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The structure of liquid pyridine is investigated by molecular dynamics simulation and the RISM 
integral equation methods. The calculated total radial distribution functions ( R D F ) are compared 
with the experimental RDF ' s , obtained by X-ray diffraction measurement. It is shown that the local 
structure of liquid pyridine is mainly determined by the dipole-dipole interaction between the 
molecules. The local order is characterized by the pair distribution functions, angular correlation 
functions and orientational distributions. Dynamical properties (self-diffusion coefficients, rota-
tional correlation times and reorientational correlation times) calculated on the basis of M D results 
are in good agreement with experimental data. 

Introduction 

Liquid pyridine is a representative of dipolar molec-
ular liquids, composed of planar molecules which, in 
contrast to the benzene molecules, have a high dipole 
moment. Authors of several papers on molecular 
dynamics (MD) and Monte Carlo (MC) computer 
simulations of liquid benzene [1 -6 ] suggested that the 
preferred relative orientation of nearest neighbor mol-
ecules can be described by a T-shaped configuration, 
and that the structure of the liquid roughly resembles 
to that of benzene in the crystalline state. On the other 
hand, the crystal structure of pyridine is fairly compli-
cated and significantly different from the crystal struc-
ture of benzene. It is worth questioning whether or not 
the differences in the crystal structures of the two com-
pounds are inherited by the structures in the liquid 
state and what is the role of the dipole-dipole interac-
tions in forming the local order in the liquid. Previous 
studies on the liquid structure of pyridine are less 
abundant than those on liquid benzene. Gamba and 
Klein reported the only study on liquid pyridine by 
the M D method [7]. Their investigation was confined 
to a small periodic box, and they did not analyze the 
structure of the liquid. Bertagnolli et al. performed an 
X-ray and a neutron diffraction experiment on liquid 
pyridine and concluded that the dipolar interaction is 
the structure determining factor [8]. Since, however, 
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no related computer simulation studies were per-
formed, the diffraction studies alone could not result 
in a detailed structure of the liquid. 

In the present work we report some results obtained 
with a new molecular dynamics simulation. The liquid 
structure is analyzed in terms of the total radial distri-
bution function, structure function, site-site pair dis-
tribution functions and angular correlation functions. 
The structural data obtained from the M D simulation 
are compared to those calculated by the R I S M inte-
gral equation theory and to the results of a newly 
performed X-ray diffraction experiment. Dynamical 
data computed on the basis of the M D simulation are 
also discussed in detail. Some preliminary structural 
data based upon the present M D simulation had al-
ready been published in [9], but no detailed analysis 
has been reported so far. 

1. Methods 

1.1 Molecular Dynamics Simulation 

The interaction potential of the pyridine molecules 
was constructed in terms of pair-potentials of O P L S 
type. A pyridine molecule was represented by six sites, 
i.e., five equal sites for CH groups and one site for the 
N atom. The Lennard Jones (12-6) parameters and the 
charge distribution were taken from Jorgensen et al. 
[10] (CH: a = 3.75 Ä, 8 = 0.46 kJ/mol, N: cr = 3.25 Ä, 
e = 0.71 kJ/mol). The charge distribution in a pyridine 
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Fig. 1. Optimized structure of a pyridine dimer. 

molecule and the optimized structure of an isolated 
dimer are shown in Figure 1. As can be seen, the two 
molecules are aligned parallel with their dipole vectors 
pointing in opposite directions. Th i s alignment, re-
ferred to as antidipole orientation hereafter, has often 
been found as preferred between the neighboring 
molecules in aprotic, dipolar liquids [9], The dimeriza-
tion energy was found to be —15.7 kJ/mol at the min-
imum energy configuration. 

The studied system consisted of 256 pyridine 
molecules. The periodic cube had a volume in accor-
dance with macroscopic density of 0.978 g/cm3. The 
calculation was carried out in the microcanonical 
ensemble. The simulation program M D M P O L coded 
by Smith and Fincham [11] was used. The orientation 

of the molecules was described by the quaternion rep-
resentation method. The Ewald summation was used 
for all Coulombic interactions. The simulation run 
was extended, after complete equilibration, over 
15,000 time steps equivalent to a total elapsed time 
of 30 ps with an average temperature of 295 K with-
out rescaling the velocities. The mean potential en-
ergy resulted in —38.5 kJ/mol, which compares 
well with the experimental heat of evaporation of 
-40 .4 kJ/mol. 

1.2 Integral Equation Formulation 

The R I S M integral equation for a molecular fluid 
with a molecular number density Q and containing m 
sites per molecule can be written as [12] 

QCQ = (OC(D + QTT)CH, (1) 

where h, c and co are Fourier transforms of the total, 
direct, and intramolecular pair correlation functions, 
respectively. 

The selected closure relation was according to a 
hypernetted chain approximation, which is given by 

= - ßUay + hay + \n(ga (2) 

where U i s the pair potential energy between two 
sites a, ß located on different molecules. The potential 
set was identical to what was used in the M D simula-
tion. The R I S M integral equation was solved numeri-
cally by Monson's method [13]. 

2. Results 

2.1 Structure of Liquid Pyridine 

2.1.1 Radial Distribution Functions 

In order to obtain a detailed structural information 
about pyridine in the liquid state, we computed sev-
eral radial distribution functions (RDF), based on the 
M D simulation and the R I S M calculation. 

Five computed distribution functions are shown in 
Figure 2. Four of them are functions of i-Call, where i 
stands for an atomic site considered in the origin, and 
Call stands for all carbon atoms at the distance r from 
the origin. The numbering of the carbon atoms is 
shown in Figure 1. According to Fig. 2, the MD and 
R I S M results are in a good agreement. Al l five RDF ' s 
show broad first peaks ranging from the closest allow-
able approach of the atoms near 3 Ä to well defined 
minima near 6 - 7 Ä. Some enhanced order appears for 
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Fig. 2. Partial radial distribution functions from M D simu-
lation (solid lines) and RISM theory (asterisks). 

the N - N RDF. The reason for the shoulder or second 
peak in the C l - C a l l , C2 -C„„ C3-Ca l l and N-C a I 1 

partial pair distribution functions is the presence of 
two CI, C2 groups in every molecule. In all partial 
R D F ' S the information is blurred, due to the large 
number of nearest neighbors, and therefore, it is not 
possible to separate a unique type of pair-interaction 
which mainly determines the structure of liquid 
pyridine. 

The center of molecular mass radial distribution 
function is shown for liquid pyridine in Figure 3. 
The main peak of this function is found at about 
5.6-5.8 Ä, and integration to the minimum at 7.2 Ä 
yields 13 molecules. The same coordination number 
has been found by experimental studies in the pyridine 
crystal [7]. 

1 . 0 -

0 . 0 

Fig. 3. Centre of mass radial distribution function for liquid 
pyridine, computed from M D simulation. 

2 . 1 . 2 X - r a y S t r u c t u r e F u n c t i o n 

The total X-ray structure function I (s) is the 
weighted sum of the partial site-site structure func-
tions [14]: 

I ( s ) = ^ a ß ( 2 - d g ß ) / g / ß x g x ß i a ß ( s ) 

(Zaxafa(s))2 (3) 

where fa(s) is the scattering amplitude of the par-
ticle type a as a function of the scattering variable 
s = 4jr//sin 6, k the wavelength of the incident radia-
tion, 2 6 the scattering angle, x a the atomic fraction of 
the a type sites, and iaß (5) the partial structure function 
of a, ß pairs. 

The distinct RDF, Gd(r), characteristic of the liquid 
structure and not including the intramolecular contri-
butions, has been calculated from the structure func-
tion according to the equation 

Gd(r)= 1 + 
1 

2n2 gr 
s I (s) sin (s r) dr . (4) 

The experimental and calculated Gd(r) functions 
(derived from simulation results and R I S M calcula-
tions) are compared in Figure 4. All qualitative fea-
tures of the experimental curve are reproduced both 
by the M D and R I S M calculations. A small dis-
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Fig. 4. Comparison of distinct radial distribution functions 
computed from M D simulation (solid line), RISM theory 
(dashed) and derived from the X-ray diffraction experiment 
(asterisks). 

constructed, where a is the angle between the normal 
vector of the first pyridine molecule and the distance 
vector between the centres of the two molecules, and 
ß is the angle between the dipole vector of the first 
pyridine molecule and the distance vector between the 
centres of the two molecules. 

Figure 5 shows the distribution of cos S and cos cp 
for various distance ranges between central and neigh-
boring molecules: smaller than 4.5 Ä, between 5.6 and 
4.8 A, between 4.8 and 5.6 Ä, and between 5.6 and 
7.2 Ä. The corresponding coordination numbers are 
1, 2, 6, and 13, respectively. For the first neighbors 
the distribution of cos <9 clearly shows a preference 
for antidipole orientation and the cos cp distribution 
demonstrates that the molecular planes of these 
molecules are almost parallel. The cos a and cos ß dis-
tributions reflect that the planes of the molecules do 
not coincide. These functions are shown in Figure 6. 
For distances larger than 5.6 A, the cos <9 and cos cp 
functions show uniform distributions, witnessing a 
complete lack of preferred orientation. 

2.2 Dynamics 

crepancy between the theoretical and experimental 
results can be seen at around 5 - 6 Ä. 

2 .1 .3 O r i e n t a t i o n a l C o r r e l a t i o n 

In order to get more information regarding the ori-
entational structure of liquid pyridine, two angular 
correlation functions were also computed. For this 
purpose, we considered the cosines 

cos S = a; <*j, 

cos cp = /iai n a j , 

cos a = /iai Ri}, 

cos ß = öj Äy , 

(5) 

(6) 

(7) 

(8) 

where a; and /tai are unit vectors in the laboratory 
frame parallel to the dipole moment and perpendicu-
lar to the plane of the pyridine molecule, respectively; 
/?ij is a unit vector parallel to the vector between the 
molecular centres. By these definitions, the cosine dis-
tribution P of the angles S and cp could be constructed 
as functions of the distance between the centres of 
mass. Here 3 is the angle between the dipole moments 
of the central molecules and its neighbor, and cp is the 
angle between the planes of these molecules. Similarly, 
cosine distributions of the angles a and ß could be 

Time dependence of the average motion of pyridine 
molecules can be followed through the translational 
and angular velocity autocorrelation functions, <£,(0, 
ßa(f), and the orientational correlation functions 
C*(r), which are defined as 

<PJt) = 

ß « ( f ) 

<v , (Qv , (0 )> 
<va2(0)> ' 

<QJ,(f)CO,(0)> 

<<o,2(0)> 

and 

Ci (t) = (P, cos <9a (f)> , 

(9) 

(10) 

(11) 

where Pt cos 6a(t) is the /-th Legendre polynomial and 
0a(f) is the angle through which a molecule fixed vec-
tor rotates in a time t; va and co3 denote the center of 
mass and angular velocity of a particle a, respectively. 

2 . 2 . 1 T r a n s l a t i o n a l M o t i o n 

In a molecular dynamics simulation the self diffu-
sion coefficient can be readily calculated from M D 
simulation data by using Einstein's relation. It can 
also be obtained from the integral of the center of 
mass's velocity autocorrelation function. The two 



Fig. 5. Distribution of the cosine of the angles 9 and <p (where 9 is angle 
between the dipole vectors of two pyridine molecules and <p is the angle 
between the normal vectors of the planes of two pyridine molecules) in 
various distance ranges of the centres of mass, computed from M D simulation 
(solid: r c < 4 . 5 Ä , stars: 4.5 A < r c <4 .8 Ä, circles: 4.8 A < r c < 5 . 6 A, squares: 
5.6 Ä < r c < 7 . 2 Ä). 
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Fig. 6. Distribution of the cosine of the angles a and ß (where a is angle be-
tween the normal vector of a pyridine molecule and the distance vector be-
tween the centres of two molecules and ß is the angle between the dipole 
vector of a pyridine molecule and the distance vector between the centres of 
the two molecules) in various distance ranges of the centres of mass, com- oo 
puted from M D simulation (solid: r c < 4 . 5 A, stars: 4.5 Ä < r c < 4 . 8 Ä, circles: 2 
4.8 Ä < rc < 5.6 Ä, squares: 5.6 Ä < rc < 7.2 Ä). 
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Fig. 7. a) Velocity autocorrelat ion function for liquid pyridine at 295 K. b) 
Angular velocity autocorrelat ion function and its decomposit ion into compo-
nents directed along the principal axes (X, Y axes in the molecular plane and 
Z axis perpendicular to the lane of the molecule, (solid: total, dashed: X, 
stars: K, circles: Z)). 
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Fig. 8. Reorientational correlation functions In C ' O ) and In C" (0 for different 
principal axes of liquid pyridine (solid: X, dashed: Y, dotted: Z). 
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routes give virtually the same result within the numer-
ical accuracy. The self diffusion coefficient is found to 
be D s = 1.85 x 10" 5 cm2/s. Unfortunately we could 
not compare our theoretical value with experimental 
ones, since there are none. Our theoretical value is 
slightly lower than the experimental value of liquid 
benzene [17] at 305 K (Ds = 2.4 x 10"5cm2/s). The 
normalised center of mass velocity autocorrelation 
function for liquid pyridine is shown in Figure 7 a. It 
displays a negative region, which is often explained by 
the "cage effect" in liquids. A small double minimum 
is also exhibited, which was already found for liquid 
benzene, fluorine and chlorine. The autocorrelation 
function is probably dominated by noise in the time 
range above 2 ps. 

2 . 2 . 2 R o t a t i o n a l M o t i o n 

The principal component of the angular velocity 
and the total angular velocity autocorrelation func-
tions were calculated according to (10) and are shown 
in Figure 7 b. The single molecule correlation times 
have been obtained by integrating the appropriate 
orientational correlation function according to 

ra = fß a ( r )d r . (12) 

The components directed along the principal axes can 
be separated from the M D simulation. An appropriate 
choice for the definition of the molecular frame is to 
direct the Z axis perpendicular to the plane of the 
molecule. The characteristic times of rotational mo-
tion are shown in Table 1. A comparison between the 
experimental and the simulated rotational correlation 
times is also included. By this selection it can be ob-
served that, although the time dependence of the char-
acteristic times of rotational motions are different for 
each principal axis, those corresponding to the two 
axes within the plane of the molecule are almost equal. 
These results suggest that a "motional anisotropy" is 
present in liquid pyridine, a fact in good agreement 
with experimental observations [18]. 

The calculated ratio of the correlation times for 
rotation around the axis perpendicular to the molecu-
lar plane and around the axes within the plane is 
about 6.6. 

2 .2 .3 R e o r i e n t a t i o n a l M o t i o n 

The orientational correlation functions C,a(f) are 
shown in Figure 8. These functions provide informa-
tion about the orientational motion of the molecular 

Table 1. Characteristic times of rotational motions are com-
pared: data calculated for the principal axes f rom M D simu-
lation and those obtained f rom experiment [17], X, T a n d Z 
are the principal axes, || and 1 denote rotations a round axes 
parallel and perpendicular to the molecular plane respec-
tively. 

Total X Y Z II (exp.) 1 (exp.) 

0.1 ps 0.05 ps 0.045 ps 0.33 ps 0.1 ps 0.04 ps 

Table 2. Reorientational correlation times for liquid pyridine 
obtained from the M D simulation, compared with the exper-
imental data. X and Y are the principal axes parallel to the 
molecular plane and Z is the one perpendicular to it. 

X Y Z Exp. Ref. 

r , 2.04 ps 1.88 ps 4.16 ps 3 .7 -6 .8 ps [20] 
T2 1.42 ps 1.2 ps 2.04 ps 1 .4-2 .3 ps [18, 19] 

principal axes. The function C"(f) contains informa-
tion which can be compared with the dielectric relax-
ation data for / = 1 and with N M R or NQR measure-
ments for / = 2. At long times, all functions display the 
usual exponential decay. 

In Table 2 results obtained for the correlation times 
are listed, according to (12) for xx and x2, respectively. 
The appropriate tail corrections to the self times were 
added by assuming an exponential decay in C"(f) at 
long times. The agreement in T2 is good, and in the 
observable deviation is slight. 

Kintzinger and Lehn found that the molecular 
motions are quite anisotropic and the molecular rota-
tion about the axis perpendicular to the molecular 
plane is faster than the motion around the axes within 
the plane [19]. Schweitzer et al. showed, from 1 5N 
N M R experiment, that the anisotropy of the motion 
is small [20]. 

I f we consider that the molecular reorientational 
motion is anisotropic, reorientations of the X and Y 
axes become faster than the reorientation of the Z 
axis. The correlation times for the reorientational mo-
tion around the X and Y axes are nearly the same. The 
ratio of T 2 X / T 2 z = 0.7 shows a gas like motional an-
isotropy. It is important to note that this ratio is con-
sistent with experiment [20] and simulation. 

Our model shows that the molecular motions can-
not be described as a rotational diffusion process, 
where the condition of xjx2 = 3 should be valid. 
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3. Summary and Conclusion 

In the present study we have shown, that the six 
center 12-6-1 O P L S potential allows a good qualita-
tive description of the structure of liquid pyridine. The 
partial radial distribution functions computed from 
M D simulation and R I S M calculation agree well with 
each other, which shows the applicability of R I S M 
theory for liquid pyridine. The dipole-dipole interac-
tion plays a significant role in forming the local struc-
ture in a short range around the central molecules and 
yields a preferred antidipole orientation. The calcu-
lated internal energy agrees well with experiment, and 

the simulation shows differences in the rotational mo-
tion around the axes within the plane of the molecule 
and perpendicular to it, with good agreement with 
experiment. 
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