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Analysis of temperature-frequency dependences of dielectric permittivity

and specific conductivity of vanillin
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Vanillin has a wide application. It is a large-tonnage product obtained from plant biomass. The frequency-

temperature dependences of the specific electrical conductivity and the components of the complex dielectric

constant of vanillin were obtained by dielectric spectroscopy in the frequency range of 6.28 · 10−2
−6.28 · 107 rad/s

and temperatures 153−433K. The dependencies were analyzed using the Debye, Gavrilyak−Negami and

Cole−Cole models. Significant changes in the electrophysical properties of vanillin during melting were shown.

The presence of relaxation processes in the low, medium and high frequencies region was established. Their

activation energies were determined. A comparative analysis of the characteristics of relaxers for a number of

model compounds of the lignin structural units was presented in this paper. A comparative analysis of the

characteristics of relaxators for vanillin, vanillin alcohol and guaiacol as model compounds of the lignin was carried

out. The presence of an electron acceptor carbonyl group coupled with a benzene ring in the vanillin molecule

leads to an increase in the activation energy and relaxation time of the π-electrons.
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1. Introduction

The study of the electrophysical properties of polyaro-

matic compounds and materials based on them is of consid-

erable interest. The synthesis of polyaromatic compounds

with various donor-acceptor substituents is an important

area of these studies [1]. Aromatic compounds can be

obtained in this case from lignin contained in plants in the

amount of 18−35% [2].

Technical lignins are burned to generate electricity by

the most common sulfate method for the production of

cellulose. At the same time, lignins are a potential source

of a wide range of chemical compounds owing to their

multifunctional aromatic nature, therefore, the search for

new ways to use the polymer and products based on

it is an important area of complex processing of plant

feedstock [2]. One of the areas of lignin processing is

the production of low molecular weight compounds, among

which vanillin has the highest demand [3,4]. Vanillin is

commonly used in the food and pharmaceutical industries,

it is applied in organic synthesis for the production of

polymers, including polymers with low dielectric properties

for the microelectronic industry [5–7]. The study of the

conductive and dielectric properties of vanillin is an relevant

task for this reason.

The vanillin molecule contains phenolic hydroxyl,

methoxyl, and carbonyl groups conjugated to a benzene

ring. The phenolic hydroxyl group is the main reaction

center in the molecule. The presence of a conjugated

electron acceptor carbonyl group significantly increases the

protolytic (pKa 7.4) and reduces the redox properties of

the reaction center (effective oxidation potential 897mV)

compared with guaiacol (10.0 un. and 770mV) [8]. Vanillin

belongs to dielectrics according to the value of specific

electrical conductivity. The activation or
”
hopping“ is the

main mechanism of charge movement in a molecule. We

assessed the effect of the functional nature on electrophys-

ical properties based on the analysis of the frequency-

temperature dependences of the complex dielectric con-

stant, using the identification of individual types of relaxers

and the assessment of their main characteristics (frequency

or relaxation time and activation energy). Relaxers are

understood as charges or systems of charges that make

”
hops“ when excited [9, 10]. The purpose of this study is

to determine the characteristics of relaxers in the vanillin

molecule by dielectric spectroscopy over a wide range

of alternating electric field frequencies and temperatures

corresponding to different phase states. The study of the

electrophysical properties of vanillin and their comparison

with other model compounds of lignin will make it possible

to predict changes of the properties of the natural polymer

in the most common oxidative processes.
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2. Materials and methods

Vanillin (3-methoxy-4-hydroxybenzaldehyde) produced

by Merck (Germany) with a content of more than 99%,

density of 1.056g/cm3, melting point 80◦C, boiling point

205◦C, vapor pressure 0.0029 GPa at 25◦C, molecule dipole

moment of 3.78D [11,12]. Vanillin was dried at 25◦C

(residual pressure 10mm Hg.) for 24 h over silica gel in

a vacuum dryer before the measurement (Mius, Russia).
The electrophysical characteristics were determined us-

ing a broadband dielectric spectrometer BDS Novocontrol

Concept 80 (Germany) in the frequency range from

6.28 · 10−2 to 6.28 · 107 rad/s and temperatures 153−433K

with an interval of 20K, and 10K near the melting point.

Novocontrol Quatro cryosystem with liquid nitrogen vapor

was used for thermal regulation. The electrical properties

are determined by the electrical conductivity σ (S/m), and
the dielectric properties are characterized by the real ε′ and

imaginary ε′′ parts of the complex permittivity ε∗ according

to the Kramers−Kronig ratio [13]:

ε∗(ω) = ε′ − jε′′.(1) (1)

The real part ε′ describes the polarization processes in

a substance, and the imaginary part ε′′ determines the

dielectric losses associated with the electrical conductivity

of a substance.

Specific electrical conductivity (its real part) was calcu-

lated taking into account the geometric parameters of the

measuring cell:

σ =
GS
d

, (2)

where G is the electrical conductivity of the sample (S), S is

the area (m2), d is the thickness (m).

3. Results and discussions

Differences in dipole moments cause polarization dis-

persion in alternating electric fields. The use of a wide

frequency range of an alternating electric field makes

it possible to evaluate the effect caused by the dipole,

atomic, and electron polarization [14]. Measurements over

a wide temperature range make it possible to determine

the activation energy of the main carriers in various phase

states. The frequency-temperature dependences σ , ε′ and

ε′′ are shown in Fig. 1.

The dependence is satisfactorily described by an equation

of the form σ (ω) = σ0ω
ϕ at temperatures below the

melting point, it is described in accordance with the Debye

model for specific electrical conductivity at temperatures

above the melting point [15]. The nature of the dependence

indicates a hopping mechanism of conduction. The appli-

cability of various models indicates the dependence of the

”
hopping“ time on the state of aggregation of matter.

The component of ε′ is practically independent of fre-

quency at T < 273K. A weak dispersion region is observed

near ω = 1 rad/s, and the difference between low-frequency

Table 1. Dependence parameters σ (ω) = σωβ

T , K σ0, cm/m β

153 2.60 · 10−14 1

173 6.62 · 10−14 0.977

193 3.39 · 10−14 0.845

213 1.09 · 10−13 0.962

233 4.65 · 10−13 0.837

253 3.00 · 10−13 0.879

273 3.90 · 10−13 0.861

293 9.69 · 10−13 0.856

313 5.18 · 10−13 0.852

and high-frequency values is about 0.2. The low-frequency

component of the dielectric constant increases to values of

6−8 in the temperature range below the melting point,

273−353K. The value of the high-frequency component

increases by 1 after melting, several relaxation processes

appear, and new polarization mechanisms are activated. The

values of ε′ = 1 at T < 313K indicate the presence of an

electronic type of polarization and the exclusively dielectric

properties of the material at these temperatures.

The imaginary part ε′′ is represented taking into account

the through-conduction [16]:

ε′′ = ε′′exp −
σS

σ0ω
, (3)

where ε′′exp are the experimental values of the imaginary

part of the complex permittivity, σS is the low-frequency

component of the specific electrical conductivity, ε0 is the

electrical constant, 8.85 · 10−12 F/m.

The extremum corresponds to relaxation processes on de-

pendencies ε′′(ω). For instance, a low-frequency extreme

is observed for temperatures below the melting point, and

medium- and high-frequency extremes are observed for a

sample in the liquid state. This makes it possible, using the

Debye frequency dispersion model, to determine the time

of relaxation processes from the frequency of the extremum

and estimate the activation energy. Frequency dependencies

allow making slices at fixed frequencies and constructing

temperature dependencies. Fig. 2 shows a temperature-

frequency cross-section of the values σ , ε′ and ε′′ .

The sharp increase of the values of ε′ with an extremum

near 350K is attributable to a change of the structure

of matter due to the phase transition to the liquid state.

A sharp increase of the values of ε′′ and σ is observed

at temperatures close to melting, and an extremum is

observed at low frequencies. The above temperature

dependences have several common features. Firstly, an

extremum is observed near the temperature corresponding

to the melting point in all dependences associated with a

change in the phase state and structure of vanillin, which

affects its electrophysical properties. Secondly, the increase

of the electrophysical characteristics of vanillin because of

pre-melting in the low and medium frequencies is more
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Figure 1. Frequency dependences of σ, ε′ and ε′′ at different temperatures.
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Figure 2. Temperature dependences of σ , ε and ε′′ at different frequencies.
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Figure 3. Cole-Cole diagrams at various temperatures.

Table 2. The results of the analysis of dependence σ (ω)
according to the Debye frequency dispersion model

T , K σS S/m σ∞, S/m τ , s

353 9.30 · 10−11 7.70 · 10−6 1.13 · 10−4

373 1.50 · 10−10 9.60 · 10−6 1.08 · 10−4

393 1.77 · 10−10 1.63 · 10−5 1.00 · 10−4

413 4.60 · 10−11 1.75 · 10−5 8.90 · 10−5

pronounced than at high frequencies. This effect is probably

attributable to the impact of the grid of H-bonds, which

changes in case of the phase transition. Phenolic hydroxyl,

methoxyl and carbonyl groups participate in the formation

of H-bonds in the vanillin molecule which are polarized in

the region of low and medium frequencies of the electric

field.

The frequency dependence of specific electrical conduc-

tivity at temperatures 153−233K (Fig. 1) is satisfactorily

described by functions of the form σ (ω) = σ0ω
β , which

indicates a hopping mechanism of conduction [17]. The

parameters of the function at different temperatures are

listed in Table 1. The exponent values β range from 0.8 to 1.

The values σ0 have the meaning of static (low frequency)

electrical conductivity. The data obtained made it possible

to estimate the activation energy of static conductivity

in a given temperature range according to the Arrhenius

equation, which was 0.075± 0.005 eV:

σ = σ0 · exp

(

1Ea

kt

)

. (4)

In the temperature range corresponding to the liquid

state, the dependence σ (ω) can be satisfactorily described

by the quasi-Debye model of frequency dispersion [17]:

σ = σ∞ −
σ∞ − σS

1 + ω2τ 2
, (5)

where σS and σ∞ — specific electrical conductivity in the

low and high frequency range, τ — relaxation time.

The values of static and high-frequency electrical con-

ductivity were determined by limiting the transition of the

dependence σ (ω) at ω → 0 and ω → ∞. The relaxation

time was determined using the OriginPro software using

the
”
fitting“ function and custom configuration of the

approximating functions. The results of calculations and

analysis are listed in Table 2.

The activation energy of the relaxation time was calcu-

lated using the Arrhenius equation and amounted to 0.05 eV

τ = τ0 · exp

(

1Ea

kT

)

. (6)

The Debye frequency of the extremum ωmax on the

dependence ε′′(ω) (Fig. 4) corresponds to the inverse of
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Table 3. Relaxation times for the sample in the liquid state

T , K τ , s

Low medium high

353 1.24 · 10−5

363 8.20 · 10−6

373 1.11 0.086 3.76 · 10−6

393 3.23 0.071 1.89 · 10−6

413 0.72 0.052 7.41 · 10−7

433 0.037 4.31 · 10−7

0.0020 0.0030 0.0035
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Figure 4. Dependence ln τ (1/T ).

the relaxation time τε′′ = 1/ωmax according to the frequency

dispersion model. A sample in the solid state is character-

ized by the presence of one relaxation extremum in the

low frequency region, the relaxation time of which does not

depend on temperature and takes values from 1 to 10 s. At

temperatures above the melting point, three extremums can

be distinguished, corresponding to relaxation processes —
in the low, medium, and high frequency regions. The

corresponding relaxation times are listed in Table 3.

In accordance with the Arrhenius equation, the activa-

tion energy of the relaxation time of the low-frequency

process was 0.90 eV, the activation energy of medium-

frequency process was 0.19 eV and the activation energy

of high-frequency process was 0.55 eV.

Several dispersion regions corresponding to relaxation

processes are observed on dependencies ε′(ω). The relax-

ation processes can be described by one of the frequency

dispersion models combined with the dependencies ε′′(ω)
and the satisfiability of the ratio (1). The most universal

model is the Gavrilyak−Negami ratio [18]:

ε∗ = ε∞ +
εS − ε∞

(r + (iωτHN)α)
β
, (7)

where εS and ε∞ are the low-frequency and high-frequency

permittivity of the dispersion region under study, τHN is the

most probable relaxation time, α and β are parameters of

the relaxation time distribution in the range of 0 < α < 1,

0 < β ≤ 1. The equation becomes the Cole−Cole equation

for β = 1 [19], the Davidson-Cole equation for α = 1 [20],
and the Debye equation for β = 1 and α = 1 [21].
Separating the real ε′ and imaginary ε′′ parts of the

complex dielectric constant

ε′ = ε∞ + (εS − ε∞) · r−
β

2 · cos(βθ), (8)

ε′′ = (εS − ε∞) · r−
β

2 · sin(βθ), (9)

r =
(

1 + (ωτ )α · sin
(απ

2

))2

+
(

(ωτ )α · cos
(απ

2

))2

,

(10)

θ = arctg

(

(ωτ )α · cos
(

απ
2

)

1 + (ωτ )α · sin
(

απ
2

)

)

. (11)

Various approaches are used to determine the parameters,

including the computer analysis method [22–24]. The

dispersion parameters obtained by any method proposed

above are selected, which give the maximum convergence

of the experimental and calculated curves. The dispersion

regions and relaxation processes are determined by using

the Cole-Cole diagrammatic technique - the dependence

ε′′(ε′) [20] shown in Fig.3 for various temperature ranges.

One to three extremes corresponding to relaxation processes

are observed on the graphs ε′′(ε′) depending on the

temperature. The calculated parameters are listed in Table

4.

The coefficient β is 1 for most relaxation processes,

which means that the Cole-Cole dispersion relation is

fulfilled. High-frequency relaxation processes attributable

to π-electrons of aromatic rings were determined using

the example of a wide range of lignins; medium-frequency

relaxation processes attributable to hydroxyl (aliphatic and

aromatic) groups, as well as chemically bound water;

low-frequency relaxation processes attributable to methoxyl

and carbonyl groups [20–22]. Three groups of relaxation

processes can be distinguished among the data listed in

Table 4 that are characterized by the dependence ln τ (1/T )
shown in Fig. 4.

The effect of the functional nature on the electrophysical

properties of lignin was evaluated by comparing the results

for compounds modeling its structural units (Table 5).
Low-frequency relaxation processes are characterized by

the lowest values of activation energies for all the studied

compounds [25–30]. The highest values of 1Ea are observed

for vanillin in the mid-frequency range, which is attributable

to a phase transition near the melting point and a change

in the network of intra- and intermolecular H-bonds of

phenolic hydroxyl groups. The highest values of 1Ea of

high-frequency process are characteristic of vanillin among

the model lignin compounds, which is attributable to the

redistribution of the electron density in the benzene ring due

to (−)M- and (−)I-effects of the electron acceptor carbonyl

group. The presence of 3.7% of carbonyl groups in the

lignin sample results in an increased value of 1Ea of high-

frequency relaxation.

9 Optics and Spectroscopy, 2025, Vol. 133, No. 2
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Table 4. Parameters of the Gavrilyak−Negami model

T , K τ , s α β εS ε∞

293 6.4 0.254 0.512 1.61 1

313 4.81 0.25 0.61 2.95 1

333 3.7 0.11 0.69 8.81 2.23

333 5.00 · 10−2 0.35 1 2.83 1

353 1.65 · 10−4 0.46 1 6.05 1.54

353 9.50 · 10−3 0.29 0.46 7.7 3.03

363 8.30 · 10−6 0.22 1 4.15 2.23

373 5.87 · 10−6 0.25 1 4.27 2.18

393 2.83 · 10−6 0.25 1 4.32 2.07

393 2.54 0.64 1 15.2 4.37

413 1.01 · 10−6 0.17 1 3.4 1.89

413 6.50 · 10−6 0.48 1 4.78 1.92

413 7.10 · 10−2 0.5 1 7.62 4.57

433 5.40 · 10−7 0.12 1 2.92 1.81

433 2.54 · 10−5 0.56 1 4.66 2.15

433 4.00 · 10−2 0.13 0.13 5.41 2.59

Table 5. Activation energy values at different frequencies

Compound 1Ea , eV

Low medium high

Vanillin 0.12 1.30 0.55

Guaiacol (2-methoxyphenol) [29] 0.22 0.68 0.24

Vanillin alcohol (3-methoxy-4- 0.11 0.40 0.22

Hydroxybenzyl alcohol) [28]
Coniferous dioxanlignin [27] 0.36 0.41 0.63

The lignin macromolecules are oxidized by oxygen in an

alkaline medium to form carbonyl groups in the process of

sulfate delignification which is the main industrial method

for producing cellulose. Thus, a change of the functional

nature of lignin as a result of the oxidation of aliphatic

hydroxyl groups leads to characteristic changes of the

dielectric properties of the polymer, an increase of the

activation energy and high-frequency relaxation time of π-

electrons of the benzene ring.

4. Conclusions

The frequency-temperature dependences of the

specific electrical conductivity and complex dielectric

constant of vanillin in the frequency ranges of

6.28 · 10−2−6.28 · 107 rad/s and temperatures of

153−433K have been obtained by dielectric spectroscopy.

Pronounced frequency dependences of σ , ε′ and ε′′ near

the melting point have been established. The presence of

three relaxation processes in the region of low, medium

and high frequencies was revealed, and their activation

energies were determined. It is shown that the activation

energy of the high-frequency relaxation process caused by

π-electrons of the benzene ring in the vanillin molecule is

2.5 times higher than for model lignin compounds without

a conjugated electron acceptor carbonyl group. Thus,

oxidation processes and related differences in functional

nature lead to significant changes of the dielectric properties

of aromatic compounds.
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