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X-ray diffraction studies of liquid naphthalene and, for the sake of com-
parison, of liquid benzene and diphenyl were performed. The results per-
mitted the determination of the intermolecular distances and the packing
coefficient. A comparison of the structures of liquid naphthalene, benzene,

• and diphenyl shows that in benzene and diphenyl 3 coordination spheres of
molecular ordering can be distinguished in the range up to 18 Å , while in
naphthalene only two in the range up to 15 Å. Analysis of the space packing
in (benzene, naphthalene, and diphenyl) all liquids studied has proved its
substantial increase with increasing volume of their molecules.

PACS numbers: 61.25.Em

1. Introduction

The subject of the studies reported in this work is naphthalene. For the
sake of comparison similar studies were performed for benzene and diphenyl. The
molecules of naphthalene and diphenyl include in their structure a well known
molecule of benzene.

Benzene was the first molecular liquid to have its structure resolved. The
first results on this liquid were published in 1915 [1]. Numerous X-ray studies
confirmed its planar hexagonal structure [2-5]. Diphenyl has also been the subject
of X-ray studies [6-8] and its structural parameters and local ordering degree, also
in coordination spheres of higher orders, were determined [8]. The results reported
in this work are in good agreement with the literature provided data.

The first attempt to study naphthalene in the liquid phase by X-ray was un-
dertaken as early as in 1930 [9], however, the data gathered so far are fragmentary
and scarce.

This work reports the first studies of liquid naphthalene performed by the
counter method for the range of the angular measurements intensity extended to
the value of υ = 600. Also for the first time the range of distances in the calcula-

(471)



472 Z. Bochyński, L. Dejneka

tions of the radial distribution function (RDF) for liquid naphthalene was extended
to include the intermolecular distances of over 20 Α. The calculations by similar
Fourier transform methods over a similarly large range of intermolecular distances
had been already done earlier for benzene and diphenyl [8]. For naphthalene and
diphenyl, the distributions of scattered radiation intensity were expressed as a
function of the wave vector S and the corrected Bragg equation R, and compared
with structural data for benzene. Moreover, a comparison of the total and differ-
ential radial distribution functions of electron density for these three liquids was
made.

2. Experimental

The structure of the molecular liquids: benzene, naphthalene, and diphenyl
was studied by diffraction of strictly monochromatic X-ray radiation. The mea-
surements were performed on a universal X-ray diffractometer HZG 4 with a lamp
with a copper anode working at the optimum voltage of U = 40 kV and current
intensity I = 30 mA, using a proportional counter. The monochromatisation of the
Kα -radiation of)λ = 1.5418 Α was ensured by a special graphite monochromator
constructed in our laboratory.

Measurements were carried out by the transmission method with the prepa-
ration mounted symmetrically with respect to the incident and reflected beams.
The liquid studied was placed in a plane-parallel cell of adjustable thickness and
with windows of thin mica layer. The measuring chamber was dynamically ther-
mostated within the range from 200C to 2000C.

The functions of the angular distribution of scattered radiation were deter-
mined at certain temperatures given in Table I for angles from the range 6-1200
read out with an accuracy of ΔV = 0.005°. The course of the intensity changes as
a function of '9 was corrected for the background, absorption, polarization, and in-
coherence of radiation. These functions were then normalized by expressing them
in the electronic units. The intensity in the electronic units was presented as a
function of S defined by the formula S = (4π sin 9)/λ, where ι9 is the Bragg angle,
λ is the wavelength of X-ray radiation [10-12].

Moreover, the measured intensity of the scattered radiation was also dis-
played as a function of R defined as follows: R = 1.25 x 2π/S [13].
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A complete Fourier analysis of these functions has been performed on the
basis of the Warren-Krutter–Morningstar equation [111:

where pm (r) is the atomic density and r — the interatomic distance, p0 is the
mean electron density calculated from the equation: p0 = d ^„b=i Zm /M , where d
is the macroscopic density, M — molecular mass, Zm — the number of electrons
in a molecule and t — the number of atoms in a molecule.

The effective number of the scattering electrons in a molecule is given by

where fm (S) is the atomic factor and fe (S) is the mean value of the atomic factor
of a molecule per a single electron

The mean effective number of the scattering electrons Km is defined as

The parameter i(S) occurring in the integrand in the Warren-Krutter-Morningstar
equation is defined as

where N is the number of molecules in the preparation studied.
The total as well as differential functions of radial distribution of intensity

were calculated by the Simpson integration method for 0 < r < 20 at every 0.05 Å,
based on the parabolic interpolation. The calculation of the radial distribution
functions was performed with the use of the computer program ZMIANA OO
written by Kowalski and Drozdowski [8, 14].

3. Conclusions

A comparison of the results of structural analyses of benzene, naphthalene,
and diphenyl was made. The data characterising physical and chemical properties
of these compounds are collected in Tables I and II.

Molecular volumes calculated from the increments grow in the sequence:
benzene, naphthalene, diphenyl (Table II).

Increase in the mean effective number of scattering electrons in a molecule in
the sequence: benzene, naphthalene, and diphenyl, is also manifested as growing
area under the curve of the scattered radiation intensity (Fig. 1).

A comparison of the character of .I(S) functions of these compounds reveals
a shift of their maxima towards decreasing values of S (Table III).

The same was the sequence of growing electron density manifested as in-
creasing area under the RDF maxima (Fig. 2).

Significant differences were noted in the character of differential functions
obtained for the three compounds (Fig. 3). These functions bring information
about the difference between the observed and the average distribution of electron
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density. A clearly evidenced split of the main maximum of the differential radial
distribution function, corresponding to the distance of 6.10 Α for benzene, for the
functions of naphthalene and diphenyl implies that the local simple configurations
present in benzene become more complex with addition of subsequent molecular
segment.

Assuming the rigid and planar conformation of the molecules of the com-
pounds studied, models of their structure were proposed. The probable confor-
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mations of these molecules are shown in Fig. 4, where the mean intermolecular
distances are marked.

The range of intermolecular distances corresponding to the main maximum
of the differential function for benzene covers those characteristic of almost per-
pendicular arrangement of molecules both in the form of letters T and L. The
maximum of this function at r = 6.10 Α for benzene correspond to the L type .

arrangement (with α 740), see Fig. 4a, which means that this conformation
prevails among the nearest neighbours in benzene.

A clearly marked split of this maximum observed for diphenyl corresponding
to r = 4.95 Α and r = 6.20 Á, indicates a possibility of the presence of two
probable arrangements in the first coordination sphere. The position of the first
of the maxima is attributed to the skew conformation of the nearest neighbour
molecules at an angle of α ≈ 72o, while the other maximum is interpreted as
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corresponding to the molecular conformation also close to perpendicular, α 750,
but with translation as follows from the dense packing model (Fig. 4b).

The broad maximum of the differential function for diphenyl does not ex-
clude the perpendicular conformation of molecules for r = 5.1 Α or the perpen-
dicular conformation with translation for r = 6.3 Å, however, suggests that these
conformations are less probable than the skew one.

The skew conformation is probably assumed because it is more energetically
favourable and enables a more favourable packing of the molecules.
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The split of the main maximum of the radial distribution function is also
well marked for naphthalene. For this compound the position of the fIrst max-
imum of the radial distribution function at r = 5.0 Α corresponds to the skew
orientation of the nearest neighbours with α 61°, while the position of the
other one corresponds to the almost perpendicular molecular arrangement with
α 760 (Fig. 4c). Also in this case the symmetrical arrangements corresponding
to r = 5.50 Α or r = 6.34 Α are less probable. The split of the main maximum of
the radial distribution function and the significant broadening of the coordination
spheres (Table IV) testify to the fact that molecular conformations of the nearest
neighbours in naphthalene are much more complex than in benzene.

With development and growing complexity of molecular conformations when
passing from benzene to the other compounds, the packing coefficient significantly
increases reaching the maximum value for diphenyl (Table II), and the arrangement
of the nearest neighbours becomes more complicate.

The work was performed within the research project No. 2 0131 91 01 of the
the Committee for Scientific Research.
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