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The structure of liquid methanol at 298.15 K is investigated by performing molecular dynamics 
(MD) simulations in NVE ensemble using two 3-site force field models. The simulated 
structural results are compared with the recent neutron diffraction (ND) results obtained at  the 
partial pair distribution function (pdf) level by employing H/D substitution on the hydroxyl 
hydrogen, Ho. Overall agreement is found between the simulated and experimental total inter- 
molecular radial distribution functions (rdfs). The ability of the 3-site model simulations to 
satisfactorily reproduce experimental X-X (X =C, 0 or H- a methyl hydrogen) inter- 
molecular partial distribution function, dominated by contributions from the methyl group, de- 
monstrates that the methyl group does not participate in any bonding in the liquid. However, 
a comparison between the simulated and experimental Ho -Ho and X -Ho functions reveals 
that discrepancies still exist at a quantitative level. 

Keywords: Methanol; molecular dynamics; neutron diffraction; computer simulations 

INTRODUCTION 

Hydrogen bonding is one of the most fundamental interactions in 
determining the static and dynamic properties of methanol. In order to 
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322 L. BIANCHI el al. 

characterise the local order of this solvent, several different geometric mod- 
els [l, 21 mainly derived by model fitting of X-ray diffraction data [3 - 51, 
usually with conflicting results, have been introduced. An attractive alterna- 
tive for obtaining detailed insight of the structure of the liquid consists in 
using computer simulations in conjunction with diffraction measurements. 
Following this idea, Svishchev and Kusalik [6] investigated the orientational 
correlations in the liquid by constructing spatial distribution functions from 
the molecular dynamics (MD) simulated 0-0 and C-0 partial dis- 
tribution functions. They used a potential, devised by Haughney et al. [7], 
which could satisfactorily reproduce the X-ray structural measurements 
as well as some thermodynamic and dynamic properties of the liquid. This 
study led to the conclusion that the favored structure in the liquid is an 
open non-linear zigzag chain of methanol monomers packed spatially in 
a tetrahedral manner. It has been reported [7] that changes made to the 
potential induce only small changes in those features that are correlated 
with hydrogen bond formation. Since such features are hardly detected by 
X-rays and, contribute too little to be observed in the total neutron ra- 
dial distribution functions (rdfs), a critical evaluation of different models 
cannot be done. Thus, reproducing the total intermolecular rdf consisting 
of 21 partial pair distribution functions (pdf) in methanol is not a proof 
that a fine tuning of the model potential has been achieved, as was also 
inferred by Hawlicka et al. [S]. A critical test of potential models has to be 
done at the partial distribution function level. Recently, by using N D  iso- 
topic substitution on Ho atom, Adya et af. [9] satisfactorily extracted 
the three intermolecular partial distribution functions: gHoHo(r), GXHo(r) 
and Gxx(r). In this article, we present results of M D  simulations carried out 
on 216 methanol molecules by using the DL-POLY-2.0 M D  simulation 
package [lo]. Results obtained by using two different potential models intro- 
duced by Haughney et al. [7] are compared with those obtained from N D  
measurements on H/D substituted methanol. 

COMPUTATIONAL DETAILS 

Each methanol molecule was treated as a rigid, non-polarisable object. Six 
different MD runs were performed. Two potential models (denoted as 52 
and H1) parameterised by Haughney et af. [7] were used for the MD 
simulations. For the first 5 runs, the methanol molecule and the Lennard- 
Jones (LJ) potential consisted of 3 sites, corresponding to the oxygen (0), 
the methyl group (C) treated as a united atom and the hydrogen of the 
hydroxyl group (Ho). For the sixth run (H1 +CH3), hydrogens (H) of 
the methyl group were explicitly taken into account in the geometry of the 
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LIQUID METHANOL 323 

Lr 

dco 

molecule (see Fig. 1) and were treated as dead load without any potential 
interaction. The bond lengths doHo, dco, dCH and LCOHo and LHCH 
(listed in Tab. I) were taken from the millimeter wave studies of Lees and 
Baker [l 13. The calculated moments of inertia along the principal axes, ZA,  
ZB, Zc, of the methanol molecule, along with their experimental values [l  1, 
121 are also listed in Table I. One can see that the 3-site geometrical model 
underestimates the moments of inertia because it considers the methyl group 

I 
I 

-4 
I 

; 
I 
I 
I 

H1, H2 
LHCH 

FIGURE 1 The molecular geometry of methanol molecule, from microwave spectra by Lee 
and Baker [I I], used in the MD simulations. H3, C, 0 and Ho lie in the symmetry plane of the 
molecule whereas HI and H2 point in and out of the symmetry plane. 

TABLE I Molecular geometry and dipole moment of the methanol molecule 

Model J 2' HIC HI + CH3 
paramefer Experimental' Experimentalb (3 sites) (3 sites) (6 sites) 

dotio, 0.937 0.9451 f 0.0034 
Dco, A 1.434 1.4246 f 0.0024 

- 1.0936 f 0.0032 DCH, A 
LCOHo, 105.93 108.53 f 0.48 
LHCH," 109.5 108.63 f 0.70 
17, - 3.27 f 0.18 
I ~ ,  amu '4' 3.961 3.96277 
I ~ ,  amu . A' 20.533 20.4834 
Ic, amu . A' 21.283 21.2679 

PL, D 
-0.885 - 

1.44 
1.69 - 

D 
- 

P, D" 
LJ i ,  OHo 50.6 - 

'Ref. [IZ]; bRef. [ I t ] ;  "Ref. [7]. 

0.9451 
1.4246 
1.0936 

108.53 

- 

0.7368 
16.7356 
17.4725 

- 

2.22 
50.9 

0.9451 
1.4246 
1.0936 

108.53 

- 

0.7368 
16.7356 
17.4725 

- 

2.33 
55.8 

0.9451 
1.4246 
1.0936 

108.53 
108.63 

3.27 
3.9178 

20.4780 
21.2147 

- 
- 

2.33 
55.8 
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324 L. BIANCHI et al. 

as a united carbon atom. For the 6-site geometrical model, however, good 
agreement with experimental values is found. 

Runs 1 and 2 were performed with 52 whereas all others were performed 
with H1. For all the runs, the used partial Coulombic charges coincided 
with the LJ sites so that the intermolecular potential was given by a sum 
of LJ and Coulombic terms 

where E~ and aii are the Lennard - Jones (LJ) parameters between sites i and 
j of distinct molecules, qi is the partial charge on site i and, rg is the site- site 
separation. Table I1 summarises the force field parameters used in the MD 
simulations. Cross interactions were obtained from the Lorentz - Berthelot 
[ 131 rules E~ = 

The electrostatic interactions in the 52 and H1 models being similar, they 
give similar values for the dipole moments of 2.2 D and 2.3 D, respectively. 
These values are larger than the gas phase experimental value of 1.69 D (see 
Tab. I). This enhancement in the dipole moment was intentionally made [7] 
to take approximate account of induction forces in methanol. A shifted 
force (SF) potential was employed for run 1 to avoid truncation errors [13]. 
A reaction field (RF) model [14] was applied to runs 2-4 and, Ewald 
summation (EW) was used for runs 5 and 6. The M D  simulations were 
performed at 298.15 K in the NVE ensemble with 216 methanol molecules 
placed in a cubic box of edge length 24.45 A in order to match experimen- 
tal density [15], 0.78637 g/cm3. A cut-off radius equal to half the box length 
was applied to all the interactions and, periodic boundary conditions were 
applied. In all the MD runs, the time step used was 0 .002~s .  The details of 
the MD algorithms employed for the various runs are given in Table 111. 

and mu= (uii+ o,J2. 

TABLE I1 Force field parameters for the methanol molecule 

Parameter J 2  

CHOH? A 0.0 0.0 0.0 
UOOI 4 3.071 3.083 3.083 
DCCI A 3.775 3.861 3.861 
~ H H ,  A 0.0 
EHOHO, kJ/mol 0.0 0.0 0.0 
E O ~ ,  kJ/mol 0.71130 0.73117 0.73117 
E ~ ~ .  kJ/mol 0.8661 1 0.75786 0.75786 
EHH,  kJ/mol 0.0 
4Hde) + 0.435 + 0.43 1 + 0.431 

+ 0.265 + 0.297 + 0.297 9c (e) 
4H(e) 

- - 

- - 

qo(e) - 0.700 - 0.728 - 0.728 

- - 0.0 
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TABLE 111 
are compared with the experimental data 

Details of the MD runs for liquid methanol at 298.15K. Values of simulated configurational (potential) energy, pressure and diffusion coefficient 

Force-field model 

Long-range (Coulomb) 
interactions treatment 
Algorithm 
Equilibration time, ps 
Sampling time, ps 

-(U), kJ/mol 
(P), kbar 
D x 109,m2/sb 

(T), K 

Run 1 

J2 

SF 

Vlf + SHAKE 
94 
40 

287.5 f 8.7 
35.9 f 0.2 
0.14f0.37 

1.31 (1.04) 

Run 2 

52 

RF 

Vlf f SHAKE 
110 
50 

289.5 f 8.8 
36.4 f 0.2 
0.19 f 0.38 

1.38 (1.29) 

Run 3 Run 4 Run 5 Run 6 Experiment 

HI 

RF 

Vlf + SHAKE 
100 
100 

295.8 f 8.7 
35.3 f0.3 
0.74 f 0.39 

1.13 (0.91) 

H1 

RF 

FIQA, rigid body 
150 
50 

298.8 f 9.6 
35.1 f 0.2 
0.77 f 0.39 

1.15 (1.08) 

HI 

EW 

Vlf + SHAKE 
60 
100 

292.7 f 9.0 
35.5 f 0.2 
0.77 f 0.36 

1.24 (1.30) 

H1 +CH, 
(6 sites) 

EW 

FIQA, rigid body 
70 
40 

301.1 f9.2 
35.3 0.2 
0.85 f 0.39 

2.01 (1.92) 

- 

34.95= 

2.42 f 0.05 

- 

a Experimental potential energy was calculated from the experimental enthalpy of vaporization (AHvap), AH,., was taken from [IS]; bFirst values were obtained from the center of 
mass (c.0.m) velocity auto-correlation function (VACF), values in brackets were obtained using the c.0.m mean square displacement (MSD); “from [16]; Vlf stand for Verlet leap-frog 
algorithm [IT; SHAKE for the algorithm used to constrain the methanol geometry [18]; EW for Ewald summation; SF for shifted force potential; RF for reaction field model; FIQA 
stands for Fincham’s Implicit Quaternion algorithm [19]. 
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326 L. BIANCHI et al. 

VALIDATION OF THE SIMULATED RESULTS 

The computed configurational energy, U ,  shows good agreement (see Tab. 
111) with its experimental counterpart [ 151 evaluated from the enthalpy of 
vaporisation, AvapHexp by Uexp=AvapHeXP - PV= A "aP Hexp - RT. This re- 
lation is based on the assumption that intramolecular energy is the same in 
both the liquid and the gas phase, and that the gas obeys the ideal gas law. 
The translational diffusion coefficient of the center-of-mass of the methanol 
molecules was calculated from the mean square displacement (MSD) via the 
Einstein relation [ 131 and also according to the Green - Kubo relation [ 131 

n 
8 0.2 0.4 0.6 0.8 1 .o 
a 6 1.3- 

time (ps) 

Run 3 and 4 

0.8 - 
Run 1 and 2 

0.3 - 
Run 5 and 6 

- 1  -.- I 

0.0 0.2 0.4 0.6 0.8 1 .o 1.2 1.4 

time (ps) 

FIGURE 2 Normalised center-of-mass (c.0.m) velocity auto correlation functions Cvv(t), 
obtained for the six MD runs (bottom: runs 5 (-) and 6 (0);  middle: runs 1 (m) and 2 (-) displaced 
by 0.5; top: runs 3(-) and 4(0) displaced by 1). Inset shows runs 1 (o),  4(-) and 6(A) su- 
perimposed on an enlarged scale. 
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LIQUID METHANOL 321 

by integrating the velocity autocorrelation function (VACF ), e,,(t). The 
normalised VACF, C,,(t) defined as, 

and the MSD are shown in Figures 2 and 3, respectively. The calculated 
diffusion coefficients are listed in Table 111 together with experimental data. 
One can see that runs 1-5 fail to reproduce the diffusion coefficient. This 
effect is clearly seen in the smaller slopes in the MSD curves of runs 1 - 5 
as compared to that of run 6 (see Fig. 3). This can be attributed to  the fact 
that the calculated moments of inertia in runs 1-5 are not in agreement 
with the experimental values [l 1,121. Also, the main difference in the 
VACFs (see Fig. 2) lies in a feature at 0.24 ps which is a clearly defined peak 
in runs 1 - 5, but becomes a shoulder in run 6 .  All the runs however, in 
agreement with previous dynamical studies [7,20-221, show the typical cage 
effect (observed after 0.2 ps) coming from a close packing of the molecules, 
In general, the diffusion coefficients estimated from the MSD are in rea- 
sonable agreement with those determined from the VACF. Agreement 

0 2 4 6 0 10 12 14 16 

time (ps) 

FIGURE 3 Center-of-mass (c.0.m) mean square displacements (MSD) obtained for the six 
MD runs (run 1: solid line, run 2: 0,  run 3: dashed line, run 4: dash-dot-dot, run 5: o and run 6: 
dash and dots). 
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328 L. BIANCHI et al. 

between the calculated diffusion coefficients for run 6 using both methods 
of calculation and experiment [16] is also satisfactory (see Tab. 111). 

The pdfs, gaP(r) were computed for all the runs from the equilibrated con- 
figurations. It may be recalled that since in run 6, the 3 methyl hydrogens 
are treated as dead load, it yields 21 pdfs while all other runs yield 6pdfs. 
In addition, since run 6 also reproduced both thermodynamic and dynamic 
properties rather well, most of the discussion in the next section will be 
focused on the pdfs (shown in Figs. 4 and 8(b)) obtained from this run. 
However, it will be instructive to compare results from other runs, where 
possible. 

6 

5 

4 

3 
h 

3 
32 

1 

0 

-1 

-2 
2 4 6 8 

r (Angstrom) 

FIGURE 4 The simulated intermolecular partial pair distribution functions, g&r) obtained 
from run 6: the 0-other atom pdfs in the top box displaced by + 3; the Ho-other atom pdfs in 
the middle box, and C-other atom pdfs in the bottom box displaced by -2. The H-H pdfs are 
included in Figure 8(b). 
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LIQUID METHANOL 329 

RESULTS AND DISCUSSION 

The results of current simulations are compared with earlier X-ray dif- 
fraction [3 - 5, 23, 241 and MD simulation [6, 22, 25 - 301 studies in Tables 
IV and V. Although the results differ at a quantitative level, the agreement 
seems to be satisfactory. For instance, while the run 6 simulation shows the 
main peak position of 0-C pdf at 3.6& the X-ray studies [24] report it 
at 3.8 A. The height, co-ordination number and position of the simulated 
0-C pdf are in reasonable agreement with other computer simulations 

TABLE IV Characteristics of the C-C and C-0  partial pdfs in liquid methanol obtained 
with H1+ CH3 model for the MD run 6 as compared to available experimental data and com- 
puter simulation studies 

Pdf rMl(exp.)/A r M I / A  g(kf1) 4 4  Wb 
c-0 3.8a 3.6h 2.01h 

3.62b 1.94b 6.1(4$ 5.22(4.53) 
3.62g - 5.1 (4.5)g 5.22(4.53) 
3.64" 4.0(4.2)' 4.1(4.23) - 

- - 3.6d - 

c-c 3.8, 4.4a.f 4.18h 2.07h 
4.108 - 12.0(5.88) 12.3(5.88) 
4.1Sb - 12.8(6.0)b 12.7(5.99) 
4.1d - - 
4.1' - 

- 
- - 

'Ref. [?I; bRef. [22]; 'Ref. [25]; dRef. [26]; 'Ref. [27]; 'broad peak consisting of one peak at 3.8 A and another 
at 4.4A; gRef. [28]; hthis work (run 6);  MI is the position of 1st maximum; g ( r M 1 ) .  the height of first maxi- 
mum and; n(r), the co-ordination number calculated up to r in A (value in brackets). 

TABLE V Characteristics of the 0-0 partial pdf in liquid methanol obtained with 
H1 +CH, model for the MD run 6 as compared to available experimental data and other com- 
puter simulation studies 

r M l ( e ~ ~ . ) / A  n(r)(exp.) m / A  r m / A  &Md n(r) n(rY 
2.76-2.80a - 2.79' 4.87' 3.38' 

2.66b - 2.8e - - 

(cryst) 

2.7d 4.9d - 2.0(3.4-3.5) 2.0(3.43) 
- - 

- 1.9f3.46) 2.0(3.43) 2.88m 4.78 
2.75' 4.7f - 2.0 2.05 
2.8S8 4.98 3.2S8 2.0(3.41)8 2.0(3.43) 
2.75h 4.7h - 2.0(3.4p 2.0(3.43) 
2.81' - - - - 

2.798' 1.8(3.2Sk) 1.87(3.23) 

Ref. 141; bRef. [31]; 'Ref. [5]; dRef. [27]; 'Ref. [6]; 'Ref. [29]; 8Ref. [22]; hRef. [30]; 'Ref. [26]; 'at the minimum 
of the first peak; kdistance assumed; 'this work (run 6); "'Ref. [28]; r M i  is the position of iih.maximum; 
g(rMi)=height of first maximum and; n(r), the co-ordination number calculated up to r in A (value in 
brackets). 
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330 L. BIANCHI et al. 

(Tab. IV). The simulated 0-0 pdf shows a main peak at 2.79 A with a co- 
ordination number of 1.87, which again agrees with the X-ray work of 
Narten et al. [5]  (see Tab. V). The simulated C-C pair exhibits a broad 
peak at 4.18 A (see Fig. 4). It has been suggested [24] that two distinct C-C 
contributions occur at ~ 3 . 8 A  and -4.4A which may lead to such 
broadening. The simulated results for the C-C pair (see Tab. IV) are 
again consistent with experimental and other computer simulation studies. 
It is not surprising that the earlier simulations reproduced the X-ray 
structure rather well since firstly, no other structural measurements 
capable of discriminating between different models were available at that 
time and secondly, the models were parameterised to obtain a better 
agreement with the liquid structure obtained from X-ray studies. Only 
two MD studies [7, 81 compared the simulated structures with ND mea- 
surements [ 3 2 , 3 3 ]  only at the total rdf level. It needs to be stressed that 
such a comparison at the total rdf level cannot provide useful information. 
In the following, we compare the simulated structure with the new ND 
results, both, at the total and the partial distribution function level. 

Total Radial Distribution Functions (rdfs) 

ND measurements performed on CD30D, CD30H and CD30(H/D), dis- 
cussed in detail elsewhere [9], yielded the total rdfs containing both intra 
and inter molecular contributions. The intramolecular contribution for each 
sample was removed [9] by using exactly the same geometrical model for 
the methanol molecule, as is used in the current MD simulations. The 
three rdfs can be written as: 

where the superscript i refers to the sample i. For CD30D, CD30H and 
CD30(H/D), i=  1, 2, 3 ,  respectively. The simulated pdfs, g&r) from run 6 
were combined in the ratio of their neutron weights, 'Wap (listed in Ref. [9]) 
in order to reconstruct the total intermolecular rdfs for the three samples. 
The three MD distribution functions plotted in Figure 5 show a good 
agreement with their neutron counterparts. It can be seen that even the 
negative peak for CD30H at N 1.7A seen in the ND results is predicted 
by the MD simulation. The oscillations, occurring at larger distances are 
also mimicked in phase with the ND results, although these are somewhat 
damped. However, since the total rdfs consist of several different contri- 
butions, a comparison at the total rdf level can reveal nothing further. 
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2.5 

2.0 

1.5 
h 

3 
c3 

1 .o 

0.5 

0.0 
2 4 6 8 10 

r (Angstrom) 

FIGURE 5 The total intermolecular radial distribution functions for CD30D, CD30H, 
CD30(H/D) obtained from MD run 6 (lines) and ND experiments (circles). 

Partial Distribution Functions 

The HID substitution on hydroxyl hydrogen (Ho) has been used [9] to 
extract the three partial distribution functions, g H o H o ( r ) ,  GxHo(r) and 
Gxx(r).  The simulated pdfs were combined in the ratio of their neutron 
weights to construct their MD equivalents. These results are discussed 
below. 

Ho-Ho Partial 

The simulated Ho-Ho pdfs obtained from all the 6 runs are compared 
with the neutron results in Figure 6 .  All six MD runs show impressive agree- 
ment with each other although it is worth noting that runs I - 5 failed to re- 
produce the experimental translational diffusion coefficient. No structural 
differences can be seen between the results obtained by using 52 and H1 
models. Moreover, various algorithms and techniques applied within the 
same force field (runs 1-2 for 52 or 3 - 6  for H1, in Tab. 111), do not pro- 
duce any change in the Ho-Ho pdf. Since methanol is considered to be 
a strongly associated liquid due to its polarity, we expected that the 
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332 L. BIANCHI et al. 

2 3 4 5 6 

3 

5 2  

bq 
1 

0 

4 

3 

1 

0 

2 3 4 5 6 

r (Angstrom) 

FIGURE 6 (a) Ho-Ho partial pair distribution function obtained from the six MD runs 
(lines and points) as compared to the one obtained from ND H/D-substitution experiments 
(line). (b) The running co-ordination number of Ho-Ho pair, n " , , ~ ~ ,  obtained from the ND 
data (solid line) and the six MD runs (line and points). 

Ho-Ho pdf obtained by using different techniques to handle long-range 
interactions would at least differ. However, we do not see any significant 
difference in the size, shape or peak positions in the Ho -Ho pdfs. Although 
MD and ND results are fairly in agreement (Fig. 6(a)) with each other, discre- 
pancies still exist at a quantitative level. For instance, (i) the main peak 
maxima are shifted - 0.13 A toward high r ,  (ii) the M D  peaks are bigger 
and more symmetric, (iii) the height at the first minimum is lower and, (iv) 
there are fewer correlations at shorter distances in MD simulations as com- 
pared to the neutron results. This comparison reveals that the MD simula- 
tion does not allow closer approach of the two hydroxyl hydrogens and, 
suggests less mobility between the first and next-nearest neighbours. 
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The running co-ordination numbers, nHoHo for ND and MD Ho-Ho 
pdf, displayed in Figure 6(b), confirm these findings. Table VI compares 
the peak position and co-ordination number obtained from current simula- 
tions of run 6 with other simulations and experimental studies. It can be seen 
that the co-ordination numbers obtained from our MD simulation compare 
well with those obtained from others. Nevertheless, all the simulations 
underestimate this value in comparison to ND results. Also, there are dis- 
crepancies between the peak positions of the Ho-Ho pdf obtained not 
only from various simulations but also with the experiment. 

X-Ho Partial 

The G&;(r) (X=C, H and 0) distribution function obtained from simu- 
lated partials for run 6, added in the ratio of their neutron weights, is com- 
pared in Figure 7 with its neutron equivalent function [9]. Comparison of 
ND with MD results in the low r-range (up to -2.5A), which is domi- 
nated by the 0-Ho contribution (see Fig. 4), shows that the agreement 
is only qualitative. The MD 0-Ho peak is much higher and shifted to 
high r in comparison to the experimental peak. These differences can also 
be seen in Figure 7 inset, where the intra + intermolecular rdf from ND 
and MD are compared. The peak at N 1.9 A is clearly overemphasized in 
MD as compared to the experimental one and, the shoulder at 1.7A is 
also not reproduced. Figure 7 also shows that MD run 6 reproduces 
qualitatively the shape of the experimental curve beyond N 2.8 A. For 
instance, although the MD reproduces the shape of the first peak at N 3.5 A 
along with the shoulder on its right, the peak is higher and shifted slightly 
to high r .  It is also seen that the MD run 6 simulation mimics (see Fig. 7), 

TABLEVI Characteristics of the Ho-Ho pdf in liquid methanol obtained with the 
H1 +CH3 model for the MD run 6 as compared to available experimental data and other com- 
puter simulation studies 

r . d e x ~ . ) / A  g ( r .dexp . )  rML/A g(rM1) n(r) n(rlh nND(r)E 

2.49h 2.79h 
2.4" 

2.36" 

- - 2.45d - - 

2.45= 2.3(3.31)e 2.26(3.28) 2.74(3.31) 
2.46 2.35-2.40' 2.1 -2.2c3.25)' 2.26(3.28) 2.69c3.28) 

2SOb 2.3(3.38)b ' 2.32(3.38) 2.8(3.38)' 
2.268 2.4(2.89)8 1.94(2.88) 2.2(2.88) 

a Ref. [33]; bRef. [28]; 'Ref. [9]; dRef. [29]; 'Ref. [22]; 'Ref. [30]; sRef. [26]; hthis work (run 6); rMI is the 
positione of 1st maximum; g(rMI) = height of first maximum and; n(r), the coordination number calculated up 
to r in A (value in brackets). 
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FIGURE 7 Intermolecular X-Ho partial distribution function obtained from MD run 6 
(circles) and ND experiments (solid line). The intra- + intermolecular X-Ho function is 
compared in the inset, circles: from run 6 MD and lines: from the use of ND H/D-substitution 
experiments. 

rather well, the peak at N 5 A, the shape of the experimental curve and the 
dropping tail at the low r-end. 

X-X Partial 

The non-substituted atom-non-substituted atom (X-X) distribution 
function is a weighted sum of six pdfs, gxl x2(r): 

G?F(r) = Wx,x2 gx,x2 ( r ) ,  where XI , X2 = C, 0, H. (4) 
XIZHO XlfHo 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
5
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



LIQUID METHANOL 335 

The Gxx(r) constructed from the MD simulation of run 6 is compared with 
the ND results in Figure 8(a) and, reasonable overall agreement is found. 
Since H-H, C-H, and H-0 correlations contribute - 8 5 %  to the 
X-X partial, the Gxx(r) is dominated by contributions from the methyl 
group. A look at the pdfs (Figs. 4 and 8(b)) reveals that the contribution to 
Gxx(r) below - 2 A arises mainly from the H-H correlations. It would 
thus appear that in the H1+ CH3 model, the absence of any hard core 
potential on the methyl hydrogens leads to a closer approach of these atoms 

1 *1 

0.8 

2 
0 0.5 

0.2 

1.2 

0.8 

8 0.4 

X 
x 

0.0 

-0.4 
(b) 

2 4 6 8 10 
r (Angstrom) 

FIGURE 8 (a) X-X partial distribution function obtained from MD run 6 (solid line) as 
compared to the one obtained from ND experiments (circles). (b) The H-H pdfs obtained 
from MD run 6 (bottom: H3 -H3; middle: H1 -HI (circles), HI  -Hz (solid line), HI -H3 
(squares); top: H2-Hz (solid line), H2-Hs (circles)). 
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relative to that observed experimentally (see Fig. 8(a)). Figure 8(a) also re- 
veals that the amplitude of MD oscillations is slightly larger than the ND 
ones, suggesting that the simulated liquid is more structured. However, both 
the simulated and experimental partials have the same period of oscillation 
as that observed already in the total intermolecular rdfs shown in Figure 
5 .  This proves firstly, that the total rdf is dominated predominantly by the 
methyl group contributions. Secondly, since no potential is imposed on the 
methyl hydrogens in the H1 + CH3 model, the agreement between the simu- 
lated and experimental partials demonstrates, as suggested before [3, 341, 
that the methyl groups do not participate in any intermolecular bonding. 

CONCLUSIONS 

Two different 3-site potential models were used to perform six different 
molecular dynamics simulation runs that differed in the techniques employed 
for integrating the equations of motion and for treatment of the long range 
interactions. While the first five of them considered the methyl group to be 
a united carbon atom, the sixth treating the methyl hydrogens explicitly as 
dead load reproduced the diffusion coefficient and the total intermolecular 
radial distribution functions obtained from neutron diffraction (ND) experi- 
ments. A comparison of the simulated Gxx(r), G ~ H ~ ( T )  and gHoHo(r) par- 
tials (where Ho is the hydroxyl hydrogen and X, any other atom) with the 
corresponding ND results shows that the methyl hydrogens do not parti- 
cipate in any intermolecular bonding. The carbon atom treated as a united 
interaction site is found to be a good approximation for predicting the 
correlation involving all atoms other than the hydroxyl hydrogen. The simu- 
lated liquid is more structured and discrepancies between MD and ND 
exist at a quantitative level in all the partial distribution functions. It is 
evident that although the models considered in this work give a qualitative 
picture of the structure of liquid methanol, these models, which have been 
used widely in the past, are inappropriate and warranty further refinement 
to achieve quantitative agreement with experimental results. 
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