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INTRODUCTION

Vibrational spectra of uracil (Ura), the simplest
nucleic acid base, have been studied in a large number
of theoretical and experimental works. The IR and
Raman spectra of gaseous [1], dissolved [2, 3], poly�
crystalline [4–6], and matrix�isolated [7–15] Ura
were measured. In [16–20], the vibrational spectra of
Ura were analyzed by semiempirical and ab initio
quantum�chemical methods. This analysis showed
that calculations using the methods used in these
works do not reproduce the band intensities of C=O
stretching vibrations and cannot interpret all the
experimental absorption bands in the vibrational spec�
trum of Ura. For example, the authors of [8] attributed
the vibrations with the frequencies 1389 and 1525 cm–1

to fundamental tones of Ura [8]. However, according
to the calculations of [10, 12], these vibrations are not
the fundamental vibrations of this molecule. At
present, there is no common opinion on the interpre�
tation of the vibrational spectrum of isolated Ura [7–
15]. The main reason for the disagreement between
the experimental data and theoretical models used is
that the spectrum of Ura contains overtones and com�
bination frequencies whose intensities are comparable
with the intensities of fundamental vibrations. This is
the consequence of the occurrence of Darling–Den�
nison and Fermi resonances, which leads to the redis�
tribution of intensities between fundamental, combi�
nation, and overtone vibrations.

Previously, the authors of [10] attempted to explain
the influence of the Fermi resonance on the intensity
redistribution of ν(C=O) stretching vibrations using a
simplified model. They showed that the intensity of
one of the three absorption bands of Ura in the range
1700–1800 cm–1, namely, of the band at 1730 cm–1,
considerably increases due to the Fermi resonance
between the ν(C=O) stretching vibration and a com�
bination vibration whose shape is determined by
changes in the exterior angles formed by the NH and
OH bonds. The authors of [14] believe that there are at
least nine absorption bands in this range that are
caused by Fermi resonances. This fact is confirmed by
comparison of the spectra of Ura recorded in different
matrices (Kr, Ar, Ne) and analysis of shifts of absorp�
tion bands [13].

Clearly, to adequately interpret the experimentally
observed frequencies and intensities of the vibrational
spectrum of Ura, it is necessary to calculate this spec�
trum in the anharmonic approximation. It is also
should be noted that previous calculations in the
approximation of the B3LYP hybrid density functional
were performed in [20, 21] without determining the
intensities of overtones and combination frequencies.

METHOD OF CALCULATION

The geometric structure of Ura and all its molecu�
lar parameters were calculated in the B3LYP approxi�
mation with the 6�31+G(d,p) basis set [22]. The quar�
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tic force field and cubic surface of the dipole moment
were obtained by numerical differentiation of the total
energy and electronic matrix elements for the compo�
nents of the dipole moment with respect to normal
coordinates using the following finite�difference for�
mulas [23, 24]:

where ΔQr is the increment of the rth normal coordi�
nate, and fij(±ΔQr) and fij(0) are the quantities in the
displaced and equilibrium molecular configurations to
be differentiated.

A method for taking into account multiple reso�
nances based on the second�order perturbation theory
with an additional numerical diagonalization of the
interaction matrix of resonant vibrational states of dif�
ferent types (fundamental tones, overtones, and com�
bination tones) for moderate molecules was previously
considered in [25]. In this work, this method is supple�
mented by the anharmonic calculation of the absorp�
tion band intensities, and the vibrational IR spectrum
of isolated Ura in the range ~400–3500 cm–1 is inter�
preted.

The anharmonic intensities are calculated based on
the approach described in [26]. The theoretical analy�
sis performed makes it possible to clarify the possibility
of applying the used scheme of taking into account
resonances to the calculations of anharmonic vibra�
tional spectra of polyatomic molecules.

RESULTS AND DISCUSSION

The table presents the harmonic frequencies and
intensities (νh, IIR,h) of the IR spectrum of Ura, as well
as the anharmonic frequencies and intensities calcu�
lated without (νa, IIR,a) and with (νF, IIR,F) taking into
account the Fermi resonance. In addition, the table
indicates exactly which unperturbed fundamental
tones, overtones, and combination tones and with
which coefficients take part in resultant mixed tones

fijr fij +ΔQr( ) fij ΔQr–( )–[ ]/2ΔQr,=

fijrr fij +ΔQr( ) fij ΔQr–( ) 2fij 0( )–+[ ]/ ΔQr( )
2
,=

(polyads). The schematic diagram of the Ura molecule
with the enumeration of the ring atoms is presented in
Fig. 1.

The calculation shows that seven of the nine out�
of�plane vibrations of Ura do not interact with other
vibrations, and that the Fermi resonance is observed
only for two vibrations, ν26 and ν25, which correspond
to the displacement of the N3H and С2О bonds out of
the plane of the pyrimidine ring. In both cases, the
fundamental tones resonantly interact with the com�
bination vibrations ν18 + ν30 and ν19 + ν30, and the
mutual influence of the vibrations ν26 and (ν18 + ν30)
can be neglected (the coefficient of interaction is 0.1).
Although the shift of resonant frequencies is no more
than 1–2 cm–1, the intensity redistribution is ~10–
30%. This is related to the fact that the differences
between the anharmonic frequencies of the stretching
vibrations ν26 and ν25 and the combination vibrations
ν18 + ν30 and ν19 + ν30 are small and equal to 25 and
8 cm–1, respectively. Therefore, as a result of reso�
nance, the intensity of the combination vibrations
increases, and the two vibrations ν18 + ν30 and ν19 + ν30

are observed in the experimental spectrum as vibra�
tions with the frequencies 682 and 685 cm–1 (Fig. 2).

In the low�frequency range ~300–600 cm–1, there
are three Fermi resonances for out�of�plane vibra�
tions, one of which occurs between the fundamental
tone ν21 and the overtones of the out�of�plane vibra�
tions 2ν30 and 2ν29, and the remaining two resonances
are observed between the fundamental tones ν19, ν18

and the combination vibration ν28 + ν29. As a result of
the resonance interaction, the frequency of the vibra�
tion ν21 is shifted toward higher frequencies by 3 cm–1,
and the intensity redistribution between the compo�
nents of the triplet is no more than 5%; therefore, as a
result of the resonance interaction, the intensity of the
absorption band of the ν21 vibration differs little com�
pared to the intensity of the harmonic vibration. In the
experimental vibrational spectrum of the isolated Ura
molecule, two closely located absorption bands with
the frequencies 393 and 401 cm–1 correspond to the
vibrations ν21 and ν28 (Fig. 2). The intensity of the
combination vibration ν28 + ν29 increases due to the
resonance interaction; as a result, this vibration is
experimentally observed as a weak absorption band at
557 cm–1.

In contrast, the intensities of the vibrations ν17 and
ν16 decrease due to the resonance intensity redistribu�
tion between the components of resonant vibrations.
As a result, the vibration ν17 becomes so weak that it
can hardly be observed in the experimental IR spec�
trum.

The Fermi resonance between the fundamental
vibration ν15 and combination vibration ν27 + ν28 is
characterized by a close arrangement of the levels;
thus, the anharmonic frequencies of the resonant

O
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Fig. 1. Molecular diagram of Ura with the enumeration of
atoms.
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vibrations are 973 and 972 cm–1. As a result of the res�
onance interaction, the levels are split by 23 cm–1,
while the intensities are redistributed such that the
fundamental tone becomes very weak, whereas the
intensity of the long�wavelength component increases
almost twofold. Taking into account this redistribu�
tion, the experimental absorption band at 963 cm–1

should be attributed to the combination vibration
ν27 + ν28, rather than to the fundamental vibration ν15,
as was previously believed in [8, 9].

The calculation shows that the degree of mixing of
the fundamental vibration ν14 and overtone 2ν19 is
approximately the same. The experimental spectrum
shows a clearly pronounced doublet in the range
1070–1080 cm–1, whose components have weak
intensities, as in the calculation.

According to the calculation, the experimental
absorption band at 1102 cm–1 is attributed to the over�
tone 2ν27, which corresponds to the displacement of
the N1H bond out of the plane.

The fundamental vibrations ν13 and ν12 have Fermi
resonances with the combination frequencies ν24 + ν28

and ν23 + ν28, whose unperturbed frequencies of
anharmonic vibrations differ by 23 and 7 cm–1, respec�

tively. The proximity of the levels and, as a conse�
quence, a considerable interaction of the vibrations ν12

and ν23 + ν28 (in contrast to the vibrations ν13 and
ν24 + ν28) determined both a large change in the fre�
quency (17 cm–1 for the pair ν13 and ν23 + ν28 and
13 cm–1 for the pair ν12 and ν24 + ν28) and an increase
in the intensity of the combination vibration ν23 + ν28.

The vibrations ν10 and ν11 are mixed with nine and
seven other vibrations (combinations and overtones),
which considerably complicates their interpretation.
It should be noted that, in the range ~1300–1450 cm–1,
anharmonic vibrations are shifted toward lower fre�
quencies by ~30–40 cm–1 compared to harmonic
vibrations, since their shapes contain changes in the
exterior bending angles formed by the NH and CH
bonds. As a result, the bands of combination vibrations
and overtones are shifted closer to the bands of funda�
mental vibrations. For example, the difference
between the harmonic frequencies of the combination
vibration ν24 + ν27 and vibration ν10 is 102 cm–1,
whereas, in the anharmonic approximation, this dif�
ference decreases to 54 cm–1, i.e., by two almost times.
The repulsion between closely located levels can lead
to an error of ~10 cm–1 in calculations of resonant fre�
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Fig. 2. Experimental (top) [9] and theoretical (bottom) IR spectra of the isolated Ura molecule in the range 400–800 cm–1. The
theoretical spectrum was calculated taking into account Fermi resonances.
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quencies, which is observed for the vibrations ν9, ν10,
and ν25 + ν26.

The frequencies ν11 and ν15 + ν21 differ by only
1 cm–1; therefore, they are not resolved in the experi�
ment and are attributed to the single absorption band
at 1366 cm–1.

As a result of the intensity redistribution between
the fundamental vibrations ν9 and ν10 and the combi�
nation vibration ν25 + ν26, the band of the vibration ν9,
whose intensity is reduced due to the Fermi reso�
nance, cannot be observed in the experimental spec�
trum, while the combination vibration ν25 + ν26,
whose intensity, in contrast, increases many times, was
attributed by many authors to fundamental vibrations.

The vibration ν8 forms a polyad with the combina�
tion vibrations ν14 + ν21 and ν24 + ν25. Without taking
into account the interaction, the frequencies of the
resonant vibrations differed by 14 and 1 cm–1,
whereas, with allowance for the interaction, this dif�
ferences became 13 and 7 cm–1. The proximity of the
levels and considerable interaction coefficients deter�
mine a substantial intensity redistribution. Both the
experimental and the calculated spectra show the
splitting of lines in the range of ~1470 cm–1, the most
intense of which are referred to as the fundamental
vibration ν8 (Fig. 3).

The interaction of the overtones 2ν24 and 2ν17 cor�
responds to the Darling–Dennison resonance. Since
the intensity of one of the absorption bands of this
doublet is very low (the vibration with the resonant fre�
quency 1506 cm–1), the experimental vibrational
spectrum exhibits only one absorption band, which is
located at 1525 cm–1, rather than the two components.

The resonance interactions of the vibration ν7 with
other vibrations can be neglected, which is confirmed
by the fact that, in the range ~1550–1650 cm–1, the
experimental spectrum exhibits only one vibration
with a medium intensity and a frequency of 1644 cm–1.

The range ~1700–1800 cm–1 is the most compli�
cated to interpret because the number of intense
absorption bands in this range considerably exceeds
the number of fundamental vibrations. In this case,
the character of interactions is analyzed based on the
fact that, in polyatomic molecules (including Ura),
fundamental and combination tones (or overtones)
can simultaneously participate in several Fermi reso�
nances.

Consider the interactions of the fundamental tones
ν5 and ν6, which correspond to the stretching vibra�
tions ν(C2=O) and ν(C4=O), with combination vibra�
tions that take into account the occurrence of several
Fermi resonances.

Our calculation showed that the fundamental tone
ν6 is at Fermi resonance with the combination vibra�
tions ν12 + ν18, ν12 + ν19, and ν22 + ν23, for which the

frequency differences without taking into account the
resonance are 16, 9, and 1 cm–1, respectively. Due to
the interaction, the frequencies of the combination
vibrations ν12 + ν18, ν12 + ν19, and ν22 + ν23 decrease by
4, 1, and 5 cm–1, while the frequency of the resonant
fundamental vibration ν6 increases by 20 cm–1. The
resonant interaction led to the redistribution of inten�
sity between the components of the quartet; as a result
of which the intensities of all four absorption bands
became approximately the same.

Next, the fundamental vibration ν6 is at resonance
with other vibrations, ν13 + ν18, ν13 + ν19, and ν16 + ν17.
The calculation shows that the interaction between the
fundamental tone ν6 and the combination vibration
ν16 + ν17 is the strongest, which leads to a considerable
increase in the intensity of the combination vibration.

In a similar way, three other doublets of bands are
formed in the spectrum at the expense of interacting
vibrational states. As a result of the resonant interac�
tion of the combination vibration ν12 + ν19 with the
fundamental vibration ν6, the Fermi resonance occurs
and two doublets between the fundamental tone and
combination vibrations ν11 + ν21 and ν15 + ν17 are
formed. Similarly, the interaction of the combination
vibration ν13 + ν18 with the ν6 vibration leads to the
formation of the doublet between the fundamental
tone and combination vibration ν12 + ν20.

The fundamental vibration ν5 is characterized by
the formation of a sextet with the combination vibra�
tions ν10 + ν21, ν13 + ν18, ν15 + ν17, ν13 + ν20, and ν12 +
ν20. Because the frequency difference between the res�
onant vibrations is large, achieving ~50 cm–1, and the
interaction coefficients are small; only 10% or less of
the intensity of the fundamental tone is redistributed.

In the experimental absorption spectrum of Ura in
the range ~1700–1800 cm–1, two or three frequency
intervals are commonly distinguished that contain
intense absorption bands. These intervals are either
~1700–1720 and ~1730–1770 cm–1 or ~1700–1720,
~1720–1740 cm–1, and ~1750–1770 cm–1. The calcu�
lation shows that the sum of the absolute intensities of
all the absorption bands in this range is 1399 km/mol,
which is 70% of the experimental value [8]. Taking
into account that the absolute intensities of the
absorption bands of Ura measured in different matri�
ces (Kr, Ar, Ne) differ by at least 10% [13], we can state
that the experimental and calculated spectra agree well
with each other (Figs. 2–4).

The calculation showed that the previously pro�
posed interpretation of the vibrational spectrum of
Ura in the range of stretching C=O vibrations is con�
siderably simplified and that this range contains com�
plex (multiple) Fermi resonances.

In this case, it should be noted that, although the
intensities of the vibrations ν5 and ν6 are very strong
and both vibrations lie in the same spectral range,
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unlike vibration ν6, vibration ν5 interacts with a con�
siderably smaller number of combination vibrations
and overtones. Clearly, the reason for the disagree�
ment between the experimental and calculated inten�
sities of the vibration ν5 is an insufficiently high accu�
racy of the used quantum�mechanical method of cal�
culation, which overestimates the frequency of this
mode by 30 cm–1.

In the range of stretching vibrations of the CH and
NH bonds, resonances between fundamental tones,
combination tones, and overtones do not cause signif�
icant intensity redistributions. On the whole, we can
state that the theoretical and experimental spectra in
the range ~3000–3500 cm–1 agree well with each
other.

CONCLUSIONS

According to our calculations, interactions
between vibrations should be considered taking into
account multiple Fermi resonances, i.e., the partici�
pation of fundamental and combination tones (or
overtones) in several Fermi resonances.

Our calculation showed that only eight of the 30
fundamental vibrations of Ura (seven out�of�plane
vibrations and one in�plane vibration) do not interact
with other vibrations.

Taking into account multiple resonances leads to a
noticeable spectral manifestation of combination
vibrations and overtones, whose intensities in the
anharmonic approximation are comparable with the
intensities of fundamental vibrations in the harmonic
approximation. The resonant interaction manifests
itself the most strongly in interactions of combination
tones and overtones with the very intense fundamental
tone of the stretching ν(С=О) vibration of Ura.

Thus, the application of the second�order pertur�
bation theory to the calculation of anharmonic fre�
quencies and intensities of the isolated Ura molecule
and taking into account multiple resonances allowed
us to achieve good agreement between the experimen�
tal and calculated spectra of this molecule and to
interpret its total IR spectrum.
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