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MULTIPLE FERMI RESONANCES IN LIQUID BENZENE 1

A number of coupled Fermi vibrational resonances (FRs) in liquid benzene from a multitude
of them are systematically studied. The spectral structure of the vibrational bands in the IR
absorption and Raman scattering spectra are determined by their numerical decomposition into
individual components. The complication of vibrational resonances with an increase in their
order is due to the overlapping of FRs and the appearance of additional resonant vibrational
modes. To clarify the identification of the vibrations of the benzene FR 𝜈1 + 𝜈6 , 𝜈8 and the
correction of the frequencies of a number of inactive vibrations, including 𝜈13 (𝐸1𝑢 ), the experimental results are compared to the data obtained by quantum-chemical calculations. With
regard for the collective-wave properties of vibrational modes in the benzene liquid state, we
propose a new content of the analysis of FRs. It should include the study of 1) the intensity
changes for various spectral components in the IR absorption and Raman scattering for FR
vibrational bands of various orders, 2) half-widths 𝛿𝜈 of the bands, and 3) anharmonic shifts
Δ𝜈𝐴 for various components in the vibrational bands of FRs.
K e y w o r d s: multiple resonances, liquid benzene, IR absorption, Raman scattering spectra.

1. Introduction
Quantum properties of supramolecular structures
(molecular clusters, liquids, solutions, etc.) have
not been studied systematically till now. Quantumchemical calculations were carried out mostly for simple molecules and atoms, but the complex organic
molecules and liquids are very important as well, especially carbon-based molecular structures and cyclic
aromatic compounds. The delocalization of the electron structure in the aromatic compounds leads to
their higher stability. Cyclic molecular structures are
in the base of DNA, chlorophyll, and blood heme. Typical representatives of aromatic molecules are benzene С6 Н6 and its substituents (toluene С6 Н5 СН3 ,
xylene С6 Н4 (СН3 )2 , halogenated benzene С6 Н5 Х
(X = F, Cl, Br, J), pyridine С5 Н5 N, nitrobenzene
С6 Н5 NO2 , etc. Cyclic aromatic compounds are important in chemical technologies for the synthesis
of dyes, biologically active compounds, liquid crystals, explosives, and others. The study of molecules
is important for the development of fundamental
science. For example, benzonitrile C6 H5 CN was detected in the interstellar space.
Benzene has been studied for more than 190 years,
but a number of unresolved issues still remain. Lic N.Е. КОRNIENKO, О.L. PAVLENKO, 2020
○
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quid benzene has a set of absorption bands that
includes a multitude of total frequenies and overtones in the IR spectral range. Only 1/3 of the total number of them are identified [1]. In particular, most of the vibration bands for liquid benzene
С6 Н6 (even for nondegenerated vibrations) are multiplets, and this fact is not explained in details. Moreover, for a long time, a discussion has been going
on about the exact determination of the frequencies
in the IR absorption and Raman scattering spectra such as, for example, the frequencies 𝜈13 (𝐵1𝑢 ),
𝜈20 (𝐸1𝑢 ) before the resonant interaction with the total tones 𝜈8 + 𝜈19 and (𝜈1 + 𝜈6 ) + 𝜈19 [2]. It should
be noted that the vibrational modes (VM) 𝜈1 + 𝜈6 ,
𝜈8 (𝐸2𝑔 ) form the first Fermi resonance 𝑅1 , and the
VM (𝜈1 +𝜈6 )+𝜈19 ≈ 𝜈8 +𝜈19 ≈ 𝜈20 – the second Fermi
resonance 𝑅2 (𝜈20 , 𝑅1 + 𝜈19 ), which is connected with
the first one. All 30 normal vibrations of an isolated
molecule C6 H6 are classified as Γ𝑣 = 2𝐴1𝑔 + 𝐴2𝑔 +
+𝐴2𝑢 +2𝐵2𝑔 +2𝐵1𝑢 +2𝐵2𝑢 +𝐸1𝑔 +3𝐸1𝑢 +4𝐸2𝑔 +2𝐸2𝑢
(10 nondegenerated ones of the 𝐴 and 𝐵 types and
10 twofold degenerated vibrations of the 𝐸 type ) of
the 𝐷6ℎ symmetry group.
1
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Fig. 1. Results of the decomposition of the observed IR bands of liquid benzene at room
temperature in the Fermi resonance regions 𝑅1 (a) and 𝑅2 (b), as well as in the Raman spectrum
(inset), into individual components of the Lorentzian form

Here, with a bold-type font, we designate active
vibrations in the vibrational spectra (𝐴1𝑔 , 𝐸1𝑔 and
𝐸2𝑔 are Raman active vibrations, 𝐴2𝑢 , 𝐸1𝑢 are IRactive ones). On the whole, 45% of the vibrational
frequencies of a benzene molecule are not active in
the IR absorption and Raman spectra (“silent” vibrations). This fact and the presence of complex Fermi
resonances complicate the interpretation of vibrational spectra and the accompanying physical and
chemical processes.
The main difficulties in the vibrational spectra of
liquid benzene are associated with its liquid state,
where the collective properties of vibrational modes
are manifested [3–13]. It is essential that the thermal
excitation of vibration modes in liquids exceeds the
critical level [14, 15] for the appearance of nonlinearly-wave interactions of vibration bands [16–18]. The
last ones lead to a non-equilibrium population of
higher vibrational states (overtones ant total tones),
by shifting them to the level of electron states. Therefore, the vibration-electron interaction (VEI)
appears and induces new electronic states which are
observed in the form of a broadband background in
the vibrational spectra and in the change of chemical
bonds [19–21]. The phenomenon of VEI is substantially amplified in the presence of the array of interconnected vibrational-wave resonances [22, 23] and
the nonlinearly-wave interaction of vibration modes
is amplified as well. Here, we demonstrate the existence of multiple Fermi vibrational resonances with a
complicated structure of vibrational bands for liquid
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 6

benzene. For the correct identification of resonant
vibration modes, we compare the experimental data
with the results of quantum chemical calculations.
2. Сontradictions in Identification
of Vibrational Modes in Two Initial
Fermi Resonances of Liquid Benzene
P. Krishnamurti and R. Ananthakrishnan [24] showed convincingly that, in the Raman spectra (RS) of
liquid benzene in the observed doublet of vibrational
bands 1584–1585 and 1604–1606 cm−1 , the low-frequency component is more intense by 1.5 times. This
is illustrated by the inset in Fig. 1, a, which shows a
fragment of the RS in the region of the first Fermi resonance 𝑅1 between the fundamental vibration 𝜈8 and
the total tone 𝜈1 + 𝜈6 with a calculated frequency of
992+606 = 1598 cm−1 . Since the low-frequency component of about 1586 cm−1 was more intense, it was
naturally assumed that it has the predominant contribution of the fundamental mode 𝜈8 . It was believed
so for a long time, despite the completely different
picture in the region of the second Fermi resonance
𝑅2 (𝜈20 , 𝑅1 + 𝜈19 ), which is observed in the IR spectrum (see Fig. 1, b).
In this region, the Fermi resonance 𝑅1 shifted
by the frequency of active vibrations 𝜈19 (𝐸1𝑢 ) =
= 1479 cm−1 into the high-frequency (HF) region resonates with 𝜈20 (𝐸1𝑢 ) which is the most intense in the
IR spectrum. Taking the frequency values observed
in the region of 𝑅1 1586 and 1605 cm−1 into account, we find the calculated values in the region
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Fig. 2. Vibrational frequencies of a C6 H6 molecule. Correlations of the calculated and the experimental vibrational
frequencies of liquid benzene

of 𝑅2 3065 cm−1 and 3084 cm−1 . The observed frequency values are shifted to the HF side by 6 and
7 cm−1 due to the resonant interaction with the vibration 𝜈20 . In contrast to the bands 𝜈1 +𝜈6 , 𝜈8 in the
Raman spectrum (see insert 1, a) in 𝑅1 +𝜈19 , the more
intense component is at 3091 cm−1 (Fig. 1, b). The
high-frequency component should be identified with
the total tone 𝜈8 + 𝜈19 associated with the fundamental vibration mode 𝜈8 . As a result, we come to a
clear contradiction in the interpretation of the vibrational bands observed in the regions of two coupled
Fermi resonances 𝑅1 and 𝑅2 . Moreover, the observed
components at 1595 and 1605 cm−1 (in the Raman
spectrum of C6 H5 OH in the 𝑅1 region) have equal intensities [24], and, in the observed resonant doublet
of toluene at 1588 and 1606 cm−1 , the high-frequency
component is in 1.5 times more intensive, contributed
from vibration mode 𝜈8 . This shows the difficulty
to identify the vibration modes, by basing on the
observed intensities of the spectral components. It
should be noted that, in an isotopically substituted
13
C6 H6 molecule (1.1% of 13 C isotope is present in
nature), a completely different picture is observed in
the IR spectrum [2]: vibrations (𝜈1 + 𝜈6 ) + 𝜈19 and
𝜈8 + 𝜈19 are in the low-frequency region (2993 and
3005 cm−1 ), and the frequency 𝜈20 = 3054 cm−1 is in
the high-frequency region. This is due to a decrease
in the frequency of skeletal vibrations 𝜈1 , 𝜈6 and 𝜈8 ,
a small change in the frequency of CH vibrations 𝜈20 ,
and a significant weakening of the Fermi resonance.
We performed the additional studies of the observed Fermi resonances in liquid benzene, includ-
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ing the quantum chemical calculations for a 12 C6 H6
molecule, as well as the experimental study of higher
Fermi resonances. The vibrations 𝜈1 + 𝜈6 , 𝜈8 of symmetry 𝐸2𝑔 in the IR spectrum of a molecule C6 H6
are not allowed, but they appear in liquid benzene
as the total tone 𝜈6 + 𝜈12 of the symmetry 𝐸1𝑢 , as
shown in Fig. 1, a. The correctness of the decomposition of the resonance 𝜈1 + 𝜈6 , 𝜈8 was controlled
by the agreement of the second derivatives of the
observed and calculated vibrations. As a result, the
high-frequency component at 1604.7 cm−1 has lower
intensity and can be attributed to the vibration 𝜈8 ,
since the selection rules can be easily violated for
the composite tones. Moreover, the component has
a smaller half-width 𝛿𝜈 = 9.8 cm−1 , which is two
times less than the half-width of the other component at 1587.7 cm−1 . Therefore the high-frequency
component at 1604.7 cm−1 is related to the main
vibration 𝜈8 , which is consistent with the analysis
of the second Fermi resonance 𝑅2 (𝜈20 , 𝑅1 + 𝜈19 ) in
Fig. 1, b.
3. Quantum-Mechanical Calculations
of a Benzene Molecule and Clarification
of the Frequencies for the Row of Vibrations
To clarify the frequencies of fundamental vibrations
𝜈8 (𝐸2𝑔 ) and 𝜈20 (𝐸1𝑢 ) taking part in the Fermi resonances 𝑅1 (𝜈1 + 𝜈6 , 𝜈8 ) and 𝑅2 (𝜈20 , 𝑅1 + 𝜈19 ), the
quantum-chemical calculations were carried out for a
C6 H6 molecule. In this case, the density functional
B3LYP and bases 6-311G(d,p), 6-311++G(d,p) were
used. Then the calculated frequencies of all oscillations were scaled using the experimental values for
vibration frequencies active in the IR absorption (𝜈11 ,
𝜈18 and 𝜈19 ) and Raman spectra (𝜈1 , 𝜈2 , 𝜈6 , 𝜈7 , 𝜈9
and 𝜈10 ), as illustrated in Fig. 2. Experimentally obtained frequencies are in the parentheses (dark symbols), including the low-frequency “silent” oscillation
𝜈16 = 404 cm−1 (Raman spectrum). In this case, the
𝜈8 and 𝜈20 oscillations, which are significantly displaced due to Fermi resonances, as well as most of
the “silent” oscillations, were excluded from the experimental basis of frequencies. The dependence of
the experimental frequency values on the calculated
values was approximated by a polynomial of degree
3. With its help, the values of 𝜈8 and 𝜈20 were refined
without accounting for their resonant interactions, as
well as inactive vibrations.
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 6
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Fig. 3. Selected IR absorption bands of liquid benzene in the region of Fermi resonances of 3–4 orders
of magnitude 𝑅2 − 𝜈6 (a) and 𝑅2 + 𝜈6 (b), as well as the resonance bands 𝑅1 + 𝜈3 in the Raman
spectrum (inset in Fig. a) and the results of their numerical decomposition into individual spectral
components

The calculated frequencies of “silent” oscillations
𝜈4 = 701 cm−1 , 𝜈5 = 988 cm−1 , and 𝜈3 = 1343 cm−1
are in good agreement with the generally accepted
values of these frequencies 703, 989, and 1346 cm−1
that characterizes the accuracy of the method. The
obtained frequencies of 𝜈8 and 𝜈20 are 1605 and
3056 cm−1 , respectively, Fig. 2. The frequency of
𝜈13 (𝐵1𝑢 ) vibration is at 3033 cm−1 . The frequencies are indicated by bright symbols in Fig. 2. The
band 𝜈13 (𝐵1𝑢 ) = 3032 cm−1 is observed in the lowfrequency wing of the strong IR band 𝜈20 (𝐸1𝑢 ) =
= 3037 cm−1 , Fig. 1, b. The interpretation of the
bands is confirmed in higher-order Fermi resonance
bands considered in the next section.
The calculated frequency of 𝜈8 (𝐸2𝑔 ) = 1605 cm−1
is exactly equal to the observed Raman component
in the region 𝑅1 , the inset in Fig. 1, a. This is
consistent with the IR spectrum in the second resonance region, Fig. 1, b. A similar scaling of the
frequencies of the quantum-mechanical calculation
was carried out using experimental frequencies for
gaseous benzene. The following frequencies were ob*
= 3044 cm−1 and
tained: 𝜈8* = 1608.5 cm−1 , 𝜈13
*
−1
𝜈20 = 3053 cm . A higher frequency 𝜈8* for benzene
vapors, as well as the frequencies 𝜈1* = 993 cm −1 and
𝜈6* = 608 cm−1 (𝜈1* + 𝜈6* = 1601 cm−1 < 𝜈8* ), additionally confirm the correctness of our assignment of
frequencies in the region of the main Fermi resonance
in benzene. Correlations of the observed integrated
intensities of the bands in the Raman spectra and the
calculated activities Ra of these bands (upper inset),
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 6

as well as the correlations of the peak absorption coefficients 𝛼 for the IR bands and the calculated values
(lower inset) are presented in Fig. 2.
4. Higher-Order Fermi
Resonances in Benzene and New
Principles for the Identification
of Vibrations in Fermi Resonances
Analogously to the formation of the second Fermi
resonance of 𝑅2 (𝜈20 , 𝑅1 + 𝜈19 ) from the vibrational
resonance 𝑅1 (𝜈1 + 𝜈6 , 𝜈8 ), by combinations of these
resonances with other vibrations, the large plurality
of vibrational resonances is formed. As an example,
Fig. 3 shows the vibrational bands selected in the
IR spectra of liquid benzene in the Fermi resonance
regions 𝑅2 ± 𝜈6 . The observed Fermi resonances in
the liquid state of a substance are significantly different from Fermi resonances in isolated molecules. This
is due to that the vibrational modes (VMs) in liquids have wave properties and, due to the spatiotemporal accumulation of nonlinear resonance wave
processes, the intensities of the corresponding vibrational bands change in an unpredictable way. In particular, in Fig. 3, a, the second-order band 𝜈20 −𝜈6 has
a smaller intensity, than the HF band of the 3rd order
(𝜈8 +𝜈19 )−𝜈6 . However, the cognate Fermi resonance
of 𝑅2 +𝜈6 in Fig. 3, b IR band 𝜈20 +𝜈6 = 3642.8 cm−1
(shown as the inset) has the maximum intensity as
the band of IR 𝜈20 in Fig. 1, b.
In the region of the summary tone, 𝑅2 − 𝜈6 penetrates additional 𝜈1 + 𝜈19 = 2469 cm−1 (calculated
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Fig. 4. IR absorption bands of liquid benzene in the region of Fermi resonances of 2–5 orders of
magnitude 2𝑅1 and 𝑅1 + 𝜈9 + 𝜈12 (a), 2𝑅1 + 𝜈17 , 𝑅2 + 𝜈9 and strong oscillations 𝜈7 + 𝜈5 (b) and the
results of their numerical decomposition into individual components of the Lorentzian form

frequency equals 2470 cm−1 ) with the same symmetry
𝐸1𝑢 , which complicates this Fermi resonance (FR),
Fig. 3, a. Note that the additional oscillation 𝜈1 + 𝜈19
significantly changes the FR. If, in the resonances
𝑅1 in Fig. 1, a, the frequency splitting is Δ𝜈 = 𝜈8 −
− (𝜈1 +𝜈6 ) = 17–19 cm−1 , and, in the region 𝑅2 , Δ𝜈 =
= 20 cm−1 , then, in the resonance region 𝑅2 − 𝜈6 , the
value of Δ𝜈 increases to 32.3 cm−1 . At the same time,
in the region of 𝑅2 +𝜈6 , the value is Δ𝜈 ≈ 10 cm−1 . In
this case, the total spectral width of the resonances
𝑅2 and 𝑅2 ±𝜈6 Δ𝜈 ′ = (𝜈8 +𝜈19 )−𝜈20 is kept quite constant and equal to 53–54 cm−1 . It is remarkable that,
in the bands 𝜈20 ± 𝜈6 in Fig. 3, a, b in the asymmetric
low-frequency wings, the additional components 𝜈13 ±
± 𝜈6 with frequencies of 2424 and 3640 cm−1 are well
manifested. Knowing the frequency 𝜈6 = 606 cm−1 ,
we found the frequencies 𝜈13 = 3030 and 3034 cm −1 ,
which are in good agreement with the values of 3032
and 3033 cm−1 observed in Fig. 1, b and determined
by the scaling of the frequencies of quantum-chemical
calculations. Thus, we have established the frequency
of the “silent” oscillation 𝜈13 (𝐵1𝑢 ) = 3032 cm−1 ,
although, even in the recent detailed work [1], it is
attributed to the value 3057.2 cm−1 , and, in [2], the
value of 3062 cm−1 is accepted.
The inset in Fig. 3, a shows a fragment of the Raman spectrum in the resonance region 𝑅1 + 𝜈3 (symmetry 𝐸2𝑔 ). In this case, the main Fermi resonsnce
𝜈1 + 𝜈6 , 𝜈8 shifts into the HF region by the frequency
of “silent” oscillations 𝜈3 (𝐴2𝑔 ) = 1346 cm−1 . The intensity of the HF band 𝜈8 +𝜈3 = 2949–2950 cm−1 sig-
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nificantly exceeds the band intensity (𝜈1 + 𝜈6 ) + 𝜈3 =
= 2928 cm−1 , which is a significant confirmation of
the earlier assignment of vibrational bands in the FR
𝑅1 and 𝑅2 . It should be noted that the intensity of
the 𝜈8 +𝜈3 band in the considered resonance 𝑅1 +𝜈3 is
approximately the same as the main band 𝜈8 (see the
inset in Fig. 1, a). Thus, for all the above four Fermi
resonances 𝑅2 , 𝑅2 ± 𝜈6 and 𝑅1 + 𝜈3 , the intensity of
the HF components related to the fundamental vibration 𝜈8 is dominant. A similar situation occurs in the
region of 𝑅1 + 𝜈9 + 𝜈12 of the IR spectrum, which is
illustrated in the inset of Fig. 4, a. Despite the participation of the “silent” vibration 𝜈12 (𝐵1𝑢 ) = 1008 cm−1
in this combination due to the general symmetry 𝐸1𝑢 ,
this resonance appears in the IR spectrum.
The interesting situation is observed in the region
of the overtone of the first Fermi resonance 2𝑅1 , as
shown in Fig. 4, a. Despite the symmetry of 𝐸2𝑔 ,
this resonance region is clearly manifested in the IR
spectrum due to the violation of the strict selection
rules for isolated molecules for the liquid state. In this
case, the maximum intensity is observed for the total tone (𝜈1 + 𝜈6 ) + 𝜈8 . The abnormally low intensity is typical of the envelope of 2𝜈8 . This indicates
the strengthening of chemical bonds in an excited vibrational state. It is well known that the intensity of
overtones increases with the anharmonicity. In single
crystals with strong covalent bonds, the intensity of
overtones is very low.
The complication of multiwave overlapping Fermi
resonances is shown in Fig. 4, b. This complex IR
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 6
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Half-widths of the spectral components 𝛿𝜈 (in cm−1 ) associated
with the fundamental vibration 𝜈8 and the total tone 𝜈1 + 𝜈6 for a number of vibrational resonances
Fermi
resonance

𝑅1

𝑅 1 + 𝜈3

𝑅2

𝑅1 + 𝜈6

2𝑅1

Vibration
mode

Raman
spectrum

IR
spectrum

Raman
spectrum

IR
spectrum

IR
spectrum

IR
spectrum

𝜈8
𝜈1 + 𝜈6

13.8
15.2

9.8
18.2

9.1
12.6

12.2
12.4

9.0
14.6

13.3
17.9

band on the high-frequent wing of a more intense
band is shown in the inset in Fig. 4, b. Here, the vibrational resonances 2𝑅1 + 𝜈17 and 𝑅2 + 𝜈9 are superimposed, and the total tone 𝜈7 + 𝜈15 is added to
them. Despite the participation of “silent” oscillations
𝜈17 (𝐸2𝑢 ) = 966 cm−1 and 𝜈15 (𝐵2𝑢 ) = 1149 cm−1 [2]
in these Fermi resonances, according to the rules for
multiplying the irreducible representations, the final
symmetries of the oscillations 2𝑅1 + 𝜈17 and 𝜈7 + 𝜈15
are 𝐴2𝑢 and 𝐸1𝑢 , respectively. The identical symmetry 𝐸1𝑢 of the vibrations 𝜈7 + 𝜈15 and 𝑅2 + 𝜈9 leads
to their additional interaction. This is manifested in
a decrease in the splitting Δ𝜈 between the oscillations (𝜈8 + 𝜈19 ) + 𝜈9 and [(𝜈1 + 𝜈6 ) + 𝜈19 ] + 𝜈9 from
20 to 17.7 cm−1 , as well as a decrease in the total
splitting Δ𝜈 ′ resonance 𝑅2 + 𝜈9 from 53–54 cm−1
to 41.7 cm−1 . The changes in the intensity distribution in the bands 2𝑅1 in Fig. 4, a and 2𝑅1 + 𝜈17
(Fig. 4, b) indicates a possible interaction of the vibrations 2𝑅1 + + 𝜈17 and 𝜈7 + 𝜈15 , 𝑅2 + 𝜈9 despite
the difference in their symmetry (𝐴2𝑢 and 𝐸1𝑢 ). The
component 2𝜈8 + 𝜈17 = 4173.5 cm−1 is amplified,
which corresponds to the minimum intensity in Fig. 4,
probably, due to the proximity to the strongest IR line
𝜈7 + 𝜈15 = 4195.1 cm−1 , which almost is not shifted
relative to the calculated value of 3046 + 1149 =
= 4195 cm−1 .
In addition to the intensities of the spectral components, for correct identification, the important role
is played by the analysis of the half-widths 𝛿𝜈 of individual components and their anharmonic shifts Δ𝜈𝐴
(differences of the observed and calculated frequencies). For the analyzed set of Fermi resonances, large
𝛿𝜈 values have low-frequency components associated
with composite tones 𝜈1 + 𝜈6 , which are characterized by the accelerated vibrational relaxation. Table
shows the half-widths 𝛿𝜈 for the spectral components
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 6

of various Fermi resonances associated with the fundamental vibration 𝜈8 and the total tone 𝜈1 + 𝜈6 . The
lower half-widths 𝛿𝜈 are characteristic of the main
oscillation 𝜈8 or the total difference tones with the
participation of 𝜈8 .
Components with the participation of the total
tones 𝜈1 + 𝜈6 in addition to large half-widths 𝛿𝜈 are
characterized by large values of negative anharmonic
shifts (Δ𝜈𝐴 < 0). For example, for the low-frequency
components [(𝜈1 + 𝜈6 ) + 𝜈19 ] − 𝜈6 = 2452 cm−1 of
the multiplet (𝑅1 + 𝜈19 ) − 𝜈6 , the anharmonic displacement is Δ𝜈𝐴 = −13.5 cm−1 . The anharmonic
displacement for the component (𝜈8 + 𝜈9 ) − 𝜈6 =
= 2484.3 cm1 is (Δ𝜈𝐴 = −0.7 cm−1 ) (Fig. 3, a). In
the Raman region of 2𝑅1 for overtone 2(𝜈1 + 𝜈6 ) =
= 3166.2 cm−1 , the value is Δ𝜈𝐴 = −5.8 cm−1 . The
overtone 2𝜈8 = 3218.5 cm−1 has the positive anharmonic frequency shift Δ𝜈𝐴 = 8.5 cm−1 (see Fig. 4, a),
which confirms the strengthening of chemical bonds
in the overtone region 2𝜈8 . The abnormally low intensity of the overtone 2𝜈 in the IR spectrum is also
caused by the following. In the region of the Fermi
resonance 𝑅1 + 𝜈3 (Raman spectrum) and resonance
𝑅1 + 𝜈9 + 𝜈12 (IR spectrum), the large negative values
of shifts Δ𝜈𝐴 are achieved for low-frequency components associated with the total tone 𝜈1 +𝜈6 (see insets
in Figs. 3, a and 4, a). In particular, for the Fermi resonance 𝑅1 + 𝜈3 for the component (𝜈1 + 𝜈6 ) + 𝜈3 , the
anharmonic shift is Δ𝜈𝐴 = −5.1 cm−1 . For 𝜈8 + 𝜈3 ,
Δ𝜈𝐴 = −1.5 cm−1 .
5. Conclusions
New principles for the identification of vibrations
in the region of Fermi resonances include the analysis of half-widths 𝛿𝜈 of composite spectral components and their anharmonic shifts Δ𝜈𝐴 together
with the analysis of intensities for a wide variety
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of Fermi resonances, including abnormally low overtone intensities in “forbidden” vibrational bands. In
the case of uniform broadening of the vibrational
bands, as evidenced by their Lorentzian shapes, the
half-widths of the spectral components 𝛿𝜈 are determined by nonlinear vibrational relaxation mechanisms, when high-frequency vibrations are parametrically converted into two or more vibrational modes of
lower frequencies. Therefore, the total tones with the
participation of 𝜈1 + 𝜈6 or their multiplicates correspond to large values of 𝛿𝜈, as well as large values
of anharmonic shifts Δ𝜈𝐴 . In the higher-frequency
region of the IR spectrum, complex multiwave FRs
are observed, whose existence enhances the nonlinear resonance interaction of vibrational modes. Many Fermi resonances form a kind of a “ladder” between the vibrational and electronic states, which
leads to the strengthening of the vibration-electron
interaction.
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М.Є. Корнiєнко, О.Л. Павленко
МНОЖИННI РЕЗОНАНСИ
ФЕРМI У РIДКОМУ БЕНЗОЛI
Резюме
Вперше систематично вивчено ряд взаємопов’язаних коливальних резонансiв Фермi (РФ) з їх множини, що спо-
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стерiгаються в рiдкому бензолi. Детально проаналiзована спектральна структура коливних смуг в спектрах IЧпоглинання i раманiвського розсiяння з їх чисельним розкладом на окремi компоненти. Встановлено ускладнення
резонансiв коливань зi зростанням їх порядку шляхом перекриття рiзних РФ i появи додаткових резонуючих коливних мод. Для уточнення iдентифiкацiї коливань в основному РФ бензолу 𝜈1 + 𝜈6 , 𝜈8 i корекцiї частот ряду неактивних коливань, включно iз 𝜈13 (𝐸1𝑢 ), проведено порiвняння
результатiв експерименту з даними квантово-хiмiчних розрахункiв. З огляду на колективно-хвильовi властивостi коливних мод у рiдкому станi речовини, запропонована розширена концепцiя аналiзу множин РФ, що включає вивчення: 1) змiн iнтенсивностей рiзних спектральних компонент
у смугах IЧ поглинання i раманiвського розсiяння в коливних смугах РФ рiзних порядкiв; 2) напiвширин 𝛿𝜈 i 3) ангармонiчних зсувiв Δ𝜈𝐴 рiзних компонент у коливних смугах
множин РФ.
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