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Monte Carlo simulation of liquid N-methylformamide was carried out at 298 K. The 
atom-atom spatial distribution functions, concentrations of closed cycles of H-bonds. radial 
distribution fimctions of geometric centers of the cycles, and other characteristics of the 
system of hydrogen bonds and the network built of the lines connecting neighboring molecules 
were calculated. The effects of electrostatic and van der Waals interactions as well as 
molecular conformations on the regularities of mutual arrangement of the molecules were 
investigated, tt ~as fotlnd that open chains of H-bonds dominate over closed cycles. Spatial 
stntcture of liquid N-mefllylformamide is determined by packing of the molecules and steric 
factors and is close to the structure of a random closely packed system of soft spheres. 
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Amides of aliphatic carboxylic acids are of consider- 
able interest for studying intcrmolecutar interactions 
and peculiarities of  the structure ordering of substances 
in the condensed state. Liquid amides are widely used as 
organic solvents. Fo rmamide  (FA) and N-methyl -  
formamide (MFA) are characterized by abnormally high 
static dielectric constants.t 

Investigation of the properties and energy character- 
istics of  H-bonds formed between carbonyl and amino 
groups of  neighboring MFA molecules is of great im- 
portance for an tmderstanding of the specific character 
of  interactions and conformations of biologically active 
macromolecules.  For instance, the amide groups of  
asparagine and glutamine molecules can form intermo- 
lecular H-bonds that are topologically equivalent to the 
H-bonds in the cyclic FA or MFA dimers. 

Experimental studies of  liquid amides and solutions 
based on them t-3 made it possible to obtain a consider- 

able body of information on the macroscopic properties 
of the substances. At the same time, the regularities of  
mutual afrangeme~3t and interraolecular interactions have 
not been adequately studied and the opinions on the 
subjects are contradictory. Methods of  computer simula- 
tion are widely used for determining structural properties 
of tile liquids. 4 They make it possible to obtain informa- 
tion on all coordinates and interactions of hundreds of  
particles in the unit cell using a given potential of  
intemlolecular interactions. However, after obtaining the 
lists of atomic coordinates, the authors, 4-9 as a rule. 
re..~rict themselves to calculations of  thermodynamic char- 
acteristics, the atom-atom radial distribution functions 
(RDF), and orientational functions. In conclusion, they 
establish the presence of correlations in the mutual ar- 
rangement of molecules, leaving unexplained the reasons 
for their origin. In our opinion, it is impossible to 
establish causal relationships using such an approach. 

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 2, pp. 235--247, February, 2000. 

1066-5285/00/4902-0238 $25.00 ~ 2000 Kluwer Academic/Plenum Publishers 



Structure of liquid N-methylformanfide RiL~s. Ckem.Bull.. l))l. 40 ,,Vo. ~ Febrz~ar~,. 2000 239 

One can succeed in understanding the regularities of tile 
structure of liquid only by studying them at the supvamo- 
lecular level. This requires calculations of correlation 
functions defined for objects consisting of molecular 
aggregates. Hence, the reported data on computer simu- 
lation of liquid amides s-9 are incomplete and their 
structural properties have not been adequately studied. 

Several systems of potential functions were proposed 
for amide molecules_ The OPLS system of the potential 
timctions 5 occupies a particularly important place since it 
allows one to reproduce malay experimental properties of 
liquid amides. Currently, a major portion of studies 
carried out by computer simulation is devoted to the 
development and refinement of the parameters of the 
potential fimctions for substances including amides. ;,9 
Previously, 7 the parameters of "polarizable intermolecu- 
far potential fimctions" (PIPF) were obtained by fitting 
tile calculated and experimental thermodynamic (and 
structural) data for neat liquids. The authors pointed to 
the advantages of the P1PF system for studying polariz- 
ability effects in the condensed phase and indicated that 
thermodynamic and structural characteristics of liquids 
are virtually independent of the procedure for calcula- 
tions of intermolecular interactions. 

Based on the results of the analysis of the reported 
data and our studies, 1~ structural properties of liq- 
uids call be divided into those (i) strongly and lii) 
v<akly dependent on the type of the interaction poten- 
tial and procedure for simulation. Previously, we have 
shown that the spatial structure of N . N - d i m e t h y l -  

�9 tbrmamide (DMFL tz FA, 14 Me2CO,t3 MeOH.  l~ and 
solvate shells of  ions and neutral particles in MeOH tt is 
determined by the type of molecular packing, which is 
due to universal interactions. The regularities of mo- 
lecular arrangement in these liquids are determined by 
the shape of the molecules, whereas their mutual orien- 
tation ix determined by electrostatic interactions. The 
distinctions between the known sets of the potential 
fimctions are mainly due to the employment of different 
procedures for calcttlating the Coulomb interactions 
rather than the ,an  der Waals interactions. Hence. 
regularities of the ordering of molecules in liquid can be 
determined by simulation with simple potential time- 
lions. 

Striving to develop an adequate model, investigators 
undertake considerable efforts to derive new potential 
fu nc~ ion s and h ave to pe rfo r~n ,re ces~ry c,a lc~t l at+i o ns o n 
supercomputers because of tile complication of the pro- 
cedure used. However, we believe that the potentialities 
of the model approach have not been fully utilized. 
Important information on structural properties of a 
liquid can be obtained by using the simplest potentials 
of intennolecular  interactions rather than by refining 
them. in the framework of the models employed, it is 
possible to determine the properties of liquids or fluids 
that do not exist in nature, to exclude some types of 
interactions, and to use the "reductio ad absurdum" 
method. Here, it is pertinent to draw an analogy to the 
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simplified Ising model, which reflects the behavior of 
many real obJeCts and has been studied for decades by 
the methods of statistical physics. 

Tile MFA molecule has two stable conformations 
(cis and trans, see Scheme I). 

The atomic coordinates (pm) in the (y, z) plane arc 
given ill parentheses. The results of numerous studies 1 
show that 90--92 percent of mo|ecu]es in the liquid 
phase are in the rrans-fonn, despite the relatively small 
energy difference between the two conformations. 7 It is 
known |4- |6  that tile H-bonds formed in liquid FA by 
trans-H atoms strongly differ in their properties from 
those formed by cis-H atoms. The former l:avor the 
chain association of the molecules, whereas the latter 
are responsible for the formation of the spatial network 
of H-bonds m the condensed states of FA. It was 
established by X-ray analysis t that the model of chain 
trans-association of molecules in liquid MFA does not 
contradict the experimental results. However, the rea- 
sons why this type of structures is formed rather than, 
e.g., cyclic structures or networks remain unclear. It is 
to be clarified why the formation of cyclic dimers or 
other types of associates does not stabilize the cis-form 
of the M FA molecule. 

The question can be posed in a wider sense: what are 
the reasons for the formation of associates consisting of 
molecules with amide fragments ( - - C O - - N I l - - ) ?  By 
retrieving the Cambridge Structural Database (CSD) it 
was shown 17 that the type of molecular association, 
similar to that of FA molecules in cyclic dimers, is 
found only ill 202 out of 601 known crystal structures. It 
is absent in other cD'stals, notwithstanding tile fact that 



240 Russ. Chem.Bull . ,  Vol. 49, No. 2, Febnmry,  2000 Bushuev  and  Davle tbaeva 

the  molecules  have  amide  groups and  m a n y  of  t h e m  are 
biological ly act ive mac romolecu lc s .  It was es tab l i shed  t4 
tha t  the  p robabi l i ty  for the  FA molecule  to be a c o n -  
s t i tuent  of  a cycl ic  d i m e r  decreases  by abou t  an  o r d e r  of  
magn i tude  on mel t ing .  Would  the a m i d e - a m i d e  cycles 
exist in mel t  or  in so lu t ions  of  o the r  subs t ances  and  
what  would be t h e i r  f ract ion? 

The  a im of  this  work is to  establish the  regular i t ies  o f  
mutua l  a r r a n g e m e n t  of  molecules  in l iquid M FA a n d  to 
e lucidate  the  role o f  the  van dec Waals and  e l ec t ros ta t i c  
in te rac t ions  m increas ing  tile local and global  o rde r ing  
in the a r r a n g e m e n t  and  o r i en ta t ion  of  the molecu les .  To 
solve the  p r o b l e m  posed and  to answer  the  q u e s t i o n s  
formula ted ,  we ca r r ied  out  a series of  s imula t ions .  T h e  
models  of  the  l iquid in wh ich  all molecu les  have e i t h e r  
trans- or c i s - c o n f o n n a t i o n  ( t r a n s - M F A  and c i s - M F A ,  
respectively) were  s tudied  separately.  To clarify t he  role 
of  universal  i n t e rac t ions ,  we excluded ( " swi tched  of f ' )  
all e lec t ros ta t ic  i n t e r a c t i ons  in the  t r a n s - M F A  mode l ,  
thus  ob ta in ing  t he  I . . J -MFA model .  C o m p a r a t i v e  ana ly -  
sis of  s u p r a m o l c c u l a r  s t ruc tures  of  the a b o v e - m e n t i o n e d  
models  was car r ied  ou t  by compar ing  the  c o r r e s p o n d i n g  
results with the  da ta  o f  s imula t ion  of  the  fluid o f  soft 
spheres  (SS) wi th  special ly chosen  in te rac t ion  p a r a m -  
eters. Tile a r r a n g e m e n t  of  the  molecules  in the  above -  
m e n t i o n e d  mode l s  was also compared  wi th  t ha t  f ound  
in a system of  r a n d o m  closely packed solid spheres .  18 

Calculation procedure 

Calculations were carried out by the standard Monte Carlo 
method 4 in the NVT-ensembte at N. = t25. The condit ions of 
the computer  experintent  corresponded to a density of 0.998 
g c m  -3 and to T = 298 K. The edge length of the cubic unit cell 
~as 2307 pro. Periodic boundary, conditions and spherical 
cutoff of the potential fimctions were used. The molecular 
geometry, and intermolecular interactions were chosen in ac- 
cord with the OPLS system of the potential functions, s - 7  The 
energy of universal nonefectrostatic interactions of  molecules 
was calculated using the Lennard-Jones potentials, while calcu- 
lations of the Coulomb energy (specific interactions) were 
carried ottt taking into account the distribution of excess charges 
on the i. j atoms. 

E = ~'~ ~,q,q]/rij + Ao/r~ll2 -- C~j/r06). 

, = = = I ) l )  5 = A:i 4~:iai 12 , Cii 4r..,~;i e~, A 0 (," ,iAji " , C 0 (CiiC2t) 0'5 

The following corresponding parameters (e./J mol - I ,  ~ /pm,  
q/e) for N (71 I, 325, -0 .57)  and O (879, 296, -0 .5 )  atoms and 
for the Me (711, 380, 0.2) and CH (48l, 380, 0.5) groups were 
used. The trons-conformation is more stable. The energy differ- 
ence between the two states of the molecule is I 1.7 kJ tool -I 7 
According to the reported data, l most of the molecules in the 
liquid phase are in trans-form. Simulation 7 carried out using 
the potential functions describing torsional motions of the 
molecules showed that conformational transitions are rare. In 
this work, the molecules were assumed to be rigid. In each 
simulation a chain of random events of length -30 .  10 t~ con- 
figt, rations was generated, which is comparable with the chain 
lengths in recent publications 6"7 dealing with simulation of 

amides (from 5" 106 to 50- t0 ~ (Ref. 6) and 4- t06 (Ref. 7) 
configurations). 

Simulation of the Lennard-Jones analog of trans-MFA (the 
LJ-MFA model) was carried out assuming that all atomic 
charges in the initial potential are equal to zero. The interac- 
tion of the particles in the SS fluid was described by the 
Lennard-Jones [x)tenlia~ with the parameters ~. = 41.8 J mol - t  
and c~ = 560 pro. Since in the last two cases the convergence to 
average values was attained at a smaller number of steps, 
~ 15 �9 106 configurations were generated. The calculations were 
carried out on a personal computer. The values of the main 
energy and structural parameters of liquid MFA determined in 
this work are in good agreement with the results of previot,s 
studies. 7 which indicates the correctness of our calculations. 

Results and Discussion 

The  resul ts  of  ca lcu la t ions  o f  energy  charac ter is t ics  
for d i f fe rent  models  of  liquid M F A  are s h o w n  in Table 
1. The  average potent ia l  energy (E l  is m i n i m u m  for the 
r r a n s - M F A  model  and  is in good  a g r e e m e n t  wi th  that  
ob ta ined  from exper imenta l  da ta  on  the  vapor iza t ion  
en tha lpy  o f  the  liquid ( - 5 4 . 6  kJ t o o l - t ) .  7 The  con t r ibu-  
t ion of  t he  van der  Waals i n t e r ac t i ons  to  the  energy is 
-38%.  In all cases, tile Evd,~ va lues  are close despite  the  
more  t h a n  twoto td  variat ion of  E values.  S t rong  electro-  
static i n t e rac t ions  in t r a n s - M F A  destabi l ize  the  s t ruc-  
ture cha rac te r i s t i c  of L I -M FA, w h i c h  mani fes t s  itself in 
a 14% increase  in the E~o,~ values.  E lec t ros ta t ic  in terac-  
t ions make  the major  c o n t r i b u t i o n  to the  in te rna l  energy 
of  l iquid bAFA. It can  be a s s u m e d  tha t  the  van der  
Wal l s  in t e rac t ions  play the  more  i m p o r t a n t  role in the 
f o r m a t i o n  o f  spatially ordered  a r r a n g e m e n t  o f  the mol-  
ecules in t he  liquid. 

Radial  d is t r ibut ion  func t ions  ( R D F )  cha rac t e r i ze  the 
s h o r t - r a n g e  order  in the liquid. O u t  o f  n ine  a t o m - a t o m  
R D F  (Figs.  1 and 2). five r e m a i n  vir tual ly  u n c h a n g e d  
on  exc lus ion  Cswi tching off ' )  e l ec t ros t a t i c  in te rac t ions .  

whereas  the  shapes  of  four R D F  (gco,  goo ,  goMe, gNo) 
are essen t i a l ly  changed .  Tile f o r m a t i o n  o f  i n t e r m o t e c u -  
lar H - b o n d s  results in r eo r i en t a t i ons  o f  the  molecules  
and  affects tile behavior  of  the R D F  of  O atoms. Slight 

variat ions in the behavior of  the  gcMe, g c o  gNO and gN,~ 
R D F  are observed on going from t r a n s - M F A  to  c is -MFA,  
whereas  o t h e r  R D F  change  to a g r ea t e r  extent .  

Table i. Average potential internal energies 
(El and energies of the van der  Waals inter- 
actions (E~d w) for the different MFA models 

Model E E~d,~ 

kJ mol -I  

trans-MFA -54.33• -20 .44+0.03  
c/s- MFA -47.44+_0.03 -21.95-'-0.03 
LJ-MFA -23.87+_0.02 -23.87+_0.02 

Note. Listed are errors at a 95% confidence 
level. 
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Tile ,, funct ions  shown in Fie. "~ a charac ter ize  
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the mutual spatial a r rangement  of  the centers o f  mass of  
the molecules .  For  different M F A  models the dist inc- 
tions between corresponding gram functions arc small 
and the func t ions  behave as the R D F  of  the a toms  m 
the SS model .  F r o m  the plot of  the d e p e n d e n c e  o f  the 
number o f  part icles  ( N ( r ) l  in the sphere o f  radius r it 
follows that  the first coordinat ion sphere o f  each  r o o f  
ecule conta ins  ~12 neighbors. 

The same n u m b e r  is characterist ic of  the system of 
random closely packed solid spheres, t8 Paramete rs  of  
the Lenna rd - Jones  potential  used for descr ipt ion o f  the 
interactions in the SS fluid were chosen f rom similar i ty 
Consider~/tions Of the gm,n f'tlili~tiOi'tg iii the bAFA models  
to the R D F  of  particles in the SS model. S ince  we were 
interested in obtaining a quali tat ive picture only,  no 
probletn was posed of  rigorous mathemat ica l  op t imiza -  
tion o f  the parameters .  The  patterns of  the N(r) depen-  
dence for the four  systems are identical. These  pecu-  
liarities o f  the behavior  of  the gram(r) and N(r) funct ions 
suggest that  c o m m o n  regularities of  the m o l e c u l a r  pack- 
iug in l iquids manifest  themselves  in all cases. 

Knowing tile gu(r) a t o m - a t o m  RDF,  it is possible to 
calculate the D(r) l 'unctiou using the formula  t9 
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i n  tn 

D(r) = ~ z. bitgiilr), /=l)=; - " 
trt 

(1) 

Where  m is the number o f  different  types of  atoms in 
the molecule .  % nj is the number  of  atoms of  type i and 
j:  6i. j is the Kronecker symbol,  and c i is the Fourier  
transform of the atom form factor  for X-ray radiation 
(to a first approximafioii~ it is equal  to  the number  of  
electrons in the atom of type i). 

The fu,mtion D(r) is obtained by processing experi- 
metatal data on angular dependence  of  the intensity of  
coheren t  neutron or X-ray radiat ion scattering. Hence 
one can compare the experimental  and calculated cu~'es. 
Since the Me and CH groups are considered as single 
interact ing centers in the initial mode l  potential ,  the ci 
coefficients  were assumed to be CMe = 9, CCH = 7, and 
CNH = 8. Using %rmulas (1). we get for the D(r) 
funct ion  
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DIr) = 0.0791 gMeMe(/:) -- 0.141 gNMc(r) § 
+ 0.123 gCMe(r) + 0.141 SoMe(r} + 
-'- 00625 g~N(r) + 0.10q g,,c,(r) + 
+ 0.125 .gNO(r) + 0.0479 gee(r) + 
+ 0.109 gco(r) + 00625 g~)o(r). (2) 

The plots of the D(/) functions are shown in Fig. 3. The 
inclusion of electrostatic intermolecular interactions 
changes the shape of the curve for the I_J-MFA model, 
namely, a peak at r = 280 pm and weak oscillations in 
the region 400--600 pm appear. The former peculiarity 
is associated with the maximum of the gNo |1ruction, 
while the latter is explained by the behavior of the 
functions characterizing the distribution of O atoms in 
ttle M FA models. 

More pronounced distinctions are obser,,ed be- 
tween the D(r) fimctions determined for the trans-  
and c i s -MFA models. The lack of data on the intensities 
of X-ray scattering allows only qualitative comparison 
of calculated and experimental I D(r) curves. Taking 
into account inevitable experimental errors and distinc- 
tions between accepted procedures for processing of 
initial data, the behavior of the curves suggests that the 
properties of real liquid are better reproduced in the 
framework of the t r a n s - M F A  model. At the same time, 
two liquids characterized by (i) the same shape of 
molecules and (ii) strongly different intermolecular in- 
teractions can hardly be experimentally distinguished in 
any range of distances except for a narrow range r < 300 
pro. Knowing the shape of the D(r) curve, one can draw 
only trivial conclusions conccmi~g the structure of liq- 
uid M FA and its changes. The atom-atom functions 
reach extrema at different interatomic distances. Sum- 
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Fig. 3. Atomic density distribution functions (D(r)) calculated 
using formula (2): I, trans-MFA; 2, cis-MFA; and 3, LJ-MFA. 

mation using formula (1) smoothes almost all peculiari- 
ties. Moreover, it is well known that a large number of 
feasible mutual arrangements of molecules corresponds 
to each maximum of the iimctions_ The available infor- 
mation is obviously insufficient to interpret the behavior 
of the D(r) curve at the molecular level. 

Using the lists of atomic coordinates obtained by 
computer simulation, it is possible to define another 
group of functions 12-15 which characterize structural 
properties of the liquid in more detail. Six coordinates, 
e.g., the radius vector r and three Euler angles, should 
be given to unambiguously describe the mutual arrange- 
ment of two M FA molecules. Using a correlation func- 
tion of six variables, a complete description of the 
spatial and orientational D-structure of the liquid can 
be obtained. However, such objects can hardly be stud- 
ied because of some clearly seen reasons. We simplified 
the problem and investigated the distribution of the 
molecules in two layers, one parallel and one perpen- 
dicular to the molecular plane, of thickness 400 pm 
each. In both cases the N- -C  bond of the central 
molecule was in the middle between cutting planes. 

As is known, the RDF, by definition, is equal to the 
ratio of the local numerical density of particles in a 
spherical layer of thickness dr to the average volume 
density of the liquid (p). By analogy, let us define tile 
generalized atom-atom correlation function of three 
variables as 

gab(X,y,~) = [dN,b(x.y,z)/dxdydz.[/p. 

where dNao is the number of particles of type b in the 
volume element dxdydz at a distance r(x, y, r.) from a 
particle of type a. By fixing one of the coordinates we 
get a function of two variables. The accepted orienta- 
tions of axes of the system of coordinates with respect to 
the central molecule is shown in Scheme I. 

The maps of the generalized a tom-atom correlation 
fimctions tbr three models of liquid MFA are shown m 
Figs. 4 and 5. For the trans- and cis-MFA models, the 
atomic density distribution in spherical layers in the 
regions of short intermolecular distances is highly non- 
uniform. Obviously, the averaging over spherical layers, 
which is a step of the calculation procedure for the 
atom-atom RDF, smoothes many peculiarities of the 
arrangement of molecules and prevents detailed studies 
of the spatial structure of the liquid. The atomic density 
distribution in the LI-MFA model is more unilbrm. The  
shape of the contours resembles the shape of the mol- 
ecule (see Figs. 4, b and 4, e). Slight distinctions 
between the gNN(Y) functions (see Fig. 2, b) do not 
reflect the specific anisotropic character of spatial dis- 
tribution of the atoms. The formation of intermolecular 
H-bonds results in the appearance of well-defined areas 
of increased density of N and O atoms (see Figs. 4 and 
5, respectively) near the O and H atoms of the central 
molecule. For the t rans-MFA model, the character of 
distributions indicates the formation of chain structures, 
whereas the formation of cyclic dimers as well as linear 
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association of the m o l e c n l e s  is obsep;ed for the cis- 
M FA model.  

The areas o f  increased densi ty of O atoms near the 
H atom of the amino  group  (see Fi E . 5, b and Fig. 5, el 
are localized near the p lane  of  the central molecule,  
which indicates essent ial ly l inear configuration of the 
H-bonds  ( N - - H . . . O - - C ) .  Linearity of  bonds also mani- 
fests itself in a strict o rde r  (O,  C, N) in which the atoms 
of  neighboring molecu le s  fol low (see Fig. 5, c and Fig. 
5, f). However,  cor re la t ions  in the mutual arrangement  
o f  the molecules  b e c o m e  m u c h  weaker already for the 
second sphere neighbors.  For  cis-MFA, directionali ty of  
the bonds is more p r o n o u n c e d .  In this case the area of  
increased density of  N a toms  at x .~ 0, z, = 350 pm (see 
Fig. 4 , ] )  is more clearly seen  and has a smaller  size than 
the area at x .= O, z ~ - 3 5 0  pm (see Fig. 4, d). Actually, 
the mo lecu l e s  iq a c y c l i c  d i m e r  are bonded  by two 
H-bonds ,  which expla ins  the  greater planarity of  such 
associates. 

Therefore,  knowing the  a tom-a tom R D F ,  it is im- 
possible to establish the regularities of  the arrangement  
of  M F A  molecules  even  at short in termolecular  dis- 
lances where the R D F  display clearly seen peculiarities. 
This s tatement  is all the  more  valid for D(r) functions 
obtained in exper imenta l  s tudies  of  angular dependences 
of  the ampli tudes o f  c o h e r e n t  X-ray or neutron scatter- 
iug. Analysis of  their  b e h a v i o r  revealed I only that the 
model  of  chain associa t ion o f  MFA molecules  does not 
contradict  exper imenta l  results. General ized correlation 
thnct ions contain m u c h  m o r e  information on the mu- 
tual ar rangement  of  m o l e c u l e s  in the liquid. They make 
it possible to de te rmine  the  type of  the arrangement  and 
orientat ion of  the mo lecu l e s ;  however, this can be done 
only in ttle region o f  shor t  in termolecular  distances. 

2.5 

2.0 

1.5 

Si 
a 

�9 i " i' 

1.0 

0.5 / ' b 

- 0 . 5  t - 0 . 8  , i i i 

3 t) 400 500 
rN N/Pro 

& 
) c 

i / , ,  
00 L../' .-. .~K..-:.-. .--~ 

! i . . - / \  
- 0 2  ~ i / 

i I I 
! I i 

-0 .4  ! I t _ _  1 

I I - - - -  - 
t ~ l  . . . . . . 3  

L ', 

200 
, i �9 i , 

400 600 800 
r n n n / P l l l  

Fig. 6. Orientational correlation functions (S(r)) calculated 
using formula (3): a. SI(rNN): b, S 2 ( r x y  ) (where r:,,/:, is the 
distance between the N atoms of  H-bonded molecules); and c, 
S3(r ) ( w h e r e r  is the distance between the centers of mass 
of the molecules): t r a n s - M F A  (1), cis -MFA (~ ,  and LJ-MFA 
(3L For clarity, the intervals between the plots a and b along 
the ordinate axis are enlarged. 

In simplified tonn, information on mutual  orienta-  
tions o f  the molecules  is obtained from calculat ions  of  
orientat ional  correlation functions, e.g., dependences  of  
average cosines of  the angles between the vectors  tied to 
the proper systems of  molecular  coordinates :  

St{r) := ( c o s  czi(r)), ( 3 )  

where brackets denote averaging over  the ensemble .  We 
determined the behavior of  the funct ions ,S' z and S 2 that 
respectively characterize correlat ions be tween the direc- 
tions of  the N - - h i e  bonds and between the planes of  the 
nearest neighboring molecules part icipat ing in the for- 
mation of  H-bonds  (rOH < 250 pm). The  d ipole-d ipole  
correlat ion function S 3 is de termined by mutual  orienta-  
tions of  tile dipole moments  of  the molecules .  

The curves characterizing correlations in the orienta- 
tion of  M F A  molecules are shown in Fig. 6. The  behavior 
of S i functions is specific to each mode.  Strong correla- 
tions at short intermolecular distances lbr the c i s - M F A  
model are due to the formation of  cyclic dimers. In fact, 
the molecular  planes are nearly coplanar  (S  2 > 0), while 
the dipole moments  and N - - M e  bonds are oppositely 
directed (5" 3 < 0 and S I < 0, respectively).  The  peculiar- 
ity of  the behavior  of  the gram funct ion (see Fig. 2, a) at 
r < 400 pm becomes clear. The molecules  in cyclic 
dimers are arranged at shorter distances. The  formation 
of linear associates ill the t r a n s - M F A  model  manifests 
itself in preferential parallel orientat ion o f  the dipole 
moments  of  the molecules at rmm < 600 pm (S  3 > 0). For 
the L J - M F A  model,  the behavior of  the Si(r) fimctions is 
determined b~" molecular packing only. Men t ion  may be 
made that neighboring molecules are randomly  oriented 
( S  i = 0) except  for a weak correlat ion between the 
directions o f  the N - - M e  bonds at rNN > 450 pro. 

Taking into account that (i) the energy of  the van 
der Waals interactions depends only slightly on the 
strength o f  electrostatic interactions be tween  the mop  
conies in liquid M F A  and (ii) their  spatial arrangement  
is de te rmined  by packing factocs, the inclusion of an 
external electr ic  field should result in appreciable  reori- 
entat ion of  the molecules. Hence  two conc lus ions  can 
be drawn. First, liquid MFA should have a high dielec- 
tric constant.  Second, the dipole-dipole  correlat ion flmc- 
tion should be strongly dependent  on the condi t ions  of  
compute r  s imulat ion and on the presence o f  the exter- 
nal field. In fact, the dielectric constants  o f  the repre- 
sentatives o f  the FA homologous series are abnormally  
high (e.g., 11 I for FA (at 20 '-'C), 182.4 for MFA,  and 
178.2 tbr N-methylace tamide)  I c o m p a r e d  to those of  
other  liquids. Tile smaller value for FA is explained by 
the presence o f  both the spatial ne twork  o f  H-bonds,  
which is responsible for decrease in the rotat ional  mo-  
bility o f  the molecules,  and cyclic d imers  with antipar- 
allel or ienta t ion of  the dipole moments .  Previously,  6 it 
was established that the results o f  ca lcu la t ions  of  the 
dielectric characteristics of  liquid FA depend  on the 
condit ions o f  simulation and on the presence  or ab- 
sence of  an external field. 
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Any complex system (almost all objects considered 
in statistical physics) can be studied at different struc- 
tural levels. Unfortunately, no unambiguous definition 
of the concept "structure" has been commonly accepted 
by investigators of the liquid state of matter as yet. 
Actually, the term structure is used in reference to (i} a 

"0 " t  particular arrangement of particles in space- ,~ ; (ii) a 

list of coordinates of all particles and regularities of 
their arrangement/'-; (iii) a characteristic set of correla- 
tion functions 13. and (iv) a statistical ordering of inter- 
acting atom-molecule particles in elementary volume 
under given conditions, z4 Numerous analogot,s defini- 
tions are known. For instance, the I-. I/-, D-, 2s proper, 
and hidden structures are considered. Each definition 
characterizes an aspect of a complex phenomenon. We 
believe that it is nece~aw to use a generalized defini- 
tion of structure, based on the concepts Ibrmulated ill a 
general theory, of systems, where each object is consid- 
ered as a system. 

By definition, 26 an object-system (OS) is a composi- 
tion. or unity, composed of "primaw" elements m be- 
longing to set {Mos} chosen for reasons a belonging to 
set lAds} usitlg relations (in particular, interactions) r of 
set {Ros } taking into account restrictions imposed by 
conditions z, belonging to set {Zos}. The set {Ads} 
belongs to universe {U}. The sets {Zos}; {Zos } and 
{Ros}; {Zos } or {Ros} and {,4os} can be empty or 
contain one, two, ..., infinite number of identical or 
different elements. Such a formulation made it pos- 
sible z6 to study and classiC' systems using powerful 
mathematical tools. According to the definition, separa- 
tion of a particular system in the obiect under study 
requires that the elements and relations between them 
be chosen by using certain specific reasons. 

By structure is meant a totality of stable relations 
(bonds) of an object responsible for retention of main 
properties of the object subjected to various external and 
internal changes. In statistical physics, establishment of 
stable rdations always requires averaging over time or 
ensemble. By choosing a mutual arrangement of atoms 
(elements of a system) in a liquid as a system relation 
we can characterize the spatial structure of the liquid by 
a set of the atom-atom correlation functions. If the 
molecules and their mutual orientations are respectively 
chosen as system elements and relations between them. 
then the orientational structure of the system is de- 
scribed using another set of  correlation functions, in 
particular, the S, fimctions (see Fig. 7). It is reasonable 
that an infinite lmmber of systems can be distinguished 
in such a complex object ms liquid by changing either 
elements or relations between them. 

In experimental studies of liquids, the type of a 
system is given by the method employed and procedure 
used for initial data processing. It is not surprising that 
the same solute can be considered either as "structure 
maker" or as "structure breaker" toward tile solvent, 
depending on the method of investigation employed. 
Each experimental method reveals specific elements in 

the object and relations between them. Particular types 
of correlations and stable relations can be strengthened, 
whereas other types can be weakened. 

Methods of computer simulation make it possible to 
obtain exhaustive information on all coordinates and 
interactions between the molecules in a model liquid. 
However, il1 most cases the authors restrict themselves 
to calculations of thermodynamic characteristics, atom- 
atom RDF, orientational and autocorrelation functions, 
and statistical properties of a system of H-bonds (if they 
exist) only. Atoms or molecules are usually chosen as 
structural elements. The limitations and drawbacks of 
such an approach have been mentioned above to some 
extent. 

Quite different regularities can be established by 
choosing molecular a,,gregates= or objects built of them 
as system elements. The former can be clusters and 
associates with particular composition or topology, or 
networks of bonds, while the latter can be the Delaunay 
simplices or Voronoi potyhedra. 27,z8 Previously, 13 the 
advantages and drawbacks of using the methods of 
statistical geometry have been reported. The method 
based on constructing the networks of "bonds" in the 
object under study 1~ is preferable for description of 
tile supramolecular structure of a liquid. Ensemble- 
average statistical and topological properties of the net- 
work are stable relations and. hence, characterize the 
supramolecular structure of liquid. 

The MF A  molecu les  can form i n t e r m o l e c u l a r  
H-bonds. By choosing a totality of H-bonds as a struc- 
tural element and by considering the parameters charac- 
terizing its connectivity and topological properties, as 
well as the spatial arrangement of H-bonds. as relations 
we construct a new supramolecular object, namely, a 
system of H-bonds, which carl be considered as a graph 
in three-dimensional space. Two M FA molecules were 
assumed to be linked by an H-bond if the distance 
between the O atom of one molecule and an H atom of 
the amino group of the other molecule did not exceed 
250 pro. The average number of bonds per molecule is 
called the connectivity parameter n. The n values for 
trans- aud c i s -MFA are 1.89 and 1.79, respectively. 

Tile results of calculations of concentrations of the 
molecules forming rn bonds wittl the neighbors {elm) are 
listed below. 

Model ,,1~ A~ .,I~ A 3 A4 
trans-MFA 0.9 17.4 73.4 8.2 0. l 
cis-MFA 3.9 27.7 54.5 13.5 0.4 
Both models are characterized by small ,mmbers of 
monomers and molecules that form four bonds. Large 
A 2 values and small .43 values indicate the formation of 
weakly branched chains of bonds in the t rans -MFA 
system. Tile distribution of the molecules over types for 
the c is -MFA system is more uniform. Other types of 
molect, lar association should also be present in addition 
to chain association. 

Considering the system of H-bonds, we can also 
define and count new structural elements, namely, closed 
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Fig. 7. Radial distribution functions of geometric centers of 
closed cycles in the networks of H-bonds (G,(r). where i. j is 
the number of vertices in the cycle): l, cis-~fFA (i. d = 22): 2, 
cis-MFA ( i j  = 23): and 3, FA ( i j  = 22). 

cycles of  bonds. A cycle is any closed sequence connect- 
ing adjacent vertices of a graph. The ratios of the concen- 
trations of cycles with different numbers of  vertices and 
the functions characterizing correlations in the spatial 
arrangement of cycles are the most important topological 
characteristics of a system. The results of calculations 
show that no cyclic polymers (from dimers up to 
heptamers) are formed in the system of H-bonds of 
trans-MFA. No closed chains of bonds are formed. A 
different picture is observed |br c i s -MFA.  On the aver- 
age, 12.6• cyclic dimers, I. : 7,*_0.0 / trimers. 0.86 :_-d).05 
tetramers,  and 0.06+0.01 pentamers per 100 molecules 
are formed m this system. Liquid MFA consists of 
molecules that are mainly in trans-form. The fact that 
its viscosity is half that of liqoid FA (1.65.10 -3 vs. 
3.3. 10 -3 Pa s. respectively) 29 is explained by the fact 
that the system of tt-bonds consists of  weakly branched 
chains and no spatial network is fornled. 

The G,j(r) RDF shown in. Fig. 7 characterize the 
mutual spatial arrangement of geometric centers of the 
cycles of  H-bonds. The center of each cycle of type i (i 
is the number of molecules constituting the cycle) was 
calculated as the arithmetic mean of  the coordinates of 
N atoms. For the system of points obtained, the posi- 
tions of peaks of the RDF calculated correspond to the 
most probable intercycle distances. Since the concen- 
trations of cycles at i > 3 are low, statistical errors of 
calculations of  the RDF appreciably increase: therefore, 
only two functions are shown in Fig. 7. The shape of the 
curves indicates that the cycles are nonuniformly dis- 
tributed in space. 

Previously, 14-16 analogous dependences were ob- 
tained and discussed in the studies of structural proper- 
ties of  liqu!d FA. Marked similarity in the behavior of  
the G22 functions tbr the models of two liquids (cis- 
MFA and FA) indicates the action of common factors 
determining the supr~amolecular structural organization. 
The presence of the Me group in cis-MFA insignifi- 
cantly affects the regularities of mutual spatial arrange- 
ment of  cyclic dimers. The shape of the G22 curve for 
the FA model is explained by retention in the liquid 
phase of  fragments of the network of H-bonds charac- 
teristic of  the FA crystal, t4 On the other hand, the 
reverse proposition is also true. namely, the parameters 
of the unit cell of FA arc determined by mutual packing 
of cyclic dimers, whereas the bonds tormed with partici- 
pation of  trans-H atoms are of  little importance. 

The average energy of  each cis-bond in the cis- 
MFA dimer  and in a chain associate is -23  and -26.1 
kJ tool - I ,  respectively. In a cyclic dimer, the molecules 
are linked by two H-bonds, which is ene~etically favor- 
able. However, the number  of  dimers and, moreover. 
other cycles in the system of  H-bonds is small. It should 
be noted that, on the average, the number of  cyclic 
dimers in the networks o f  H-bonds of liquid FA hI,15 
and its mixtures with D M F  t6 also does not exceed 
10--12 per 100 molecules and varies only slightly on 
both strengthening of cis-bonds in FA and on addition 
of D M F  to FA. This system relation is highly stable 
toward external influence. This raises the question of  
what are the reasons for the small number of cycles in 
the system of H-bonds in MFA. Why are only chain 
( t rans-MFA) ,  open-chain branched (cis-MFA), or net- 
work (FA) structures realized preferably in spite of  
various feasible types of  molecular associates? 

To answer these questions, we studied the properties 
of the networks consisting of  lines connecting the near- 
est N atoms of neighboring molecules. One more su- 
pramolecular system, namely, tile network of"bonds" of 
the nearest neighbors, was constructed in the object 
under study. Its properties depend on the connectivity 
parameter; therefore the criterion for a "bond" was 
chosen assuming that n ~ 6 for all models because too 
large an n value dramatically reduces the performance 
of calculations, whereas too small a value of the con- 
nectivity parameter increases the statistical error. The 

Table 2. Concentrations of closed cycles of bonds in 
the network of nearest neighbors 

Model n C 3 C 4 C s C 6 

trans-MFA 6.05 1.29 2.10 2.05 476 
cis-MFA 6.05 t.58 2.81 2.87 6.12 
LJ-MFA 6.04 1.46 2.52 2.46 5.59 
SS 6.04 1.21 2.17 2.26 5.4l 

Note: n is the average number of bonds per molecule, C i 
is the number of cycles per molecule, and i is the number 
of vertices in the cycle. 
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results of our studies show that the choice of the net- 
work has a little effect on the regularities of the forma- 
tion of supramolecular structure at a qualitative level. 
The N atoms or spheres connected by lines were sepa- 
rated by less than 532 pm (for the t -MFA and cis-MFA 
models), by 537 pm (for the LJ-MFA model), and by 
522 pm for the SS fluid. 

The results of calculations of the concentrations of 
closed cycles are presented in Table 2. It may be 
deduced that the properties of the networks (with re- 
spect to this parameter) are fairly close. The network for 
the cis-MFA model differs from that for the SS model 
to the greatest extent. Hence, in this case the molecular 
packing intrinsic in simple liquids is more pronouncedly 
distorted. This conclusion is also confirmed by the 

behavior of the Gij(r) RDF of the centers of cycles: their 
plots are presented in Fig. 8. 

The Gia(r) functions have a complex shape, which 
indicates a rather high correlation in the mutual spatial 
arrangement of cycles in the net'a;ork of bonds of near- 
est neighbors. The functions reach extrema at certain 
points. The positions of peaks can be correlated ('Fable 
3) with the distances between the centers of cycles 
(intercycle distances) in polyhedra or in their fragments 
shown in Fig. 9. Geometric figures 1--5 are characteris- 
tic of a random closely packed system of solid spheres is 
and figure 6 reflects salient features of the closest hex- 
agonal packing of spheres. Considering each figure as a 
graph with an edge length of 470 pro, we calculated the 
distances between geometric centers of the cycles. 
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Table 3. Positions of maxima for the G RDF of geometric centers of cycles for MFA 
models and intercvcle distances ~r#'pml in geometric figures shown in Fi~. I0 

G-s ~ r33 G44 r44 ~4 r>t G; ~ r3 

155 J 5__7_7 ~ 1t5 [jS_ 2 I00 96:, 1192, 90 t09 
1274,5 1366 

255 2262, 2444, 195 1682"4. !9._@ 240 1912,  Y~__92. 165 l_6~ 2, 1963 
~S45, 272 ~ 2352.e, 2934 27t 3, 28 l 4 2085 

445 4115, 4703`(' 320 3084.5 330 "~994_ , 3 0 8 5  , _ _ ~  ? 0 0  #~_"853"4'5, 3354 
3606 , 37645 

485 4824, "4~06 

Note. The superscript denotes the number of the geometric figure; the distances closest to 
positions of the RDF maxima are underlined. 

No  fixed intercycle distances are observed for the SS 
model  (the closest to the random closely packed system 
of  solid spheres);  their values form a cont inuous  spec- 
t r u m  Identical  behavior of  the f imctions for all models 
indicates the existence of some general  principles of  the 
formation of  supramolecular  structures. High correla- 
tion between the intercycle dis tances  in the networks of  
the nearest neighbors of the models  studied and those in 
the system of  closely packed spheres (see Table 3) 
ntakes it possible to argue that the principle of  a close 
packing of  molecules  in l iquids is c o m m o n  for all 
systems. 

The fragments of randomly chosen configurations 
obtained by compute r  ~imulation and reproducing sa- 
lient features o f  the arrangement  o f  the molecules  in the 
m o n o m o l e c u l a r  layer are shown in Fig. 10. trans-MFA 
is character ized by packing close to a hexagonal one: 
this is typical  of  the c loses t -packed  systems. Orienta-  
tion o f  the molecules  favors the fo rmat ion  o f  chains of 
H-bonds.  Despite the presence o f  strong specific hater- 
molecular  interactions, universal van der Waals interac- 

Fig. 9. Geometric figures characterizing salient features of 
molecular arrangement in a random closely packed system of 
solid spheres: 1. tetrahedron; 2, semioctahedron; J, trigonal 
pri,;m; 4, antiprism; 5. a fragment of  tetragonal dodecadelto- 
hedron: and 6. fragment that reflects salient features of the 
closest packing of spheres. 

t ions have a determining effect ou the structural organi-  
zation o f  the  l iqu id  Chain  association of the molecu les  
does not  cont rad ic t  the principle of a close packing. On 
the cont rary ,  a cyclic d imer  tbrmed by c i s -MFA mol -  
ecules is a defect  of  the ne twork  of  nearest neighbors o f  
a r andom closely packed system (see Fig. 10, b). It 
breaks typical  structural e lements .  

The  behav ior  of the parameters  characterizing s truc-  
tural proper t ies  of cis-MFA indicates more p ronounced  
deviat ions  from regularities of  the stmctt, re of  the sys- 
tem of  r andom closely packed solid spheres or  the  SS 
fluid. In this case the structure of  the system of  H - b o n d s  
corresponds  to that of  the network of  the nearest ne igh-  
bors to a lesser extent and, as a consequence ,  the 
number  o f  H-bonds  and closed cycles that Ibmled  is tess 
than would  be expected. The internal energy o f  the  
liquid increases.  The calculat ions were carried out  [br 
the NVT-ensemble at a fixed density of the substance.  
Hence  the  external pressure in the c is -MFA model  is 
unknown.  If such a liquid were to exist, it should likely 
have a lower  density. Domina t ion  of  the trans-confof  
mation over  the cis-conformation observed in l iquid 
M FA is due to not only the lower energy of  the fo rmer ,  

~,i . . . . . . . .  , ~ ,~ , i  :~ 

) O ,,Me 

(i..~') C-N',H 

b 

- - 1  
...... 2 

Fig. 10. Schemes of molecular arrangement in the liquid phase 
of trans-MFA (at and cis-MFA (b) in the monomolecular 
layer. I, H-bond: and 2, a bond in the network of nearest 
neighbors. 
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but also to the effect of  packing  fac tors  and to 
c o m p l e m e n t a r i t y  of  tile s t ructure  o f  tile ne twork  of  
H-bonds  and that  of  the network of  nearest  neighbors. 
These reasons also explain the presence o f  the spatial 
network o f  H-bonds  in liquid frA. 

Thus,  with a knowledge of  structural  propert ies of 
liquid M F A  de te rmined  at the molecu la r  level only.  it is 
impossible to establish the main regularit ies of  mutual 
a r rangement  and orientat ion of  the molecules  even at 
short in te rmolecu la r  distances. The  system-structural  
approach allows one to define in the object under  slt, dy 
a virtually infinite number  of  systems that  have struc- 
ture. Cons idera t ion  of  the network of  H-bonds  and that 
of  the nearest  neighbors shows that s tnmtura l  properties 
of  liquid M F A  are mainly due to universal interactions 
and packing. Specific electrostatic interact ions  can be 
considered as perturbation affecting mutual  orientat ion 
of  the molecules .  Regularities of  the format ion  of  spatial 
ordering o f  molecules  in a liquid can be understood 
only by studying the liquid at the supramolecu la r  level. 
Topological  properties of  the system of  H-bonds  are 
first o f  all de te rmined  by cor respoadence  to the proper- 
ties o f  the ne twork  of  nearest neighbors. Linear weakly 
branched open chains of  H-bonds are complementa ry  
to this network and, hence,  only they are formed in 
liquid MFA.  It can be assumed that progress in under- 
standing of  both structural properties o f  liquids and 
salient features o f  tile condensed state o f  mat te r  will be 
de te rmined  by the degree to which supramolecula r  struc- 
tures are studied. 
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