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The structure of the liquids 1-Methylnaphthalene C I O H ~  -CH3 and I-Chloronaphtha- 
lene CloH7-CI was investigated using X-ray diffraction at 293 K. Monochromatic 
radiation MoK, (A = 0.7107A) enabled determination of the scattered radiation inten- 
sity between So=4?rsin.90/X=0.430A-' and S,,= 14.311 A-'.  Angular distributions 
of X-ray scattered intensity were measured, and differential radial distribution func- 
tions of electron density (DRDFs) were calculated. The mean distances between the 
neighbouring molecules and the ranges of the spheres of intermolecular ordering were 
found. X-ray structural analysis was applied for determination of the packing coefficient 
of molecules of the liquids studied. A simple model of short-range arrangement of the 
molecules was proposed, which seems to be valid for other weakly polar monosub- 
stituted naphthalene derivatives in the liquid phase. 

Keywordr: X-ray diffraction; Differential radial distribution functions; Intermolecular 
ordering 

1. INTRODUCTION 

X-ray diffraction is a very efficient method of studying the structure of 
matter in both solid and liquid phase [l]. Recent papers [2,3] have 
shown that the data provided by X-ray diffraction on liquid media 
allow not only a determination of interatomic distances in a molecule 
but also the kind of interaction among the molecules and degree of 
their ordering. Taking advantage of these reports, an attempt was 
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358 H. DROZDOWSKI 

made at determination of the structure of selected liquid derivatives of 
naphthalene. Results of the study concerning molecular correlations in 
the liquid phase may be important for explanation of mechanisms of 
certain physical and chemical processes taking place in such systems, 
e.g., diffusion or thermal conductivity [4]. 

Naphthalene, whose ring occurs in all these liquids, has been studied 
in three phases: gas [5], liquid [6] and solid [7,8]. 1-Methylnaphthalene 
and 1-Chloronaphthalene have not been studied in the crystal 
and liquid phases by X-ray diffraction [9]. The structures of 1,2- 
Dichloronaphthalene [lo], 1,2,3,4,6,7-Hexachloronaphthalene [ 1 11 
have been studied in the crystal phase. 

This paper reports results of X-ray diffraction study (MoK, radia- 
tion of X = 0.7107 A) of the two naphthalene derivatives: l-Methyl- 
naphthalene and 1-Chloronaphthalene at 293 K. The aim of the study 
was to establish the role of the naphthalene ring and the functional 
groups (-CH3,-Cl) attached to it at the a position in configurations 
of the molecules of the liquids studied. The method of X-ray scattering 
and Fourier analysis [12] enabled determination of the mean structural 
parameters (inter- and intramolecular distances, radii of coordination 
spheres and molecule packing coefficients) of the liquids studied. 

These results can be interpreted in terms of a simple model of local 
arrangement of molecules, which probably can be valid for a larger 
class of molecular liquids, i.e., weakly polar monosubstituted 
derivatives of naphthalene. 

The values of the structural and physical parameters of liquids 
studied collected in Table I. The compounds to be studied (of 99% 
purity) were purchased from Aldrich-Chemie (Germany). 

TABLE I Physical and structural parameters of liquid 1-Methylnaphthalene and 
1-Chloronaphthalene (C, Z, denotes the sum of the atom numbers in one molecule) 

Mean Mean 
effective effective 
number number Macro- Mean 

of elecgtrons of electrons scopic Molecular electron 
per hydr_ogen per carkon density mass density 

Liquid atom KH atom KC c14 X I &  k/cm3] k/crn3] [el/A3] 

1-Methylnaphthalene 0.650 6.318 76.000 76 1.001 142.20 0.3223 
CioH7-CH3 
1 -Chloronaphthalene 
CloH7-CI 0.639 6.335 84.000 84 1.194 162.62 0.3842 
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DIFFRACTION FROM NAPHTHALENE DERIVATIVES 359 

2. EXPERIMENTAL 

For each these samples, a cuvette with 0.01 mm thick windows of 
styroflex foil containing a 3mm thick layer of the studied liquid was 
installed on an HZG-4 X-ray goniometer [13]. The angular distribu- 
tion of the X-ray scattered intensity was measured by applying MoK, 
(A = 0.7107 A) radiation for the angles 3" 5 6 5 60" at every 0.2", where 
26 is the scattering angle. The radiation was monochromatized by re- 
flection from the (002) planes of flat graphite with the angle of mono- 
chromatization of a = 6"OO' [14]. The measurements were performed 
using the transmission technique with the incident and diffracted beam 
symmetric upon the flat sample surface [15]. The scattered X-ray in- 
tensities were measured by a proportional counter VA-G-120, coupled 
with the calculating unit, and the results were recorded by a computer. 
For each liquid measurements were performed for different times of 
counting and a few times repeated so that a final was an average. 

3. CALCULATIONS 

In each case, the experimental function of angular distribution of the 
scattered X-ray intensity was corrected to include the background [la], 
polarization [17], absorption [18], anomalous dispersion [19], and the 
Compton scattering [20]. Experimental data were normalized accord- 
ing to the Krogh-Moe [21] and Norman [22] method. Absorption in 
the cuvette windows was neglected [23]. 

The modified Warren - Krutter - Morningstar method [24] was 
applied to obtain the differential radial-distribution functions of elec- 
tron density (DRDFs) zjJc Rj47r?[pk(r) - pol. The integrals appearing 
in the expression for pk (r) were found numerically by the Simpson 
method for 0 5 P 5 20A, at increments of 0.05A. 

The maximum experimental error in determination of radial 
distribution functions was estimated to be f 3 % .  The ranges of 
uncertainty for the structural parameters determined are as follows: 
l < P 5 2 A : A ? =  &O.OlA, for 2 5 7 5 3 A :  AT= &0.058, for 
7 > 3A : A7 = f 0.lOA [25]. Computer techniques were used to mini- 
mise the effects of experimental errors, uncertainties in the scattering 
factors, and termination errors. X-ray diffraction data of the studied 
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liquids were analyzed by Renninger - Kaplow program package [26]. 
The packing coefficient of the molecules was found by the method 
Kitaigorodsky [27]. 

4. RESULTS 

The normalized functions Z(S) of scattered radiation intensity obtained 
for the liquids studied are presented in Figure 1. The positions of the 
maxima on these functions were found using the Lagrange poly- 
nomials method. Small-angle scattering results (Oo c 6 c 3") were 
extrapolated to the origin of the coordinate system using a second- 
order function. 

Fourier analysis of the angular functions of intensity yielded the 
functions of radial distribution of electron density shown in Figure 2. 
Their positions correspond to the most probable interatomic and 
intermolecular distances in the studied liquids, which are considered in 
detail below. These functions bring information about the difference 

FIGURE 1 Normalized, experimental curves of angular distribution of X-ray scattered 
intensity (continuous lines), and total independent scattering curves (dotted lines) in 
liquid (a) 1-Methylnaphthalene CIOH~-CH~,  (b) 1-Chloronaphthalene CloH7-CI. 
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FIGURE 2 Differential functions of radial distribution of electron density of liquid (a) 
I-Methylnaphthalene CIOHT-CH~, @) 1-Chloronaphthalene CIOH7-Cl. 

TABLE I1 The range of coordination spheres for the studied liquids 

Liquih Sphere I Sphere I1 Sphere 111 

1-Methylnaphthalene 3.05 -7.35 7.35 - 11.60 1 1 . 6 0 -  16.35 
ClOH7-CH3 
1-Chloronaphthalene 3.05-7.40 7.40- 11.65 11.65 - 16.40 
C10H7 -C1 

between the observed and the average distribution of electron density. 
Subsequently, the ranges of the spheres of intermolecular ordering 
(Tab. 11) were determined. Coordination shells are delimited by the 
minima of DRDFs [28]. 

5. DISCUSSION 

In the range of the argument below 1& the values of the DRDFs 
(Fig. 2) making the interpretation difficult or even impossible are not 
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uncommon. They seem to be due to some approximations assumed in 
the method, e.g., to the extrapolation of small angle scattering results 
[26]. The maxima on the DRDFs have been ascribed to the following 
pairs of atoms: C2-H = 1.108,, C1 -C2 = 1.428,, Cl-CH3 = 
1.64A, Cl-Cl = 1.71A, C l . . . C 3  = 2.43A, C2.. .C1 = 2.628,, 
C2..-CH3 = 2.648,, C l . . .C4  = 2.808,, C3.m.CH3 = 3.958,, and 
C4 . . CH3 = 4.44 8, (Fig. 2). 

The subsequent maxima of the DRDFs correspond to the mean 
intermolecular distances in the liquids studied. The most probable 
simple configurations of neighbouring molecules in the liquid in 
question can be examined by fitting the positions of the maxima of the 
DRDFs to the distances between the centres of neighbours, resulting 
from their van der Waals models (Fig. 3). Such models can be 
constructed on the basis of the bond lengths within the molecule and 
of the van der Waals radii of C, C1 and H atoms. The maxima on the 
DRDFs in the range 1 c 7 c 4.5 8, are attributed to intramolecular 
interactions, whereas those for P > 4.5 8, are due to intermolecular 
diffraction. The conclusions that the broad maxima at P 2 4.5 8, (Fig. 2) 
are intermolecular has been confirmed by the results of density 
calculations [29]. The packing coefficient of molecules in liquid 1- 
Methylnaphthalene and 1-Chloronaphthalene is approximately con- 
stant in all coordination spheres and equal to 0.64 and 0.62, 
respectively. This values falls within the range of k values acceptable 
for the liquid phase substances [27]. 

As indicated by the conformational analysis of the liquids studied, 
results of the potential energy minimization [30, 311 and the value of 

(a) 

FIGURE 3 (a) A model of 1-Methylnaphthalene CloH7-CH3 molecule structure. (b) 
A model 1-Chloronaphthalene CIOH7 -C1. 
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DIFFRACTION FROM NAPHTHALENE DERIVATIVES 363 

the permanent dipolar moment p=0.38D [32] of the 1-Methyl- 
naphthalene molecule and p = 1.35D [32] of the 1-Chloronaphthalene 
molecule, the optimum arrangement of these molecules is antiparallel 
planar, one on top of the other. Only in such an arrangement the 
distance between the centres of the two methyl groups of the 
neighbouring molecules is: CH3 . . . CH; = 6.20 f 0.10 8,, which leads 
to the mean distance between the pair of C3 atoms of the neighbouring 
molecules equal to C3. . C3‘ = 5.03 8,. 
In liquid 1-Chloronaphthalene only in the antiparallel conformation 

the distance between the centres of the chlorine groups is C1. - 421’ = 
6.25 f 0.10 A, which leads to the mean distance C4. . C4’ = 5.38 8, 
between the corresponding C4 atoms. 
In the range M 4.5 5 7 < 20A the DRDFs can be divided into three 

regions corresponding to three spheres of intermolecular ordering [ 151. 

6. CONCLUSIONS 

The use of short-wave radiation MoK, enabled determination of the 
shortest interatomic distances within the naphthalene ring. The three 
C-C atomic peaks occur at distances of 1.42, 2.43, and 2.808, 
corresponding to the distances between ortho, meta, and para carbon 
atoms and the C-H peak occurs at 1.108, in the studied liquids. It 
was also possible to determine the interactions between the carbon 
atom C1 in the naphthalene ring and the methyl group CH3 in liquid 
1-Methylnaphthalene C1 -CH3 = 1.6481, and the chlorine group C1 
in liquid 1-Chloronaphthalene C1 -C1 = 1.71 8,. As follows from the 
geometry of the naphthalene ring and the positions of the methyl and 
chlorine groups, the positions of particular peaks at the DRDFs can 
be assigned to the distances: C2. . C 1 =  2.62?~, C2. . C H 3  = 2.648,, 
C3. . CH3 = 3.958,, and C4. - C H 3  = 4.448,. 

The appearance of clear maxima on the function of the angular 
distribution of X-ray intensity and differential radial distribution 
function indicates the presence of short-range ordering in this liquids. 
The applied X-ray diffraction method combined with analytical 
calculations permits determination of the least mean interatomic and 
intermolecular distances up to about 158,. The maxima for 
18, < 7 5 4.58, are interpreted as a result of intramolecular diffraction. 
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364 H. DROZDOWSIU 

The shape and the course of the DRDFs of the liquids studied are very 
similar. They are also similar to the DRDF of liquid naphthalene [6]. 

The attractive dipole interaction between neighbouring molecules 
can favour the plane arrangement of molecules one over another in 
antiparallel (#) arrangement, making such a configuration relatively 
more stable. The distance between the two methyl groups of 
neighbouring molecules in this arrangement in liquid 1 -Methyl- 
naphthalene is of about 6.20 A. 
In liquid 1-Chloronaphthalene the distance between the centres of 

chlorine atoms of two neighbouring molecules in the antiparallel 
arrangement is approximately 6.25 A. These results are also consistent 
with the values presumed in the conformational structure investigation 
of the liquids studied performed by empirical and semi-empirical MO- 
LCAO calculations [33]. The results have also been confirmed by the 
conformational analysis based on minimization of the potential 
energy. 

Because of the supposed role of the naphthalene ring and the 
functional groups (-CH3,-Cl) attached to it at the a position, for 
mutual configurations of molecules in liquid 1-Methylnaphthalene and 
1-Chloronaphthalene, it seems very probable that the proposed model 
of local arrangement can also hold for other weakly polar derivatives 
of naphthalene in the liquid phase. 
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