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Abstract 

A series of molecular dynamics simulations has been performed to investigate hydrogen bonding in liquid alcohols. The 
systems considered have been methanol, ethanol, ethylene glycol and glycerol at 298 K. The hydrogen bonding statistics as well 
as the mean lifetime of the hydrogen bonds are analyzed. The results are compared with those corresponding to liquid water. 
© 1997 Elsevier Science B.V. 
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1. Introduction 

The properties of  associated liquids are largely deter- 
mined by the characteristics of  their hydrogen bonded 
network [ 1 ]. However, despite its interest, the detailed 
knowledge of hydrogen bonding in many H-bonded 
liquids is far from satisfactory. Experimental studies 
are rather indirect methods to investigate H-bonding. 
So, spectroscopic and relaxation measurements supply 
information on the dynamics of  the H-bonds but the 
results of  these experiments can be interpreted in only a 
qualitative way. Although limited to classical models, 
computer simulation methods can provide direct 
microscopic information on the statistics and the 
dynamics of  H-bonds. Computer simulation studies 
of H-bonding have been mainly devoted to water 
[2-7]  and methanol [8-12]. Fewer studies, and 
restricted to structural properties of  the H-bonds, 
have been carried out for ethanol [12,13] and glycerol 
[14]. To our knowledge there are no computer simula- 
tion studies of  H-bonding in other liquid alcohols. 

In this paper, we apply the molecular dynamics 
(MD) simulation method to study the H-bonding 
statistics and the mean lifetime of  H-bonds in different 
liquid alcohols including methanol, ethanol, ethylene 
glycol and glycerol. The results are compared with 
those obtained for liquid water. The H-bonded struc- 
tures of these systems show marked differences. 
Methanol and ethanol have one hydroxyl group per 
molecule and they are characterized by H-bonding 
patterns which may be largely regarded as linear 
winding chains [ 12,13]. Ethylene glycol and glycerol 
have two and three hydroxyl groups per molecule, 
respectively, and they show three-dimensional H- 
bonding patterns which are not well-known. Liquid 
water shows a tetrahedral H-bonding pattern [ 1 ]. 

2. Computer  simulations 

MD simulations of  methanol, ethanol, ethylene gly- 
col and glycerol at room temperature T = 298 K and 
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Table 1 
Characteristics of the simulated systems 

System Formula Density (gcm-)) 

Methanol (CH 3)-O-H 0.78664 
Ethanol (CH))-(CH 2)-O-H 0.7873 
Ethylene glycol H-O-(CH2)-(CH2) O-H 1.110l 
Glycerol H-O-(CH2)-[-(CH) O-H]-ICH 2)-O-H 1.2567 
Water H20 1.0 

experimental densities at normal pressure were 
carried out (see Table 1). We considered 216 mole- 
cules in the case of  methanol and 125 molecules for 
the other alcohols. The usual periodic boundary con- 
ditions were assumed. Molecules were modelled by 
s i te -s i te  interaction potentials including torsional 
motion. There was one site on each atom except for 
the CHn groups which were taken as single units 
centered on carbon. The geometrical parameters of  
molecules, intermolecular and intramolecular 
potential functions and potential parameters were 
those proposed by Jorgensen [12]. Bond length and 
bond angles were kept fixed during the simulations by 
using the SHAKE method [15]. To handle with the 
long-range coulombic interactions we used the Ewald 
summation technique [16]. We employed the integra- 
tion algorithm proposed by Berendsen et al. [17] with 
a time step of 0.0025 ps. Each run consisted of an 
initial equilibration period of  50 ps and a production 
period of  150 ps. For the sake of comparison, we also 
performed a simulation of  water at T = 298 K with the 
SPC model of Berendsen and coworkers [18]. In this 
case the number of  molecules was 216 and the time 
step 0.0015 ps. 

3. H-bond definition 

Since in the MD simulations the intermolecular 
energy of the system is described by a continuous 
interaction potential we cannot distinguish with pre- 
cision whether two molecules are H-bonded or not. 
Consequently, the adoption of  a criterion to decide 
that one H-bond is established, is somewhat arbitrary. 
The H-bond definitions commonly used are based on 
either energetic or geometric criteria [3,5]. However,  
in the case of alcohols the choice of  a criterion is less 
crucial than for water and both energetic and geo- 
metric criteria lead to similar results [8,13]. As in 
previous studies [7,11,13], we adopted a geometric 

definition, i.e. we assumed that a H-bond exists 
between two oxygens of two different molecules if 
three conditions are fulfilled: 

1. The distance Roo between the oxygens is smaller 
than R ~)o, 

2. The distance Roll between the "accep to r"  oxygen 
and the hydrogen corresponding to the molecule of 
the " d o n o r "  oxygen is smaller than R~H, and 

3. The H - O . - . O  angle is smaller than ~,c. 

As cut-off distances R~)o and R~)H we selected the 
positions of  the first minima of  the radial distribution 
functions goo(r)  and goH(r). As can be seen in Fig. 1, 
the positions of  these minima do not show important 
changes, specially in the case of the goH(r) which 
defines the most critical cut-off value. Thus we used 
the same cut-off distances for the four alcohols, R~o = 
3.5 A and R~H = 2.6 A. The cut-off distances for water 
were R~)o = 3.4 A and R~m = 2.4 A. As in other studies 
[6] we have chosen ~o c = 30 ° since the number of  pairs 
of oxygens which satisfying conditions 1 and 2 form 
an angle ~ > 30 ° is almost negligible for all the simu- 
lated systems. 

One of  the advantages of  the use of the geometrical 
definition is that we can identify which H and O atoms 
participate in each H-bond. Hence, in a given config- 
uration, we can classify the hydrogen atoms into two 
groups: the H-bonded and the non-H-bonded hydro- 
gens. Moreover,  we can classify the oxygen atoms 
according to the total number of  H-bonds in which 
they participate. Finally, in the case of  molecules 
with more than one oxygen, we can classify the mole- 
cules according to the total number of H-bonds in 
which they participate. 

4. H-bond statistics 

We define f~, j~, and fn as the percentages of 
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Fig. 1. Oxygen-oxygen (top) and oxygen-hydrogen (bottom) radial 
distribution functions: , methanol; - - -,  ethanol; 
- - -, ethylene glycol; - -  - -  - - ,  glycerol. 

hydrogens (of the OH groups), oxygens and molecules 
in the system with n (n = 0,1,2,3 .. . .  ) H-bonds. The 
results for j¢~, and f~, are given in Table 2. f ,  and the 
mean number of  H-bonds per molecule nHB are sum- 
marized in Table 3. The results obtained for water are 
similar to those of  Ref. [7], calculated with a flexible 
SPC model and slightly different cut-off distances. 

The majori ty of  molecules in liquid methanol and 
ethanol have two H-bonds which indicates that their 
structure is basically constituted by linear chains of  H- 
bonded molecules [11,13] (in these systems, with one 

hydroxyl  group per molecule, f~  =f , ) .  Molecules with 
one H-bond are at the end of  the chains whereas those 
with three H-bonds should be associated with branch- 
ing. The situation is very different for ethylene glycol 
and glycerol. For these systems, the largest part of 
oxygens have also two H-bonds but the differences 
between J~2, f~l and J~3 are smaller than for methanol 
and ethanol. We observe that f~z diminishes, while f~l 
andre3 increase, as the number of  hydroxyl groups per 
molecule increases. Moreover,  oxygen atoms with 
n = 2 in ethylene glycol and glycerol molecules should 
be associated with branching. Results in Table 3 show 
that branching is very important in liquid ethylene 
glycol and glycerol. The percentage of  ethylene glycol 
molecules with two H-bonds is very low and still 
smaller in the case of  glycerol. In both liquids, f l  = 0. 
These findings show that, unlike in alcohols with one 
hydroxyl group, there are no linear H-bonded chains in 
ethylene glycol and glycerol. Despite these differences 
the mean number of  H-bonds per oxygen atoms is very 
close (--~ 1.9) for the four alcohols and nHB is propor- 
tional to the number of  OH groups per molecule. 

Results for water are very different from those for 
alcohols. It could be expected some similarity 
between the structure of  water and that of  ethylene 
glycol because in both cases the molecules have two 
H atoms which may participate in H-bonds. Although 
for both water and ethylene glycol the greater part of 
molecules have four H-bonds the percentages for 
other n values are markedly different. The percentage 
of  non H-bonded hydroxyl  hydrogens is similar for 
methanol, ethanol and ethylene glycol whereas 
for glycerol  is somewhat higher and closer to that 
for water. 

5. H-bond lifetimes 

The study of  the temporal evolution of the H-bonds 

Table 2 
Percentages of oxygens and hydrogens with n H-bonds 

System J~0 ) f~l f~z ~ f~4 ~ J~0 f~l 

Methanol 1 16.5 75.5 7 0 0 6.0 94.0 
Ethanol 1 13 81 5 0 0 5.5 94.5 
Ethylene glycol 1 18 67 13.5 0.5 0 5.5 94.5 
Glycerol 2.5 24 58 15 0.5 0 9.5 90.5 
Water 0 2 13.5 37.5 42 5 11.5 88.5 
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Table 3 
Percentages of molecules with n H-bonds and mean number of H-bonds per molecule 

System fo f, f2 f3 f4 f5 f6 f7 ./8 f9 nHB 

Methanol 1 16.5 75.5 7 0 0 0 0 0 0 1.9 
Ethanol 1 13 81 5 0 0 0 0 0 0 1.9 
Ethylene glycol 0 0 3.5 24 55.5 15 2 0 0 0 3.9 
Glycerol 0 0 0.5 2.5 12.5 30 34.5 16 3.5 0.5 5.7 
Water 0 2 13.5 37.5 42 5 0 0 0 0 3.3 

is compl ica ted  because  of  the fast in te rmolecular  

vibrat ional  mot ions  which rearrange the H-bonds  

patterns producing  the breaking and subsequent  

re format ion  o f  H-bonds  in short intervals  of  time. 

We  have calcula ted the survival  probabil i ty  or life- 

t ime of  the H-bonds  in a s imilar  way than Rapapor t  

[2] and Ma t sumoto  and Gubbins  [9]. W e  have defined 

a var iable  7/0(t) that takes the values  0 or  1 depending  

on the H-bond  state o f  a g iven  pair o f  oxygens :  

1, i f  oxygens  i a n d j  are H - b o n d e d  at 

t ime 0 and t ime t, and the bond has 

~o(t) = not been broken for any per iod longer  

than t* 

0, o therwise  

(1) 

We have calcula ted the normal ized  autocorrela t ion 

funct ion o f  "qij(t), that we call  CHB(t). It represents  

the probabi l i ty  that a g iven  H-bond  exis t ing be tween  

two molecu les  at the instant t -- 0 remains  al ive at the 

instant t, independent ly  whether  the H-bond  has been 

broken for a t ime less than t* during that t ime interval.  

I f  we assume an asymptot ic  exponent ia l  re laxat ion 

behav io r  we can calculate  the H-bond  l i fe t ime rHB 

CHB(t) ~ exp - (at long t imes)  (2) 

The  l imit ing cases t* = 0 and t* = ~ cor respond to the 

continuous H-bond  l i fe t ime (rCB) and the intermittent 
H-bond  l i fe t ime (r~B) proposed  in Ref. [21. In the 
fo rmer  case,  cCdt )  is ca lcula ted by a l lowing to 

~o(t) to make  jus t  one transit ion f rom 1 to 0 whereas  
in the latter case, C~B(t) is de te rmined  by cons ider ing  

that the value  of  ~0(t) is 1 or  0 independent ly  whether  

the H-bond  was broken be tween  0 and tl We  have also 

cons idered  an in termedia te  case (C~a(t),r~B) by 

taking a reasonable value of  t*, namely  t* = rCB. 

Thus,  the transit ion of  r/0(t) f rom 0 to 1 is restricted 
to those cases in which the H-bond  was broken during 

an interval  smal ler  than rCHB. 
The result ing CCB(t) and cRy(t) funct ions for the 

different  systems are shown in Figs. 2 and 3, respect- 

ively.  The CIHB(t) functions,  which are not shown in 

these figures, are very close to the corresponding 

cRB(t) functions.  This  suggests  that the reformat ion  

o f  H-bonds  which remain  broken during a period o f  
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Fig .  2.  H-bond lifetime autocorrelation functions for t * = 0 

(cCdt)): , methanol; - - - ,  ethanol; - - -, ethylene 
glycol; - -  - -  - - ,  glycerol; . . . .  , water. The bottom drawing 
shows the short-time behavior of the CCR(t) funcions. 
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Fig. 3. H-bond lifetime autocorrelation functions for t * = 7"cB 
(cRB(t)): , methanol; - - - ,  ethanol; - --, ethyl- 
ene glycol; - - - - - ,  glycerol; , water. The bottom 
drawing shows the short-time behavior of the C~B(t) functions. 

time longer than rCB has a very low probabili ty.  As 
expected, the decay of  C~B(t) is slower than that of  
cC~(t). The large differences between cCB(t) and 
C~n(t) suggest that the dynamical  process of  breaking 
and making H-bonds is very fast (with a characteristic 
time smaller than rc~) and highly probable. The 
decays of  the CHB(t) functions for water are markedly 
faster than those for alcohols. 

The behavior of  the CHB(t) functions at short t imes 
is very interesting. The simulated systems can be 
divided into two groups according to the initial 
decay of  CCB(t). For methanol and ethanol the initial 
decay is slower than for ethylene glycol,  glycerol and 
water. These differences may be related to the corre- 
sponding H-bonding patterns. At short times, the 
linear H-bonded chains of  methanol and ethanol are 
more stable than the three-dimensional  H-bond net- 
works of  ethylene glycol,  glycerol  and water. More- 
over, the C~B(t) functions for ethylene glycol and 

Table 4 
Lifetime of the H-bonds and molecular dipole moment reorienta- 
tional times 

System rc8 (ps) rRe (ps) r~8 (ps) 7"~, (ps) 

Methanol 1.5 16 16.5 10 a 
Ethanol 2.5 36 37 27 b 
Ethylene glycol 2.0 39 44 97 ~ 
Glycerol 3.0 110 115 450 " 
Water 0.5 2.5 3 3.2 ~ 

Ref. [19]. 
b Ref. [13]. 

Ref. [20]. 
d Ref. [21]. 

glycerol  show marked oscillations at about 0.06 ps 
(for the other systems we can also observe a very 
small increase of  cRB(t) at the same position). These 
oscillations, which are absent in CCa(t), should be 
associated with the reform of  broken H-bonds. 

The H-bond lifetimes have been obtained by fitting 
an exponential function to CHB(t) in a given time inter- 
val (see Eq. (2)), i.e. between 1 and 5 ps for alcohols 
and between 0.5 and 3 ps for water. The resulting rH~ 
values reflect the long time behavior of  the corre- 
sponding CHB(t) functions. The differences among 
rCB for the different alcohols are not significant 
whereas rRB is markedly higher than rCB in all cases 
and increases with the size of molecules, r~B is 
notoriously greater for glycerol than for the other 
alcohols which indicates the higher stability of  the 
H-bonds in this liquid, z~B is similar but slightly 
higher than rRB for all systems. The H-bond lifetimes 
for water are markedly lower than those for alcohols. 
This is consistent with the fact that water molecules 
show faster reorientation motions than alcohol 
molecules. The reorientation times of  the molecular  
dipole moments for all the analyzed systems are 
reported in Table 4. It must be noticed that both r i b  
and 7-~ increase with the size of  the alcohol molecules. 
In all cases, rcB is markedly smaller than r , .  
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