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This work relates to the study of vibrational structures in the electron spectra of naphtha-
lene crystals with impurities of 𝛽- and 𝛼-naphthalene fluorine with concentrations of 10−4

to 10 wt.% at a temperature at 4.2 K. It is determined that, at low impurity concentrations,
the spectra have a doublet structure and consist of narrow quasilines with initial values of
𝜈01 = 31322 cm−1 and 𝜈02 = 31226 cm−1, which are resonance-coincident in the absorption
and fluorescence spectra. It is demonstrated that if the impurity concentration increases, the
series of narrow quasilines appear in the areas of the 0-0 transitions of the impurity centers of
both types together with the doublet structure. A part of these quasilines is polarized predomi-
nantly along the 𝑏-axis of a naphthalene crystal. The model is proposed for impurity centers,
which induce the generation of new spectral bands. This model is based on the interaction of
translation-nonequivalent impurity molecules in the elementary lattice cell of a naphthalene
crystal. At high impurity concentrations, the resonance-symmetric wide spectral bands appear
in the absorption and fluorescence spectra. The analysis of the results obtained is performed
with consideration for the Franck–Condon interaction and the Herzberg–Teller interaction.
K e yw o r d s: vibrational structure, absorption and fluorescence spectra, 𝛽- and 𝛼-naphthalene
fluorine, impurity center.

1. Introduction

To study the electron-vibrational structure of ab-
sorption and fluorescence spectra of impurity cen-
ters in crystals, many theoretical and experimen-
tal works have been performed. The foundations of
the state-of-art quantum-mechanical theory explain-
ing the properties of absorption and fluorescence
spectral bands corresponding to impurities in crys-
tals have been presented in various scientific publica-
tions [1–3].

Among the experimental works related to this
problem, it is important to note numerous experimen-
tal studies of the impurity-bearing molecular crys-
tals. Molecular crystals are distinctive by that their
spectra, specifically at low temperatures, have well-
defined purely electron transitions and a sophisti-
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cated electron-vibrational structure. In most cases,
the characteristic feature of the absorption and fluo-
rescence spectra of impurity molecular crystals is the
presence of two systems of spectral bands, that is, a
system of narrow spectral bands and a system of wide
structureless spectral bands. The positions, shapes,
and intensities of these spectral bands depend consid-
erably on the temperature and the concentration of
an impurity.

In a number of works, it was demonstrated that
monosubstituted derivatives of naphthalene, which
are dissolved in crystalline naphthalene, generate im-
purity centers of two types represented in the ab-
sorption and fluorescence spectra by two identical
series of spectral bands [4–7]. The initial spectral
bands of these series in the fluorescence spectrum are
resonance-coincident with the corresponding bands
in the absorption spectrum. The doublet structure
of the fluorescence spectrum is caused by that there
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Fig. 1. Dependence of the ratio of impurity centers of types
II and I on the impurity content

Fig. 2. Schematic representation of the fluorescence (2) and
absorption (1) spectra of 𝛽-naphthalene fluorine in naphthalene
in the impurity band with 𝜈02 = 31226 cm−1

are two different modes of substitution of naphtha-
lene molecules in a crystal lattice cell with impu-
rity molecules [8]. It was also demonstrated that the
wide structureless spectral bands and some narrow
quasilines appear in the spectra, additionally to the
doublet structure, if the impurity concentration in-
creases.

This paper presents the experimental results allow-
ing the properties of the absorption and fluorescence
spectra of both types to be determined. For this
purpose, an integrated study was performed for ex-
plaining the electron-vibrational structure of the ab-
sorption and fluorescence spectra of impurity naph-
thalene crystals containing impurities of 𝛽- and 𝛼-
naphthalene fluorine.

2. Experimental Results

The absorption and fluorescence spectra were recor-
ded by a spectrometer DFS-13 (inverse linear disper-

sion 4 Å/mm) and a spectrophotometer MPF-4 Hi-
tachi (inverse linear dispersion 3 Å/mm). For measu-
rements at a temperature of 4.2 K, a helium cryostat
was used. The sample substances were purified by the
zone melting. The impurity concentration was varied
in the range from 10−4 to 10 wt%.

The results of the analysis of the absorption and
fluorescence spectra in a wide range of concentra-
tions of 𝛽-naphthalene fluorine in naphthalene allow
the characteristic features of the spectra to be de-
termined. These characteristic features are discussed
below.

1. In the range of low impurity concentrations
from 10−4 to 10−1 wt%, the absorption spectra con-
tain two initial spectral bands with the frequencies
𝜈01 = 31322 cm−1 (I – impurity center) and 𝜈02 =
= 31226 cm−1 (II – impurity center), which are
resonance-coincided with the corresponding spectral
bands in the fluorescence spectra.

2. The results of the analysis of the relative in-
tensities of spectral bands with 𝜈01 and 𝜈02 in the
absorption spectra demonstrate that, in the range of
impurity concentrations 10−4–10−2 wt%, the number
of type II impurity centers exceeds the number of type
I impurity centers. If the impurity concentration in-
creases, the relative intensities of the spectral bands
considerably change. So, this feature may be inter-
preted as the indication of the preferential growth of
type I impurity centers (Fig. 1).

3. Together with the aforesaid changes of the rel-
ative intensities of spectral bands with 𝜈01 and 𝜈02
(Fig. 1) in the absorption spectra, at the impurity
concentration of 0.1 to 10 wt%, the series of accom-
panying blurred narrow spectral bands appear within
the 0-0 transition areas of the impurity centers of both
types. Thus, on either side of the 0-0 spectral band
corresponding to the type II impurity center, the dou-
blets of narrow spectral bands with the same intensity
appear, that is, the doublet of bands on the long-wave
side, located at distances of 17 cm−1 and 25 cm−1,
which are resonance-coincident with the correspond-
ing bands in the fluorescence spectra, and the dou-
blet of bands located at distances of 15 cm−1 and
24 cm−1 on the short-wave side (Fig. 2). The men-
tioned accompanying bands appear also in the fluo-
rescence spectrum near the spectral bands, which are
characterized by the combination of a purely electron
transition with the most intensive intramolecular vi-
brations at 523, 771, and 1382 cm−1.
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4. In the absorption and fluorescence spectra of
the impurity centers of both types, the wide blurred
spectral bands with a half-width of about 50 cm−1

appear together with intense 0-0 quasilines. Against
the background of these spectral bands, the peaks
on both sides of the 0-0 transitions, at distances of
46 cm−1 from the transitions, and a number of less
intense spectral bands are located (Fig. 2).

5. As the impurity concentration increases up to
5 × 10−2–0.5 wt%, the intensity of the fluorescence
spectra of the type I impurity centers significantly
decreases as compared with the type II impurity cen-
ters, notwithstanding that the results of the analysis
of the absorption spectra at the same impurity con-
centration demonstrate that the number of the type
I impurity centers exceeds the number of the type II
impurity centers.

Similar results were obtained for impurities of 𝛼-
naphthalene fluorine in naphthalene. The impurity
molecules are also inserted into crystal lattice cells
according to two modes. Two series of identical spec-
tral bands in the absorption and fluorescence spec-
tra correspond to these two modes. But the inten-
sity of the 0-0 spectral band of the long-wave series
with 𝜈02 = 31370 cm−1 in the absorption spectrum
considerably exceeds the intensity of the identical
band of the short-wave series with 𝜈01 = 31401 cm−1

(Fig. 3). At the impurity concentration of about 1
percent, two narrow spectral bands appear on the
long-wave side from the 0-0 spectral band of the
type II impurity center, at distances of 13 cm−1

and 20 cm−1 from the 0-0 spectral band, and two
weak spectral bands polarized along the 𝑏-axis of
the naphthalene crystal appear on the short-wave
side. Additionally, a wide structureless spectral band
about 40 cm−1 in width, having three peaks, appears.
The maximum point of the most intense peak is po-
sitioned at a distance of 50 cm−1 from the band with
𝜈02 = 31370 cm−1.

In the absorption spectra of such impurities as
𝛼-naphthalene fluorine and 𝛽-naphthalene fluorine
in naphthalene, near the a-band of the Davydov
doublet, on the long-wave side, at identical dis-
tances 12 cm−1, a narrow spectral band polarized
along the 𝑏-axis of the naphthalene crystal appears.
This spectral band is similar to the new spectral
bands which have been observed in naphthalene
crystals with impurities of heterocyclic compounds
and are associated with electron transitions in the

Fig. 3. Schematic representation of the fluorescence (2) and
absorption (1) spectra of 𝛼-naphthalene fluorine in naphthalene
in the impurity band with 𝜈02 = 31370 cm−1

Fig. 4. Variants of the generation of translation-nonequivalent
pairs of 𝛽-naphthalene fluorine in the lattice of a naphthalene
crystal

naphthalene molecules activated by impurity mo-
lecules [9].

3. Discussion of Results

In order to determine the origin of the narrow spectral
lines located near the 0-0 spectral bands of impurity
centers, the absorption spectra in polarized light were
obtained for 𝛽-naphthalene fluorine in naphthalene.
On either side of the band with 𝜈02 = 31226 cm−1,
two narrow spectral bands of the same intensity are
asymmetrically located. The outer lines are polar-
ized predominantly along the 𝑏-axis of the naphtha-
lene crystal, and the inner lines are weakly polarized.
As naphthalene monocrystals are formed with a so-
phisticated a-b plane, the generation of pairs of trans-
latorily nonequivalent impurity molecules is possible
at certain impurity concentrations.

Figure 4 illustrates the possible variants of the gen-
eration of pairs of translatorily nonequivalent impu-
rity molecules of 𝛽-naphthalene fluorine in the lattice
of a naphthalene crystal. If the naphthalene molecule
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to be substituted is in position 2 or 6 in the naphtha-
lene crystal, a single impurity molecule, when substi-
tuting the naphthalene molecule, generates a type I
impurity center. If the naphthalene molecule to be
substituted is in position 3 or 7, a type II impu-
rity center is generated. As is clear from Fig. 4, for
each impurity center, there are two variants of posi-
tioning impurity molecules in a single crystal lattice
cell (e.g., when the molecules to be substituted are
in positions 2 and 2 or 2 and 6). In this case, as a
result of the resonance interaction, two energy lev-
els are formed in each pair of molecules. These en-
ergy levels are located symmetrically on both sides
of the monomer energy level: 𝜀2,6 = ±𝑀2,6. As was
mentioned above (Fig. 2), the absorption spectrum
contains a long-wave doublet (located at distances
of 17 cm−1 and 25 cm−1 of the 0-0 spectral band)
and a short-wave doublet (located at distances of
15 cm−1 and 24 cm−1 of the 0-0 spectral band). The
spectral bands remoted by 25 cm−1 and 24 cm−1

are predominantly polarized along the 𝑏-axis of the
naphthalene crystal. Let us assume that the proba-
bilities of the generation of pairs of molecules 2, 2
and 2, 6 are equal. Then the intensities of these spec-
tral bands should also be equal, as is confirmed ex-
perimentally. As the spectral bands of the doublet
17 cm−1 and 25 cm−1 are resonance-coincident with
the identical spectral bands in the fluorescence spec-
trum, each component of the doublet corresponds to a
certain type of molecule pairs. Otherwise, the ultravi-
olet component should not appear in the fluorescence
spectrum. Similar doublets are present in the case of
𝛼-naphthalene fluorine.

Impurity molecules of 𝛽-naphthalene fluorine,
when substituting molecules of naphthalene in the
impurity crystal lattice, increase the free energy of
the impurity crystal by Δ𝐹 . The free energy of the
crystal consists of three components: 𝐹 = 𝑈+𝐸vibr. –
TS, where 𝑈 is the energy of interaction of particles
in the equilibrium state, 𝐸vibr. is the vibrational en-
ergy of the crystal lattice, and TS is the crystalline
entropy [10].

The changes of the free energy of a naphthalene
crystal when a naphthalene molecule is substituted
with a 𝛽-naphthalene fluorine molecule according to
the first mode and the second mode can be expressed
as follows:

Δ𝐹1 = Δ𝑈1 +Δ𝐸vibr.
1 − 𝑇Δ𝑆1,

Δ𝐹2 = Δ𝑈2 +Δ𝐸vibr.
2 − 𝑇Δ𝑆2.

The second and third terms of the expressions for
Δ𝐹1 and Δ𝐹2 depend on the thermal properties of the
same 𝛽- naphthalene fluorine impurity, so the differ-
ence of these terms is determined as follows:

Δ𝐹1 −Δ𝐹2 = Δ𝑈1 −Δ𝑈2.

If the distribution of 𝛽-naphthalene fluoride
molecules in naphthalene between type I impurity
centers and type II impurity centers is specified as
the ratio of the number 𝑛2 of the type II impurity
centers to the number 𝑛1 of the type I impurity cen-
ters, then, according to the Boltzmann distribution
law, 𝑛1 ∼ exp(Δ𝑈1/𝑘𝑇 ), 𝑛2 ∼ exp(Δ𝑈2/𝑘𝑇 ), and
𝑚 = 𝑛2/𝑛1 = exp((Δ𝑈2 −Δ𝑈1)/𝑘𝑇 ).

It is also possible (Fig. 1) to determine the absorp-
tion intensity for the type II impurity center relative
to the absorption intensity for the type I impurity
center in the range of impurity concentrations from
10−4 to 10−1 wtthis relative intensity is about 1.2.
In this case, the difference Δ𝑈2 −Δ𝑈1 at room tem-
perature is about 40 cm−1. Therefore, the difference
between the minima of the potential curves for the
type I impurity center and the type II impurity center
in the lowest energy state is 40 cm−1. The results of
the analysis of the fluorescence spectra at the same
impurity concentrations demonstrate that the ratio
of the fluorescence intensity of the type II impurity
center to that of the type I impurity center also ex-
ceeds 1.0 and is constant in the indicated impurity
concentration range. This implies that there is no
energy migration between the impurity centers, i.e.,
the impurity centers radiate energy independently of
one another.

If the impurity concentration exceeds 0.2%, the ra-
tio of intensities 𝐼2/𝐼1 = 0.83 corresponds to the dif-
ference Δ𝑈1 − Δ𝑈2 ≈ 35 cm−1. This value is close
to the aforesaid value of 40 cm−1. So, the number
of the type I impurity centers exceeds the number of
the type II impurity centers. On the contrary, in the
fluorescence spectra, the fluorescence intensity of the
type I impurity centers decreases. So, there is the mi-
gration of the absorbed energy due to the generation
of various combinations of impurity molecules.

Hereinbefore, the case of the generation of reso-
nance pairs from impurity molecules, which pertain
to the same impurity center (2, 2 or 2, 6) has been

212 ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 3



Low-Temperature Electron Spectra of Umpurity

Fig. 5. Configuration curves for the ground and excited states of pairing impurity
centers

discussed. With the same probability, impurity cen-
ters can be generated in the case of the interaction of
pairs of molecules 2, 3 or 2, 7. So, the model of a pair-
ing impurity center consisting of impurity molecules
pertaining to different impurity centers can be repre-
sented by potential curves (Fig. 5). In this case, the
total energy absorbed by the type I impurity center
is completely transferred to a type II impurity center.
As the impurity concentration increases, the number
of pairing impurity centers increases at the expense
of single impurity centers. Therefore, the number of
single impurity centers decreases as compared with
the pairing impurity centers, and the intensity of flu-
orescence of the single impurity centers also consid-
erably decreases, as is evident from the experimental
results.

The analysis of the electron-vibrational structure
of impurity center spectra was performed by study-
ing the interaction of impurity molecules with the lat-
tice phonons of the crystal dissolver [10]. In this case,
the wide spectral bands accompanying the lines of 0-0
transitions in the absorption and fluorescence spectra
of the impurity centers of both types can be gener-
ated due to the electron-phonon interaction of the
impurity molecules with the lattice phonons of the
naphthalene crystal. The spectral band correspond-
ing to the 0-0 transition in the impurity center is
a phononless spectral line, and the wide bands on
the long-wave and short-wave sides of the phonon-
less spectral line in the absorption and fluorescence
spectra are phonon wings. The shape and the in-
tensity of a phonon wing depend on three parame-
ters 𝑎, 𝑊 , and 𝑀(𝑅), where 𝑎 is the shift of the
minima of the multidimensional energy surface, 𝑊

is the change in the shape of the multidimensional
energy surface under the electron excitation of the
impurity center, and 𝑀(𝑅) is the matrix element
of the operator describing the electron interaction
of an impurity molecule with light. The first two
parameters are characteristic of the Franck–Condon
interaction, and the third parameter is characteris-
tic of the Herzberg–Teller interaction. If the phonon
wings are caused by the Franck–Condon interac-
tion, these phonon wings in the conjugate absorp-
tion spectrum and fluorescence spectrum are asym-
metrically located relative to the spectral band of
the 0-0 transition of the impurity center. If the 0-0
spectral bands of impurity centers are considered as
phononless lines, the results of the analysis of the ab-
sorption and fluorescence spectra demonstrate that
the wide phonon wings, appearing as wide bands
with a half-width of about 50 cm−1, are present
in the conjugate absorption spectrum and the flu-
orescence spectrum of the impurity centers of both
types. Against the background of these bands, the
peaks of narrower lines are distinctly generated. As
is shown in Fig. 2, these peaks are asymmetrically
located virtually at equal distances of 45 cm−1 from
the corresponding 0-0 spectral band. Additionally, on
both sides of these bands, the blurred weaker bands
are present. Some of these bands have asymmetric
counterparts.

In the case of the impurity of 𝛼-naphthalene fluo-
rine in naphthalene, there also is the asymmetry of
phonon wings relative to the type II impurity cen-
ter with 𝜈02 = 31370 cm−1. The main peaks of these
wide phonon wings are located at an exact distance
of +50 cm−1 from the 0-0 spectral band in the ab-
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sorption spectrum and –50 cm−1 from the 0-0 spec-
tral band in the fluorescence spectrum. As is shown
in Fig. 3, there is a discontinuity (∼40 cm−1) be-
tween the long-wave edge of the phonon wing in
the absorption spectrum and the short-wave edge of
the phonon wing in the fluorescence spectrum. Ad-
ditionally, the shapes of spectral bands in the ab-
sorption spectrum and the fluorescence spectrum are
slightly different. So, the difference of the shapes of
conjugate spectral bands in the absorption spectrum
and the fluorescence spectrum, and the asymme-
try of some frequencies in these spectra are indica-
tive of the effect of the shape of the multidimen-
sional energy surface under the electron excitation
of the impurity center on the generation of phonon
wings.

In order to determine whether the wide struc-
tureless bands are phonon wings at the correspond-
ing electron-vibrational transitions, it is necessary to
study and to analyze the effect of the temperature on
the shapes and the relative intensities of narrow the
spectral lines of purely electron transitions and wide
asymmetric spectral lines in absorption and fluores-
cence spectra.

4. Conclusions

1. It is demonstrated that, at higher concentrations
of 𝛽-naphthalene fluorine impurity in naphthalene of
1−1–10 wt%, the absorption and fluorescence spectra
contain additional spectral bands near the 0-0 bands
of impurity centers of both types. These additional
spectral bands are caused by the generation of pairing
impurity centers from the impurity molecules located
at translation-nonequivalent points in the same crys-
tal lattice cell.

2. The model of a pairing impurity center gener-
ated from impurity molecules pertaining to different
impurity centers is proposed. This model provides the
possibility to explain the decrease of the intensity of
the impurity centers of one (band 𝜈01 = 31322 cm−1)
of two types in the fluorescence spectrum.

3. It is determined that the asymmetric phonon
wings, as wide spectral bands, appear near each band
in the conjugate absorption spectrum and fluores-
cence spectrum of the impurity centers.

4. It is found that, in the range of the beta naph-
thalene fluorine concentration in naphthalene from
5 × 10−2 percent to 0.5 percent, the coefficient of
distribution of impurities between type I impurity

centers and type II impurity centers changes from
1.2 to 0.83.
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НИЗЬКОТЕМПЕРАТУРНI ЕЛЕКТРОННI
СПЕКТРИ ДОМIШОК У КРИСТАЛАХ НАФТАЛIНУ

Р е з ю м е

Робота присвячена дослiдженню коливальної структури в
електронних спектрах кристалiв нафталiну з домiшкою
𝛽- та 𝛼-фторнафталiну в iнтервалi концентрацiй вiд 10−4

до 10 вагових процентiв при 𝑇 = 4,2 К. Встановлено, що
при низьких концентрацiях домiшки спектри являють со-
бою вузькi квазiлiнiйчатi серiї смуг, що мають дублетний
характер з початковими значеннями: 𝜈01 = 31322 см−1 i
𝜈02 = 31226 см−1, якi резонансно збiгаються в спектрах по-
глинання та флуоресценцiї. Показано, що з ростом концен-
трацiї домiшки поряд з дублетною структурою в областi
0-0 переходiв обох центрiв виникає ряд вузьких квазiлiнiй,
частина з яких поляризована переважно за 𝑏-напрямком у
кристалi нафталiну. Запропоновано модель центрiв, вiдпо-
вiдальних за появу нових смуг, яка ґрунтується на враху-
ваннi взаємодiї трансляцiйно нееквiвалентних молекул до-
мiшки в елементарнiй комiрцi кристала нафталiну. При ве-
ликих концентрацiях домiшки спостерiгаються резонансно
симетричнi широкi смуги, в спектрах поглинання i флуоре-
сценцiї. Аналiз отриманих результатiв проводиться з ура-
хуванням франк–кондонiвської та герцберг–теллерiвської
взаємодiй.
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