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Abstract Acoustical spectroscopy at frequencies up to 10 GHz gives the possibil-
ity of the investigation of liquid substances, where the relaxation process observed
is caused by energy transfer between translational and vibrational degrees of free-
dom. The compounds presented in this article belong to this group of liquids. The
acoustic investigations in the group of benzene derivatives, particularly research of
the dependencies of acoustic parameters and the structure of organic liquids, demon-
strated some interesting regularities in the group of these compounds in gas and liquid
states. In this article, the results of research on five cyclic liquids: bromo-, chloro-,
fluoro-, iodo-, and nitrobenzene as well as toluene and aniline are discussed and com-
pared to benzene. The acoustic relaxation observed in all these compounds was found
to result from Kneser’s processes (vibrational relaxation). Based on investigations
reported in this article, as well as by other authors, and taking into account experi-
mental and literature data concerning a great number of compounds, one can draw a
conclusion that almost all acoustic relaxation (Kneser-type) processes in liquids can
be described using a single relaxation time. It also seems that all vibrational degrees
of freedom of the molecule take part in this process. It is known that the appearance
of differences in transition probabilities could be caused by additional attraction in
interactions of molecules having dipole moments. Halogen derivatives have higher
values of dipole moments than benzene. This difference could be responsible for the
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difference of transition probabilities and changes in the relaxation times. However,
benzene derivatives with amino, nitro, and methyl groups and halides show the other
type of relaxation.

Keywords Absorption of ultrasound · Molecular acoustics · Organic liquids ·
Ultrasonic relaxation · Velocity of ultrasound

1 Introduction and Theory

Acoustic spectroscopy at frequencies up to 10 GHz enables investigation of liquid
substances with subclassic absorption caused by vibrational relaxation. The classical
part is described by the Stokes–Kirchhoff equation, usually limited to the first part of
the following equation due to negligible thermal conductivity [1,2]:

(
α

f 2

)
class

= 2π2

ρ0c3
0

[
4

3
ηs + κT

(
1

Cv

− 1

C p

)]
, (1)

where f is the frequency of an ultrasonic wave, ρ is the density of the liquid, c0 is the
ultrasound speed for frequencies below the range of vibrational relaxation, κT is the
coefficient of thermal conductivity, ηs is the coefficient of shear viscosity, and C p and
Cv are the molar heat capacities at constant pressure and volume, respectively.

In the majority of cases, the relaxation in liquids, caused by translation–vibration
transfer (Kneser effect), can be described using the following equation with a single
relaxation time τ :

α

f 2 = A

1 + ω2τ 2 + B, (2)

where A and B are absorptions in low- and high-frequency ranges, respectively, and
ω is the angular frequency.

Acoustic irreversible processes in halogen derivatives of benzene were first
observed in chlorobenzene [1]. Ultrasonic absorption in other halides as a function of
frequency was presented in [3,4]. The physical nature of this process became clearer
after systematic investigations of all these compounds in the gaseous phase [2].

Dependencies of kinetic and thermodynamic parameters on the temperature T and
the pressure p, as well as coincidence of the heat capacity Ci calculated from acoustic
measurements (Eq. 3) and the Planck–Einstein formula (Eq. 4), shown in Table 1, gives
evidence that acoustic relaxation observed in all these compounds is caused by Kneser
processes:

C(iacoust) = Ac

2π2

C pCv(
C p − Cv

)
Ci

, (3)

Ciopt = R
∑

i

gi
hνi

kT

exp(−hνi/(kT)

[1 − exp(−hνi/(kT)]2 , (4)
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Table 1 Values of physical parameters obtained from acoustical and spectroscopic measurements as well
as values calculated from the Planck–Einstein equation in benzene and its monosubstituted halide vapors
[2,5]

No Parameter C6 H6 C6 H5F C6H5Cl C6H5Br C6H5I

1 T (K) 303.2 304.1 304.8 326.7 342.7

2 fμ p−1(102s−1 · Pa−1) 0.95 5.73 14.4 18.5 27.6

3 fc p−1 (102s−1 · Pa−1) 1.05 6.32 15.8 20.4 30.6

4 c0 (m · s−1) 188.5 169.6 157.4 137.8 123.5

5 D 1.101 1.104 1.101 1.102 1.105

6 ε 0.175 0.179 0.175 0.177 0.181

7 μmax,opt 0.302 0.311 0.303 0.307 0.315

8 μmax,acoust 0.289 0.314 0.337 – –

9 Ci acoust (J · mol−1 · K−1) 51.4 62.5 64.8 – –

10 Ci opt (J · mol−1 · K−1) 50.6 62.7 66.9 75.1 80.9

11 τpS (10−9s) 18.7 3.13 1.25 0.97 0.65

12 C0
p (J · mol−1 · K−1) 83.8 95.7 98.9 – –

13 κ0(C pC−1
v ) 1.110 1.095 1.092 1.098 1.092

14 ρliquidρ−1
gas 261.9 247.5 223.3 228.1 221.6

15 βa 8.49 8.52 8.24 8.28 8.27

where c is the speed of ultrasound; R, h, k are the universal gas, Planck, and Boltzmann
constants, respectively, νi is the vibrational frequency of a molecule, and gi is the
degeneration degree of the i th mode. Values shown in Table 1 are calculated from
equations presented below. The ultrasonic absorption per wavelength μacoust and its
maximum value μmax were obtained from the absorption or velocity measurements:

μacoust = αλ ≈ π RCi

Cv(C p − Ci )

ωτ ′

1 + ω2τ ′2 , (5)

μmax ≈ π

2

(
c∞
c0

− c0

c∞

)
= π

2

D2 − 1

D
= π

2
Dε, (6)

where

c2
0

c2 = 1 − R′Ci

Cv(C p − Ci )

ω2τ ′2

1 + ω2τ ′2 . (7)

The dispersion of ultrasonic waves is

α

f 2 = A

1 + ω2τ ′2 + B, (8)
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the relaxation force is

ε = A fcc0

π
− 1

4

(
1 − 2B

A

) (
A fcc0

τ

)2

, (9)

and the adiabatic compressibility coefficient is

βa =
√

1

ρc2 , (10)

where c0 and c∞ are speeds below and above the relaxation region, fc is the inflection
point of the curve α f −2( f ), τ is the relaxation time, and τ ′ = c∞

2π fcc0
.

Acoustic investigations of compounds in the liquid phase [4,6–8], carried out over
wide temperature and frequency ranges, did not contradict any conclusions about the
vibrational character of the relaxation drawn earlier. From acousto-optical investiga-
tions of halides in the hypersonic range [9–11], a linear dependence of the probability
excitation logarithm log(P10) on T −1/3 was found. It is one of the most characteristic
features of relaxation, related to a delay of the internal energy distribution among
vibrational and translational degrees of freedom of the molecules [12,13]. Correlation
of the values of C(iacoust) and C(iopt) indicated that in these relaxation processes all
vibrational degrees of freedom were involved.

2 Experimental Part

The ultrasonic absorption spectra α f −2( f ) were measured by the ultrasonic pulse
method in the frequency range from 10 MHz to 10 GHz [12] and in the frequency
range below 5 MHz by the resonator (Eggers) method. The ultrasonic velocities were
obtained using an ultrasonic pulse-phase interferometer or sing-around transit time
method [14]. The temperature was stabilized with 0.01 K uncertainty.

The measurement uncertainties ranged from 7 % to 4 % for the attenuation in the
frequency range of 10 MHz to 60 MHz, from 3.5 % to 5.5 % in the frequency range of
0.4 GHz to 10 GHz, and from 2 % to 9 % for frequencies below 5 MHz.

Measurements reported in this article were performed using the following chem-
ical substances: benzene—HPLC grad, Aldrich or 99+ % A.C.S. Aldrich, nitroben-
zene—99+ % A.C.S. Aldrich, aminobenzene—99.5+ % A.C.S.—Aldrich, C6H5F—
99 % Aldrich, C6H5Cl—99+ % Aldrich, C6H5Br—99+ % Aldrich, and C6H5I—98 %
Aldrich. They were used without additional purification.

3 Results and Discussion

For bromo-, chloro-, fluoro-, iodo-, and nitrobenzene, as well as for toluene and ani-
line, investigations of non-reversible processes using a new possibility of absorp-
tion measurements by the impulse method [15] at hypersonic frequencies resulted
in better accuracy of absorption values and better accuracy of parameters related
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Fig. 1 Comparison of relaxation curves μ( f ) and α f −2( f ) obtained by authors (1), and earlier by other
authors (2)—[9]; (3)—[8] for iodobenzene at 293.2 K

to the relaxation process. It was shown that processes observed in all investi-
gated compounds were closely related to translation–vibration transitions for all
degrees of freedom. This is in contradiction with earlier explanations [7,8]. The
probable reason of discrepancies between our and previous research, which con-
veyed a different conclusion, is an incorrect interpretation of Mandelstam–Brillou-
in spectra [6,9,10]. In these papers there was no explanation about the analysis
of the spectra obtained in the region of relaxation of 2 GHz to 6 GHz and proba-
bly the data handling was done without taking into account the Rytov–Mountain
line [16]. Its influence on the results obtained for CCl4 was shown in many papers
[17–20].

Results of ultrasonic measurements of absorption μ and (α f −2) as a function of
frequency (in the GHz range) for halogenated benzenes in comparison with earlier
measurements [8,10] are presented in Fig. 1, Tables 1, 2, and 3.

Other acoustic properties: the dispersion D, the relaxation force ε, the relaxation
time τ , and the absorptions μi opt and μi ac, calculated from optical and acoustical
experimental results, respectively, and classical absorption are presented in Table 1.

Dependencies obtained in our investigation show much better essential physical
properties of halogens of benzene, because the correction introduced to calculations
performed for these compounds in the highest experimental frequency range [15]
does not need any extrapolation when estimation of the appropriate values is con-
cerned.

Acoustical parameters: the maximum absorption μmax, the relaxation force ε, the
dispersion of ultrasonic velocity D, and the heat capacity Cacoust for chloro- and bro-
mobenzene presented in the Inoue paper [9] are in good agreement with our data.
However, due to small discrepancies in characteristic frequencies ( fα f 2, fμ, and fc),
caused by not entirely correct extrapolation of α f −2( f ) and μ( f ) curves, results
given in [9] are non-realistic in the case of high-frequency absorption asymptotes,
−B + (α f −2)class. These results are completely different from asymptotes obtained
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Fig. 2 Intermolecular potential of the dipole–dipole interaction for benzene and its derivatives as a function
of the relaxation time

by us at 10 GHz [26]. The main reason for discrepancies between our data and the
absorption coefficients μmax, and relaxation times τPT and τPS reported by Parpiev
et al. [7] is probably connected with extrapolation-based estimation of these parame-
ters carried out in the mentioned paper. The highest experimental frequency in it was
2 MHz, and was lower than fc.

The reason for the discrepancy in the description of irreversible processes in iodo-
benzene is analogical, but has a smaller impact. It is probably caused by a better
correlation of experimental results for hypersonic absorption. To analyze irreversible
processes in mono-substituted halogens of benzene, selected literature data about the
structure of molecules C6H5X (X = F, Cl, Br, I) with C2v symmetry were used. Such
a model with a planar, regular hexagon possesses 30 normal vibration modes, which
were taken into account during calculation of the heat capacity Cac from the Planck–
Einstein equation (Eq. 4). Available data about the frequency part of the vibrational
spectrum are changing due to constant improvement of the accuracy of measuring
techniques and widening of the frequency range. Data shown in [27] significantly
differ from those shown in [28], although the latter are still used for handling data
obtained from acoustic spectroscopy [10]. For these molecules a significant influ-
ence of dipole moments De on thermodynamic properties and kinetics of phenom-
ena is observed—a change of these physical values correlates with changes in the
vibrational relaxation time, and also with the probability of VT processes (transi-
tion from translational to vibrational degrees of freedom). This relation is shown in
Fig. 2.

For these compounds an additional term responsible for long-range dipole interac-
tions appears in the intermolecular potential (in the Stockmayer relation [29])—the
dipole interaction ϕe:

ϕe = g
D2

e

ρ3 . (11)
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3.1 Other Derivatives of Benzene

The transformation of a flat structure of halogen-substituted benzene into a three-
dimensional structure by substitution of halide atoms with NO2, NH2 and CO3, NO2
groups accelerates slightly the kinetics of unequilibrated (irreversible) processes. Such
processes may be regarded as vibrational relaxation, i.e., the energy transfer between
translational and vibrational degrees of freedom.

Although there are no isomeric forms of molecules with distinguishable energy
states, one can imagine a frozen rotation of amino- and nitro-groups around the phenyl
ring. For symmetry assumed in toluene, one of the hydrogen atoms of the methyl group
lies within the plane of the phenyl group, while the two remaining ones are located
symmetrically at both sides of the ring plane. The interaction between phenyl and
methyl groups results in an energy barrier which prevents rotation [30]. However, no
different isomers are observed.

Having in mind the above and according to molecular acoustics [14], no rotational
isomeric relaxation should be observed in these compounds. This, together with the
temperature dependence of relaxation and dispersion times in nitrobenzene [8,24]
and toluene [23], indicates that the unequilibrated processes observed are related to
vibrational relaxation.

Since all chemical compounds dealt with herein belong to this group, it seems worth-
while to consider some alternative interpretations and analyze the data more accurately
(Table 2), taking also into account new measurements carried out at 10 GHz.

Figure 3 shows the comparison of experimental results obtained for the propaga-
tion and absorption of ultrasonic waves for the above compounds, reported by several
authors [8,21–25], which indicates the presence of relaxation processes. Dispersion
observed in toluene and nitrobenzene and its temperature dependence suggest that
the relaxation detected is a Kneser-type process. On the other hand, the temperature
dependence of absorption for aniline is a manifestation of a relaxation process related
to the breaking and formation of associated molecules.

3.2 Toluene

Acoustic spectroscopic data for toluene in a broad frequency range [35–37] presented
in Fig. 4 shown that the activation energy is about 8.4 kJ ·mol−1 and the relaxation fre-
quency is about 0.25 MHz. This seems to be associated with oscillations of the methyl
group [36]. The parameters of low-frequency relaxation reported in many cited papers
are contradictory. All authors noted that no other processes could be observed above
the low-frequency relaxation range up to about 1 GHz.

As reported elsewhere [32,43], such a process was observed for the first time in
investigations of the frequency dependence of the velocity and the absorption. Later
it was confirmed in numerous papers (Fig. 5) and examined more accurately over a
broadened frequency range. Relevant data are summarized in Table 2 and in Fig. 5. It
is important that our values of quantities describing the relaxation process, obtained at
high Gigahertz frequencies, are in good correlation with optical dispersion measure-
ments carried out by Mandelshtam–Brillouin scattering at 4.5 GHz and 6.5 GHz.
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Fig. 3 Temperature dependence
of ultrasonic velocity in benzene
derivatives: 1, 4—[30];
2, 9—authors results; 3—[21];
5—[31]; 6—[32,33]; 7—[25];
8—[34]

Fig. 4 Dependence of ultrasound absorption frequency: 1—[38]; 2—[3,4]; 3—[39–42]; 4—[22,43];
5—[44]; 6—[45]; 7—[21]; 8—[15]; 9—[36]; 10—approximation following from results of acoustic exper-
iments; 11—influence on it by data presented in other studies [21,22,43,45]

Results of precise measurements of hypersonic wave velocities [33,53,54] are in
close agreement with the dispersion relationship obtained in absorption experiments
(Fig. 5).

The observed phenomenon is related to vibrational relaxation, which is confirmed
not only by acoustic but also by thermodynamic quantities. The molar heat capacity
determined in ultrasonic experiments is comparable to that obtained from the Planck–
Einstein formula (Eq. 4).
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Fig. 5 Analysis of relaxation in toluene: 1—[46]; 2—[47]; 3—[48]; 4—[39–42]; 5—[49]; 6—[4]; 7—[44];
8—[21]; 9—[36]; 10—[15]; 11—dispersion data; 12—[21,43,45,50]; 13—[1,43,51,52]

It should also be pointed out that the examination of spectrograms of depolarization
Rayleigh scattering as a function of pressure and temperature in toluene show a relax-
ation related with rotational isomerism [55] with a relaxation time τls ∼ 5.6× 10−12 s,
as illustrated in Fig. 5 over a frequency range of about 30 GHz. As was stated in our
other papers [56], this time is linearly dependent on the viscosity, i.e., in the case
of toluene, an increased pressure or a lowered temperature shifts the relaxation time
towards an experimentally more easily available region (lower frequencies).

In addition, under such conditions of (p, T ), the fine structure of Rayleigh lines
develops in toluene. This is in accordance with the presence of sound velocity dis-
persion in the low-temperature range [23]. Nonetheless, many authors confined the
discussion of results by an assumption about the existence of two unequilibrated
vibrational processes in which two vibrations participate—in-plane and out-of-plane
vibrations with low modes θi p ∼ 492 K and θop ∼ 295 K. Such an interpretation is in
contradiction to the latest data.

Figure 5 shows the relationship for μ′
rel from a paper on low-frequency relaxation

[23]. If one assumes that a faster unequilibrated process corresponds to frequencies
f � f ′

m, then even at 2.8 GHz, the quantity μ′
f = μ′

rel + μ′ should not exceed the
level shown in the plot [13]. However, the difference μf − μ′

f calculated using values
given in [23] at this frequency is about 30 %, and is about 35 % when using our results
[15] at ∼10 GHz. Therefore, we cannot agree with the interpretation of relaxational
data presented in [23], which based on the observed dispersion of the ultrasonic wave
frequency, is where apparently the specific character of data behavior in the region
ωτ ∼ 1 has not been taken into account.

3.3 Nitrobenzene

Ultrasonic examination of solutions of nitrobenzene [57] and unassociated liquids
in benzene, chloroform, chlorobenzene, and toluene have shown that an increased
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concentration of C6H5NO2 molecules causes a systematic nonlinear decrease in the
absorption of ultrasound in such binary mixtures. This means that nitrobenzene mole-
cules accelerate the energy transfer to vibrational degrees of freedom. At the same time,
the concentration dependence of the absorption of ultrasound in the region ωτ ∼ 1
allows one to state that characteristic relaxation times of pure fractions of these com-
pounds are of the same order of magnitude, and are markedly shorter than the ones of
benzene and chloroform. Indeed, in the first hypersonic experiments [21] the occur-
rence of unequilibrated properties was observed at about 7.62 GHz. Although the mea-
sured velocities vf of hypersonic waves are close to those obtained later in more precise
experiments [24,50], the assessment of the characteristic frequency fτ = 18.4 GHz
and the relaxation time in [21] is not correct. The nature of the phenomenon became
clear after systematic investigations [8,58], in which Kneser’s processes were proposed
to explain the relaxation for the first time. The only difference of further approaches lies
only in recorded kinetic and thermodynamic characteristics of the process, and more
precise values of the parameters received from acoustic experiments at hypersonic
frequencies [4,15].

Table 2 summarizes acoustic spectroscopy data for nitrobenzene reported in several
papers cited therein. The discrepancies between the quantities describing the relaxation
process are probably caused by wrong estimates of relaxation times, resulting from a
too narrow frequency range used in acoustic experiments and too big errors in acousto-
optical investigations. Instrumental errors were discussed in [59]. When experimental
data v0 or A are available only in a narrow relaxation range, the assessment of v∞ and
relaxation time τ may be burdened with a very large error.

Figure 6 shows the relation μf obtained for all known available data. The high accu-
racy of dispersion measurements [50] confirms the discussion of the authors because
the results of acoustic data analysis and acousto-optical experiments [50] are con-
sistent (Table 3). In addition, the dispersion dependence of vf (Fig. 6) determined in
acoustic experiments is in line with results given in [24,50] within the limit of the
cited error.

3.4 Aniline

The concentration dependence of ultrasonic wave absorption in a binary mixture of
aniline and nitrobenzene [60] allows one to assume that the acoustic relaxation times
of these compounds are of the same order of magnitude. This holds true only when
the nature of absorption, higher than that resulting from classic processes, i.e., the
delay in reaching equilibrium after disturbance with the ultrasonic wave, may be asso-
ciated with energy transfer between translational and vibrational degrees of freedom
of the molecules. It might seem that such an assumption is contradicted by the neg-
ative temperature absorption coefficient of the ultrasonic wave in this solution and
the type of temperature dependence of the dispersion parameter D, characteristic of
associated compounds (Fig. 3). However, at room temperature (293 K) the viscosity
of aniline is the highest among the above described compounds and grows nonlinear-
ly with decreasing temperature. This is related with the presence of hydrogen bonds
NH· · ·N, which cannot be broken by thermal molecular motion. Thus, the temperature
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Fig. 6 Acoustical spectroscopy of nitrobenzene: 1—[21]; 2—[50]; 3—[30]; 4—[46]; 5—[4]; 6—[8,6];
7—[3]; 8—[15]; 9—asymptote μωτ�1; 10—dependence of μf ; 11—dependence of μrel = μf − μη;
12—dependence of μ for the data from [8]; 13—value of μη; 14—dispersion of hypersound velocity

dependence of sound absorption, untypical for vibrational relaxation, may be explained
by a considerable share of the shear viscosity at high frequencies, since the shear relax-
ation time is usually proportional to the viscosity.

The above introductory remarks allow analyzing in detail the unequilibrated proper-
ties of aminobenzene (aniline), the nature of which has not been discussed previously.
Ideas of possible structural relaxation were presented in [61], with simultaneous man-
ifestation of structural and vibrational relaxation [22] and phenomena related with
rotational isomerism and structural changes [46]. However, no facts or proofs regard-
ing the choice of the relaxation model were discussed.

Relaxation phenomena in aniline were for the first time observed in investigations on
Mandelstam–Brillouin scattering [62] which, similar to ultrasonic experiments [63],
demonstrated the presence of acoustic wave velocity dispersion. In later experiments
with hypersonic waves [15,42,54,64,65], the authors managed to investigate in detail
the relaxation process by studying changes in the velocity and the absorption of waves
in a broad frequency range. Next, systematic temperature experiments carried out in
aniline [22,24,25] revealed the shift of the relaxation region towards lower frequen-
cies, i.e., an elongation of the relaxation time and an increase in the relaxation strength
(Eq. 9) and the wave absorption coefficient. Figure 7 shows all experimental results
for 293.2 K and several theoretical curves.

The dashed area in Fig. 7 represents the region where the coefficient μms and the
characteristic frequency (shear viscosity relaxation) change up to the melting point of
aniline. It is obvious that the behavior of the ultrasonic wave velocity vf at the highest
frequencies depends mainly on the share of vibrational relaxation.

123



Int J Thermophys (2012) 33:664–679 677

Fig. 7 Analysis of acoustic spectroscopy data in aniline: 1—[22]; 2—[30]; 3—[44]; 4—[42]; 5—[54];
6—[22,23]; 7—[15]; 9—asymptote μωτ�1 (T = 293 K); 10—μf ; 11—μB; 12—μrel; 13–μη; 14—vf

4 Conclusions

An analysis of possible reasons for discrepancies between results and experimental
facts obtained for investigated substances was performed. This analysis showed that
acoustic relaxation observed in a liquid phase is a Kneser-type process with all vibra-
tional degrees of freedom involved. It can be described by a single relaxation time, as
was the case for many other substances [12,66–68].

Some relations between the relaxation time, the absorption, and the structure of
compounds have been observed especially for the gas phase. For gases, the bigger the
molecule of the substituent, the shorter is the relaxation time. For liquids, the bigger
the molecule of the substituent, the shorter is the relaxation time (with the exception of
I), the lower is the low-frequency absorption and μmax (except for iodine), the smaller
is the relaxation force, the smaller is dispersion, and an increasing significance of
classic absorption is clearly visible.

There is also an interesting correlation between the acoustical properties and the
dipole moments for saturated and non-saturated compounds [13,66]. However, a com-
plete explanation of these dependencies needs further physical investigations of similar
cyclic and heterocyclic compounds.

It can be concluded that the observed irreversible processes in benzene deriva-
tives with amino-, nitro-, and methyl- groups and halides display typical ultrasonic
vibrational relaxation, slightly hindered by peculiarities with frozen rotations of larger
groups and more dynamic processes of formation and breaking of hydrogen bonds.
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