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Fig. 1. External appearance and cross section of the cell used for conductivity measurements: 1 – titanium or 
aluminium electrodes; 2 – thermocouple inlet; 3 – plug; 4 – seal ring (fluoropolymer).

Fig. 2. The impedance graph for benzoic acid melt at 
190 °С. Benzoic acid was exposed to air at 100 % rel-
ative humidity. The numbers next to the symbols are 
the frequencies in Hz



318

electrodes from the residues of benzoic acid in 
isopropyl and ethyl alcohol, the impedance was 
measured in a 0.02 M KCl aqueous solution with 
the same geometry of the cell. In this case the 
measured impedance was determined by the 
impedance of oxide layers, since the resistance of 
the solution between the electrodes (about 200 
Ohm) was significantly lower than the impedance 
of the electrode with an oxide film on the surface. 
The study demonstrated that the diameter of the 
capacitive arc on the impedance graph of the cell 
with oxidised electrodes in an aqueous solution 
at room temperature is by about two orders of 
magnitude smaller than the diameter of the 
semicircle on the impedance graph of the cell 
with the BA melt, even at a higher temperature 
of the melt. At higher temperatures of the 
aqueous solution the impedance of the cell with 
oxidised electrodes reduced. We can thus assume 
that the difference in the resistance of the melt 
and the oxide film on the electrode surface at 
temperatures of 160–200 °С increases (more 
than two orders of magnitude). This proves that 
the high impedance of the cell with the BA melt 
is primarily accounted for by the resistance of 
the melt between the electrodes, rather than by 
the oxide film on the electrodes. In accordance 
with this, the obtained values of the electrical 
resistance of BA melts did not depend on the 
material of the electrodes (Ti or Al).

Based on the impedance graph (Fig. 2) we 
can calculate the capacitance of the cell with a 
BA melt using the relation [11] wmRC = 1, where 
wm = 2pfm, fm is the characteristic frequency, 
when the imaginary part of the impedance is 
maximum, and R is the resistance determined by 
the diameter of the semicircle. When fm ª 315 Hz, 
R ª 35 MΩ (Fig. 2), we obtain С ª 1.4×10–11 F, 
which complies with the geometric capacitance 
by the order of magnitude. When measured in 
an aqueous solution of electrolyte with oxidised 
electrodes (after the experiment with a BA melt), 
the values of the capacitance obtained based on 
the impedance graphs vary from several tenths of 
μF to several μF, i.e. they are noticeably different 
from the capacitance in the melt. 

The results of the measurement of electrical 
conductivity k of BA melts in the range of 
temperatures of 160–200 °С are shown in Fig. 3. 
Curve 2 agrees well with the log k, 1/T dependence 

obtained in [6], where as-received benzoic acid 
was used. When more water is added to BA, 
the electrical conductivity naturally increases 
and the slope of log  k-1/T lines decreases 
(Fig. 3). Therefore, the initial moisture content 
in benzoic acid has a marked effect on the 
electrical conductivity of the melt. The changes 
are obviously caused by the presence of Н2О 
molecules in the melt. Removal of water from a BA 
melt can be hindered by the formation of BA-Н2О 
complexes [17] followed by their transformations:

(BН)2 + Н2О = BН×Н2О + BН	 (1)

BН×Н2О = B- + Н3О
+		  (2)

where (ВН)2 is a dimer of benzoic acid and 
BН×Н2О is a BA-Н2О complex.

The values of the activation energy Еа of the 
ion transfer process in the melt calculated based 
on the slopes of log k–1/T lines using the formula 
Ea = –2.303Rb (R is the gas constant, b is the slope), 
were 53.3 ± 6.2, 39.2 ± 3.1 and 37.6 ± 5.4 kJ×mol–1 
for the dried BA, the BA with natural moisture 
content, and the BA kept at 100 % air humidity 
respectively. We can see that the two samples of 
BA containing some moisture have similar values 
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Fig. 3. Temperature dependence of electrical conduc-
tivity of benzoic acid melts: 1 – dried benzoic acid; 
2 – benzoic acid with natural moisture content; 3 – 
benzoic acid exposed to air at 100 % relative humidity
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of Еа, while Еа of the dried BA is significantly 
higher. In moisture containing BA, charge carriers 
can be formed by reactions (1) and (2). In dried 
BA, small number of ions is presumably formed 
according to the autoprotolysis reaction:

(ВН)2 = ВН2
+ + В-		  (3)

The difference in the nature and mechanism 
of charge carrier generation results in different 
values of Еа for moisture containing and dried 
samples of benzoic acid.

Thus, small amounts of water in benzoic 
acid melts result in an increase in electrical 
conductivity. Such an increase may result from a 
larger number of ions in the melt. 

4. Conclusions
The obtained results demonstrate that the 

effect of moisture in benzoic acid on the electrical 
conductivity of BA melts and consequently on 
the concentration of free ions in the melt is 
noticeable (the sample with the highest moisture 
content differs from the dried one by 2.5 times at 
160 °С), and should be taken into account during 
the proton exchange process on lithium niobate.
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