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Hydrogen-bonded cluster analysis of liquid D-methanol data at room and
elevated temperatures was carried out and nature of molecular association
was extracted. The analysis, based on a choice of suitable centre structure
corresponding to an effective pair potential, hardsphere plus a square-well
ledge, determines if the H-bonded clusters are broken with the rise in
temperature. It is shown that clusters present at room temperature are
more or less preserved at elevated temperatures. At low Q (Q being the
scattering vector), Ornstein–Zernike behaviour is produced extremely well.
The analysis enables the extraction of atom–atom distribution functions,
such as gOO(r), gOD(r) and gDD(r), the variation of which with temperature
confirm the same observation.

Keywords: neutron-diffraction; molecular conformation; molecular
association

1. Introduction

This study on the effect of temperature on the molecular and liquid structures of
D-methanol is a continuation of our earlier work [1]. It is a fact that unlike solid and
gaseous phases, the hydrogen (H)-bonded liquid structure in this system is still open
for discussion [2,3], in particular the effect of temperature on the molecular
association/cluster is still not uniquely known. The relevant data in superheated
liquids are scarcely available in the literature. The temperature effects on liquid
methanol, liquid 2-propanol, etc. were studied by various groups [4] but at
temperatures below room temperature (RT) and not at boiling point (BP) and
superheated state as in this case. More recently, however, supercritical methanol has
been studied using Raman spectra and NMR measurements [5], which indicate
decrease in hydrogen-bonding with the rise in temperature. The structure of
subcritical and supercritical methanol has also been recently studied by neutron
diffraction and analysed by empirical potential structure refinement (EPSR) and
spherical harmonic methods [6]. The results show that though H-bonded structures
are present, these are mostly linear chain clusters of 3–5 molecules in sharp contrast
with ambient methanol structure. This result is also very different from earlier
known closed chain tetramer structure found in gaseous phase of methanol [7].
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The presence of a pre-peak or hump in diffraction data at about Q� 0.7–0.8 Å�1

(Q being the scattering vector) before the main diffraction peak implies that
H-bonded chain association or cluster exists in liquid state [4,8,9]. It is evident that
the molecular association affects the thermodynamic and transport properties. It was
earlier shown from this laboratory through a detailed analysis of X-ray data [10] that
hexamer ring clusters (HRC) are dominantly present in liquid state at RT. It is
therefore interesting to see if such liquid structure is also supported by our
indigenous neutron data at RT and also to see to what extent this molecular
association survives at elevated temperature and pressure. To our knowledge, no
similar analysis on superheated liquid methanol exists in the literature.

2. Source of data

The neutron scattering experiment was carried out at RT (20�C), BP (65�C) and
2BP (130�C) on liquid D-methanol sample at Hi-Q diffractometer, Dhruva, BARC
(India) in collaboration with BARC colleagues using an indigenously constructed
special quartz temperature cell [1]. Hi-Q diffractometer, intended for structural
studies of amorphous solids, liquids and high pressure structural phase transitions,
is a multi-position sensitive detector (PSD) based instrument located at beam port
HS-1019 of Dhruva (100MW with neutron flux 1.8� 1014 neutrons cm�2s�1). A
monochromator (usually a large single crystal) housed inside a cylindrical shield
(monochromator drum) receives the polychromatic beam from the reactor and
produces a monochromatic neutron beam using copper monochromator giving out
neutrons with wavelengths depending on chosen crystal planes. The total angular
range is up to 2�¼ 140� in the scattering plane. The incident neutron energy is of the
order of thermal energy. An oscillatory radial collimator (ORC) designed and
installed between the sample and the detector shield helps in reducing the general
background by 50% and also stops contributions coming from sample environment,
namely furnace, etc. Five PSDs each 1m long are housed in the detector shield. The
PSDs are the ideal choice for these diffractometers as they are capable of collecting
data for a large angular range simultaneously. The instrument parameters are listed
in Table 1. The electronics for the positional coding of the PSD data by charge

Table 1. Instrument parameters.

Beam port HS-1019

Monochromator
Cu(220) �¼ 783 Å
Cu(111) �¼ 1.278 Å
Take–off angle 35.7�

Scattering angle 352�5140�

Beam size at sample 4 cm� 1.5 cm
Neutron flux at sample position 2� 106 (�¼ 1.278 Å)

3� 105 (�¼ 0.783 Å)
Detector (He3) 5 overlapping 1-d PSDs

each of 1m length
Q-range 0.3–15 Å�1, maxm�24 Å�1

DQ/Q �2.0–2.5%
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divisional method using digital electronics has been developed in the Electronics

Division of BARC and the data collection is controlled by a PC. The data reduction

and correction programmes have been incorporated to get the structure factor data

on an absolute scale. The reduction programmes take care of the fact that the PSDs

are linear and appropriate corrections are applied to the data. The correction

programmes take care of the corrections due to background, absorption, multiple

scattering, inelasticity effects and normalisation – all programmes follow the

prescription given by Egelstaff [11]. The average neutron counts after scattering from

the sample (in this case) were 10–15� 103 (arb.units) at various angular points and

evidently the data statistics was quite good (statistical accuracy for structure function

is smaller than 1%). In all cases calibration was done using a vanadium rod.
The deuterated liquid sample was 99.8% pure and available from Aldrich Ltd,

USA. The liquid was confined in the quartz cell properly evacuated in nitrogen

atmosphere and sealed, after filling. This arrangement kept the liquid at elevated

temperature under pressure and was used in the scattering experiment. It is also to be

noted that cell contribution is not more than a small fraction of the sample

contribution for all scattering angles. The details about the cell are available in [1].

For elevated temperature measurements, quartz cell has been in use for D2O (e.g.

[12]). Since liquid methanol has low flash point it cannot be heated directly in air

contact and so the need for an evacuated cell. Vanadium is not suitable for the

purpose. Ti–Zr null alloy cell could however be used for the purpose. The suitable

Ti–Zr cell was not available to us (difficulty of evacuation and proper sealing). The

Ti–Zr cell used for high temperature and high pressure measurements is usually a

bulky container to withstand high pressure and most scattering comes from the

pressure cell and as a result very high flux reactor beam is required. Even the Ti–Zr

null alloy cell might show problems at high pressure with D-methanol [13]. It is

however to be noted here that the RT data obtained using vanadium and also using

quartz cell agreed very well including pre-peak and other features.
The corrected cross-section data for two wavelengths were suitably clubbed

together. The clubbed data were extrapolated in the region 0�Q� 0.3 Å�1 and were

normalised (on high-Q data as well) such that the graphical extrapolation to Q! 0

yields correct isothermal compressibility of methanol. The cross-section data for

three temperatures are shown in Figure 1. There is a pre-peak at all the three

temperatures at Q� 0.7–0.8 Å�1 similar to what is shown in X-ray data (8) and at

low Q, a little bit of the Ornstein–Zernike (O–Z) behaviour is exhibited [14] (critical

temperature of normal methanol, 239�C).

3. Analysis

The corrected data were then separated into ‘self’ and ‘interference’ terms

d�

d�

���
expt:
¼

d�

d�

���
self
þ

d�

d�

���
int:
: ð1Þ

At high-Q, the experimental cross-section data have a ‘fall-off’ feature. This is due to

interaction of incident neutrons with vibrating scattering sites (deuterium atoms in

particular) [15]. This inelasticity effect modifies the self-scattering term. For alcohols,
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this modification can be represented by a term involving two inelasticity parameters

[15]. Thus for D-methanol we have

d�

d�

���
self
¼ b2C þ b2O þ 4b2D þ 4

�iD
4�

� �� �
ð1� aQ2 þ bQ4Þ, ð2Þ

where �iD is the incoherent scattering cross-section for deuterium and a, b are the two

inelasticity parameters. bC, bO, bD are the coherent scattering lengths of C, O, D

atoms, respectively. The inelasticity parameters a and b estimated by �2-fitting
between the self-scattering term and the experimental data at high-Q values (starting

from Q� 5.5 to 6.0 Å�1) are listed in Table 2. Subtracting ‘self’ term from d�
d� expt:

�� we

obtain d�
d� intj , which contains both intra- and inter-molecular contributions. The total

structure function, H(Q) is defined as:

HðQÞ ¼
d�

d�

���
int

� X
�

b�

 !2

:

H(Q) obtained in this way is depicted in Figure 2(b) for all three temperatures. H(Q)

is separable into intra- and inter-molecular terms given by:

HðQÞ ¼ HmðQÞ þHdðQÞ, ð3Þ

where

HmðQÞ ¼
d�

d�

���intra
int

� X
�

b�

 !2

and HdðQÞ ¼
d�

d�

���inter
int

� X
�

b�

 !2

:

Hm(Q) depends on the molecular conformation while Hd(Q) defines inter-molecular

or liquid structure. In explicit form, Hm(Q) is given by:

HmðQÞ ¼
X
�

X
�6¼�

b�b�j0ðQr��Þ expð�	��Q
2Þ

. X
�

b�

 !2

, ð4Þ
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Figure 1. Normalised cross-section of liquid D-methanol, d�/d� vs. Q.
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where r�� is the mean distance between the atoms � and � and 2	�� is the mean

square variation in the distance r��. We have 	�� ¼
1
2 �

2
0r��, where �0 is taken to be a

constant for all pairs (similar to Prins relation [16]. For Debye–Waller terms, same

procedure was followed by several other workers [17,18]. � and � sum independently

over six atomic sites within the methanol molecule. j0(x)¼ sin x/x is the zeroth order

spherical Bessel function. Hd(Q), often called ‘distinct’ structure function, can be

written in terms of partial structure functions, H��(Q) as

HdðQÞ ¼
X
�

b�

 !�2X
�

X
�

ð2� 
��Þb�b�H��ðQÞ ð5Þ

Table 2. Inelasticity and intra-molecular parameters of liquid CD3OD molecule.

RT 65�C 130�C

a (Å2) 5.556� 10�3 5.734� 10�3 5.926� 10�3

b (Å4) 1.088� 10�5 1.171� 10�5 1.338� 10�5

rCO (Å) 1.460� 0.006 1.473� 0.006 1.512� 0.006
1.4246a

1.42� 0.004b

1.495c

1.435� 0.005d

rCD (Å) 1.136� 0.004 1.156� 0.004 1.175� 0.004
1.0936a

1.070� 0.005b

1.09c

1.085� 0.005d

rOD (Å) 1.048� 0.010 1.006� 0.010 1.055� 0.01
0.9451a

1.03� 0.011b

1.031c

0.990� 0.010d

� (Tilt) 2.6� 1.0 1.76� 1.0 3.74� 1.0
3.27a

3.16b

0� 3.0d

ffCOD 103.6� 1.1 106.36� 1.1 98.46� 1.1
108.54a

103.4� 1.2b

89.2c

112.0� 3.0d

� (Twist) 36.2� 2.3 35.88� 2.3 37.82� 2.3
15.0� 3.0, freed

�0, constant for
Debye–Waller terms

0.001613� 0.0003 0.002484� 0.0003 0.001412� 0.0003

�2, agreement factor 0.845� 10�5 0.385� 10�5 0.292� 10�5

Notes: aRef. [20]; bRef. [15]; cRef. [4]; dRef. [17].
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The inverse Fourier transform (IFT) of Hd(Q) gives r-weighted inter-molecular

correlation function d(r) and the radial distribution function (RDF) Gd(r) given by

dðrÞ ¼
2

4�

Z Qmax

0

QHdðQÞWðQÞ sinðQrÞdQ ð6aÞ

GdðrÞ ¼ 1þ dðrÞ=��r ð6bÞ

where W(Q) is a modification or window function which takes care of the truncation

effect of limited Q-range (Qmax) available in the experiment [15] and � is the liquid

density.
Gd(r) is related to atom–atom pair distribution functions, g��(r) given by

Gd ðrÞ ¼
X
�

b�

 !�2X
�

X
�

b�b�g��ðrÞ ð6cÞ

g��ðrÞ ¼ 1þ
1

2�2�r

Z Qmax

0

QH��ðQÞWðQÞ sinðQrÞdQ ð6dÞ

(a)
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Q
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Figure 2. (a) Schematic CD3OD molecule; (b) total structure function, H(Q) vs. Q at RT,
65�C and 130�C, (c) QHm(Q) and QHc

m (Q) vs. Q at RT, 65�C and 130�C: QHm(Q)(. . .), QHc
m

(Q)(—).
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3.1. Molecular conformation

A modified method of analysis for the molecular structure was carried out as in [1]
for all three temperatures. In hydrogen-bonded liquids, effects of inter-molecular
hydrogen-bonding persist at high-Q [8]. So Hd(Q) continues to show oscillatory

behaviour, positive and negative over Hm(Q). Hd(Q), however, tends to vanish
gradually and so H(Q) almost equals to Hm(Q) at large Q. This indicates that for Q

greater than some Qmin, the value of total structure function comes primarily from
intra-molecular part. The molecular structure is characterised by bond lengths rCO,
rCD, rOD, hydroxyl angle ffCOD, tilt angle � (tilt of CO from methyl group

symmetrical axis ZZ
0

, see Figure 2(a)) and the methyl group rotation angle ’ while
methyl backbone is assumed to have tetrahedral symmetry. The Debye–Waller terms

can be obtained in terms of constant �0. The intra-parameters together with Debye–
Waller terms determine Hm(Q). Assuming the scheme of the molecule shown in
Figure 2(a), we can find the atom–atom distances and calculating Hm(Q) we can fit

QHm(Q) to QH(Q) for4Qmin by a �2–fitting method. For this fit, we use an initial
set of intra-parameters obtained from X-ray data analysis [8] and electron diffraction

analysis of gas phase [18]. Subtracting Hm(Q) from H(Q) we obtain a first estimate of
Hd(Q). Gd(r) is obtained from Hd(Q) using Equations (6a) and (6b). The window
function, W(Q)¼ j0(Q/Qmax) [15] was used in the IFT. Further, we choose Qmax such

that Gd(r¼ 0) is almost zero and it is assumed that the contribution of the integral in
(6a) beyond Q¼Qmax is almost zero. Again, Gd(r) is expected to be zero in the range

0� r� r0 where r0 is about 1.5 Å, as, in the core region of the molecule, there is little
inter-molecular interaction. Setting Gd(r)¼ 0 for this region, Fourier transform (FT)
of the resulting Gd(r) would yield a new QHd(Q). Subtracting this QHd(Q) from

QH(Q) we obtain the corrected QHm(Q), i.e. QH c
m(Q). The difference between QH c

m

(Q) and original QHm(Q) is, however, small. Varying molecular parameters, the
subsequent iteration process gives best fit to this corrected function. A �2-fitting is

done for the whole range of Q data. This method resembles the method applied by
Bertagnolli et al. [19]. The fitted curves for all three temperatures are shown in

Figure 2(b) and (c). The agreement appears to be very good. The molecular
parameters are listed in Table 2. The molecular parameters at elevated temperatures
are not available in the literature. The RT molecular parameters are, however,

compared with the available data from other workers [4,15,17,20]. It is seen that the
intra-molecular structural parameters in liquid phase differ considerably in values

obtained by different workers, particularly for the parameters involving atoms
participating in the hydrogen bonding. In view of the scatter of the parameter values
among different workers the present molecular conformation appears to be quite

reasonable. It is also seen that molecular parameters change by not more than 4–5%
and this indicates that except some thermal stretching the molecular conformation

remains more or less unchanged at elevated temperatures and pressures. This is
also more considering the error estimates, which correspond to 10% increase in
�2-value. It is to be noted here that the earlier work [4] also showed similar small

effect of temperature on the molecular conformation. Since the molecular confor-
mation does not change much at elevated temperatures, the change in the
nature of H(Q) data at low and medium Q evidently indicates that the inter-

molecular structure changes to some extent at elevated temperatures and pressures
(Figure 2(b)).
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3.2. Inter-molecular or liquid structure

The inter-molecular structural change is directly represented by Hd(Q). This function
is shown in Figure 3 on an extended Q-scale, 0 to 2 Å�1, the important region
representative of liquid structure. The diffraction peak height slowly decreases at
higher temperatures with slight shift of the peak to smaller Q. This variation of peak
height and position shift is quite in agreement with earlier work on methanol [4]. This
shift is however opposite to liquid D2O where the shift is an indication of H-bond
breaking and transition to closed packed non-associative liquid structure [21]. So in
methanol the transition, if there be any, must be of different type. Further, for liquid
D2O at high temperature (523K), unlike that at RT, no oscillations are detectable
beyond Q¼ 5 Å�1 and that the main diffraction peak is symmetrical. All these
indicate clearly a loss of molecular association in liquid D2O at 523K [21]. In liquid
methanol however the first Hd(Q) peak is very asymmetric at RT and it is so at BP
and 2BP as well. Unlike liquid D2O at 523K the oscillations in Hd(Q) continue to
large Q for all three temperatures almost in the same fashion. Again, the pre-peak or
hump at 0.7 to 0.8 Å�1, indicative of molecular association or cluster [4,8,9] at RT,
remains clearly visible at BP and 2BP as well. All these facts indicate that unlike
D2O, molecular association in liquid methanol prevails in superheated conditions
under pressure. At low Q, Hd(Q) goes up at elevated temperatures. This O–Z
behaviour is expected the with rise in temperature [14]. In Figure 4 we show Gd(r) as
a function of r. A comparison of RT result with corresponding X-ray result by
Narten and Hebenchuss [8] could identify several inter-molecular atom–atom
correlations. The first two peaks appear to occur from inter-molecular OD and OO
correlations but occur at little shorter distances than those found in Figure 5b and
heights of first peak little bit exaggerated. Both effects might be due to errors in
truncation correction. The effect of temperature on Gd(r) is also worth noting. There
is an indication of some short of nullifying effects of increasing temperature and
pressure on H-bonding in a superheated liquid.

0.5 1.0 1.5
–1.0

–0.8

–0.6

–0.4

–0.2

0.0

0.2

0.4

HRC model:

RT

65°C
130°C

H
d 

(Q
)

expt:

RT

65°C
130°C

Q (Å–1)

2.0

Figure 3. Inter-molecular structure function, Hd(Q) vs. Q.
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We now present the cluster analysis to extract the nature of the H-bonded chain
association or cluster present in liquid state. In our cluster analysis [10,22] we assume
that (i) there exist distinct molecular cluster or clusters due to H-bonding, (ii) the
molecules in different clusters are orientationally uncorrelated and (iii) for a
molecule, such as methanol, we choose the appropriate centre structure factor.
In big molecules, such as t-butanol, 1- and 2-propanols the suitable centre structure
was one of Percus-Yevik (PY) single site hardsphere (HS) structure factor with
suitable core diameter and damping. In methanol our combined analysis of X-ray

(a) (b) 

1 2 3 4 5 6 7

0

1

2

3

4

5

g ab
(r

) O–D
O–O

D–D

r (Å)

Figure 5. (a) HRC (molecular association) configuration; (b) intermolecular atom–atom
RDFs, gOO(r), gOD(r) and gDD(r) vs. r: RT(——), 65�C(- - - -), 130�C(
 
 
).

2 4 6 8 10 12 14

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

RT

65°C (ordinate shifted by 1)

130°C (ordinate shifted by 2)

G
d 

(r
)

r (Å)

 HRC model
 expt.

Figure 4. Inter-molecular RDF, Gd(r) vs. r at RT, 65�C and 130�C.
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and neutron data [10] yielded a centre structure somewhat similar to that for

water [23], which could be approximated by one corresponding to a potential HS

plus square-well (SW) ledge. This SW ledge helps to produce the low-Q structure

factor very nicely particularly at elevated temperatures i.e. the O–Z behaviour. We

also assume that a fraction x of H-bonded clusters are broken as a result of heating.

The relevant expression [22] is given by:

HdðQÞ ¼ ð1� xÞHcðQÞ þ F2uðQÞ½ScðQÞ � ð1� xÞf3ðQÞ � 1�, ð7Þ

where F2u(Q) and f3(Q) are, respectively, the uncorrelated inter-molecular form

factor and the structure factor of molecular centre pairs within the cluster. Hc(Q) is

the inter-molecular cluster structure function defined by

HcðQÞ ¼
X
�

b�

 !�2
N�1c

X
�,�

b�b�j0ðQr��Þ exp �l
2
��Q

2=2
� 	

ð8aÞ

with Nc the number of molecules in a cluster, �, � the atoms of different molecules

within the cluster, l�� the r.m.s. deviation of the local instantaneous inter-molecular

atom–atom separation distance r��. Sc(Q) is the centre structure factor and the

expression for Sc(Q) in random phase approximation (RPA) [24] is given by:

ScðQÞ ¼ ShsðQÞ=ð1� �CldðQÞShsðQÞ exp½�D
2
ldQ

2=2�Þ, ð8bÞ

where Shs(Q) is PY single site HS structure factor, Cld(Q) is FT of the direct

correlation function (DCF) corresponding to SW ledge type potential and Dld is a

parameter representing damping of HS structure factor.
It was earlier shown from this laboratory that the most probable clusters present

in liquid state for alcohols at RT are HRCs [10,25]. The linear tetramer open chain, a

plausible association in liquid methanol at RT suggested by X-ray data of Magini

et al. [3] and the tetramer closed chain as in gas phase [7] were ruled out as dominant

structural association by a detailed analysis in [10]. Though earlier simulation results

did not support such liquid structure, rather supported linear winding chain of 6–8

molecules, a recent study on X-ray emission spectra and density functional theory

[26] supports the existence of HRC structure in liquid methanol. The work is based

on the fact that the chain and ring structures of methanol molecules have

distinguishable electronic structure and the difference can be monitored by resonant

soft X-ray emission (SXE) spectroscopy. A recent MC simulation work [27] based on

a refined H-bonded potential model, which includes polarisability, non-additivity

and intra-molecular relaxation, shows that the presence of hexameric ring clusters in

liquid methanol at RT is possible. We have tested here if these hexameric ring

clusters, broken by fraction can fit the experimental neutron data at room and

elevated temperatures. The conformation of the HRC association model is shown in

Figure 5(a). The model is defined by inter-molecular O–O distance, rOO, six

rotational angles, ’’s of C’s i.e. molecule as a whole about OD axes and six rotational

angles,  ’s of methyl groups about CO axes. The constant for Debye–Waller terms,

�0 is defined in the same way as for molecular structure case. Using these model

variables together with hard sphere plus SW ledge potential parameters we can

obtain HC(Q), F2u(Q), SC(Q), f3(Q), etc. and finally obtain Hd(Q). The �2-fitting was
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carried out between experimental and HRC model QHd(Q)’s by varying the above

mentioned parameters. The best fitted results for H(Q) at three temperatures are

shown in Figure 2(b). The model results are also shown in Figures 3 and 4. The HRC

and related parameters are listed in Table 3. The value of x is almost zero at all three

temperatures. Further, the height of the SW ledge is very small implying that Sc(Q) is

very nearly HS like as in our previous studies [25]. It is evident (from the parameters)

that the average structure of HRC somewhat changes with increasing temperature.
The cluster model calculations also enable the extraction of inter-molecular

atom–atom distribution functions, such as gOO(r), gOD(r) and gDD(r) from

experimental data. Since Hd(Q) is expressible in terms of sum of partial structure

functions, H��(Q) it is easy to obtain an expression for H��(Q), in terms of partial

functions, Hc
��(Q), and F��2u (Q) [25]. The expressions of g��(r) are then given by

Equation (6d). The results are shown in Figure 5(b). The neutron isotopic

substitution method for RT methanol data has been analysed by EPSR simulation

method which yields partial distribution functions [28]; the general basic features of

the RT data are approximately in agreement with the present results. The ripples that

appear in the second peak onwards are similar to those in t-butanol case [25] and

may not have much physical meaning. The difference in second peak onwards with

EPSR data [28] is also worth noting. This is possible because the basic structural

Table 3. x, fraction of H-bonded clusters broken, HRC (molecular association) model and
related potential and other parameters.

RT 65�C 130�C

Fraction of H-bonded
clusters broken

x �0 �0 �0

Parameters of ledge potential �hs(Å) 3.366 3.296 3.189
"/kBT �0.099 �0.116 �0.073
� 2.844 2.924 3.00

Damping factor Dld �0 �0 �0

O–O bond length rOO(Å) 2.725 2.747 2.784

Rotational angles (deg.)
of C’s about OD axes

�1 178.40 176.92 181.40
�2 179.44 176.18 175.90
�3 202.62 203.34 240.16
�4 171.46 169.92 173.58
�5 68.22 79.14 68.00
�6 �43.82 �25.52 �4.54

Rotational angles (deg.) of methyl �1 �20.34 �23.44 �18.12
group about CO axes �2 �47.16 �46.10 �47.62

�3 15.82 45.84 �6.72
�4 23.36 22.74 22.06
�5 124.24 96.90 �10.18
�6 �101.96 �44.38 �92.66

Constant for Debye–Waller terms �0 0.001951 0.0014385 0.001951

Agreement factor �2 3.33� 10�5 2.85� 10�5 1.33� 10�5
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association predicted by two methods are different (in [28] the model is winding
linear chain while in our case it is HRC). However, 1.77� 0.07 H-bonds per
molecule and 5.5� 1.0 molecules per chain agree generally with the present results
([2] and [6]).

4. Discussion and general remarks

The present analysis of neutron data of liquid D-methanol at RT and elevated
temperatures yields several interesting results. Firstly, the molecular conformation is
found to be not highly dependent on temperature except some stretching of the
bonds. Secondly, the cluster information, obtained by �2-fitting between Q-weighted
experimental and model Hd(Q) function clearly shows that HRC structures are
dominantly present not only at RT but also at BP and 2BP. The value of x is almost
zero at all three temperatures, which implies that there is little H-bond breaking of
the HRC clusters at elevated temperatures. The changes in Hd(Q) with the rise in
temperature is entirely due to changes in related HS and SW parameters plus
reduction in liquid density. It is true that some changes in the HRC structure occurs
at elevated temperatures but the general conformation does not change much.
Further, the centre structure factor is nearly HS like (as in other cases of alcohols
[25]) except at low-Q values. The low-Q centre structure features resulting from SW
ledge potential produces the O–Z behaviour at low Q extremely well. It is to be noted
that the low-Q results with HS centre structure are very worse (not shown). Using
the compressibility sum rule the values of isothermal compressibility �T of liquid
methanol based on HS plus SW ledge centre structure appear to be somewhat
higher than the observed values (at RT �T¼ 1.7GPa�1 against observed value
1.2GPa�1 and with HS centre structure value is 1.0 GPa�1). This is not unexpected
because for H-bonded liquids more appropriate method for �T is the thermodynamic
perturbation method where H-bonded interaction needs to be considered separately
[29]. It is, however, evident that HS plus SW ledge centre structure is quite
appropriate.

The extracted gOO(r), gOD(r) and gDD(r) are weakly temperature dependent
(Figure 5(b)) which again implies that there is little increase in free H-bonds in the
superheated liquid under pressure and the nature of the molecular association or
cluster is preserved. In this connection it is relevant to mention that recent diffraction
work of Weitkamp et al. [13] shows that hydrogen-bonding in liquid methanol is
affected little by increase in pressure. Similar is the case with Monte Carlo (MC)
simulations [30] though in contrast, molecular dynamics (MD) simulations [31]
suggest that hydrogen-bonding increases with rising pressure in glycerol. The NMR
spectroscopic works of Wallen et al. [2] on liquid methanol suggest that the extent of
hydrogen-bonding decreases upon an increase in temperature. Their results for
pressure are equivocal, the phenomenological model suggests decrease in hydrogen-
bonding upon increasing pressure while MD simulations show an increase in
hydrogen-bonding with increasing pressure. The NMR study by Czeslik and Jonas
[32] clearly shows a pressure induced strengthening and a temperature induced
weakening of hydrogen bonds in clusters of methanol molecules. This apparent
cancellation is approximately found to be the case in our results for superheated
liquid methanol under pressure.

Physics and Chemistry of Liquids 557

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
2
6
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



Acknowledgements

We are grateful to UGC-DAE-CSR, Mumbai Centre and CSIR (New Delhi) for financial
support.

References

[1] A. Sahoo, S. Sarkar, P.S.R. Krishna, and R.N. Joarder, Pramana J. Phys. 63, 183 (2004).

[2] T. Yamaguchi, K. Hidaka, and A.K. Soper, Mol. Phys. 96, 1159 (1999); P.A. Giguere and

M. Pigeon-Gosselin, J. Solution Chem. 17, 1007 (1988); S.L. Wallen, B.J. Palmer,

B.C. Garrett, and C.R. Yonker, J. Phys. Chem. 100, 3959 (1996).
[3] M. Magini, G. Paschina, and G. Piccaluga, J. Chem. Phys. 77, 2051 (1982);

I.M. Svishahov and P.G. Kusalik, J. Chem. Phys. 100, 5165 (1994); S.W. Benson,

J. Am. Chem. Soc. 118, 10645 (1996).

[4] D.G. Montague and J.C. Dore, Mol. Phys. 57, 1035 (1986); P. Zetterstrom, U. Dalborg,

and W.S. Howells, Mol. Phys. 81, 1187 (1994).
[5] T. Ebukuro, A. Takami, Y. Oshima, and S. Koda, J. Supercrit. Fluids 15, 73 (1999);

M.M. Hoffmann and M.S. Conradi, J. Phys. Chem. B 102, 263 (1998); N. Asahi and

Y. Nakamura, Chem. Phys. Lett. 290, 63 (1998); N. Asahi and Y. Nakamura, J. Chem.

Phys. 109, 9879 (1998).
[6] T. Yamaguchi, C.J. Benmore, and A.K. Soper, J. Chem. Phys. 112, 8976 (2000).

[7] W. Weltner Jr and K.S. Pitzer, J. Am. Chem. Soc. 73, 2606 (1951).
[8] A.H. Narten and A. Habenchuss, J. Chem. Phys. 80, 3387 (1984); A.H. Narten and

S.I. Sandler, J. Chem. Phys. 71, 2069 (1979).
[9] A.K. Karmakar, P.S.R. Krishna, and R.N. Joarder, Phys. Lett. A 253, 207 (1999).

[10] S. Sarkar and R.N. Joarder, J. Chem. Phys. 99, 2032 (1993).
[11] P.A. Egelstaff, in Methods of Experimental Physics, edited by D.L. Price and K. Skold

(Academic Press, San Diego, 1987), Vol. 233.
[12] N. Ohtomo, K. Tokiwano, and K. Arakawa, Bull. Chem. Soc. Japan 55, 2788 (1982);

I. Padureanu, S.N. Rapeanu, G.H. Rotarescu, A.G. Novikov, and N.K. Fomichev,

presented at the 1st Liquid Matter Conference, Lyon, France, 1990.
[13] T. Weitkamp, J. Neuefeind, H.E. Fischer, and M.D. Zeidler, Mol. Phys. 98, 125 (2000).
[14] A. Parola and L. Reatto, Adv. Phys. 44, 211 (1995).
[15] D.G. Montague, I.P. Gibson, and J.C. Dore, Mol. Phys. 44, 1355 (1981);

D.C. Champeney, R.N. Joarder, and J.C. Dore, Mol. Phys. 58, 337 (1986).
[16] J. Frenkel, Kinetic Theory of Gases (Dover, New York, 1955).
[17] Y. Tanaka, N. Ohtomo, and K. Arakawa, Bull. Chem. Soc. Japan 57, 644 (1984).
[18] K. Kimura and M. Kubo, J. Chem. Phys. 30, 151 (1959).

[19] H. Bertagnolli, P. Chieux, and M.D. Zeidler, Mol. Phys. 32, 759 (1976).
[20] A.K. Adya, L. Bianchi, and C.J. Wormald, J. Chem. Phys. 112, 4231 (2000).
[21] U. Buontempo, P. Postorino, M.A. Ricci, and A.K. Soper, Europhys. Lett. 19, 385

(1992).

[22] A.K. Karmakar and R.N. Joarder, Phys. Rev. E 47, 4215 (1993); Ibid, Chem. Phys. 182,

11 (1994).
[23] A.K. Karmakar and R.N. Joarder, Phys. Lett. A 190, 480 (1994).
[24] B. Grosdidier and J.G. Gasser, J. Non-Cryst. Solids 250–252, 309 (1999).

[25] A.K. Karmakar, S. Sarkar, and R.N. Joarder, J. Phys. Chem. 99, 16501 (1995);

P.P. Nath, S. Sarkar, P.S.R. Krishna, and R.N. Joarder, Appl. Phys. A 74, S348 (2002);

A. Sahoo, S. Sarkar, V. Bhagat, and R.N. Joarder, J. Phys. Chem. A 113, 5160 (2009).
[26] S. Kashtanov, A. Auguston, J.-E. Rubensson, J. Nordgren, H. Agren, J.-H. Guo, and

Y. Luo, Phys. Rev. B 71, 104205 (2005).

558 A. Sahoo et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
2
6
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



[27] M.V. Gonzalez, H.S. Martin, and J.H. Cobos, J. Chem. Phys. 127, 224507 (2007).
[28] T. Yamaguchi, K. Hidaka, and A.K. Soper, Mol. Phys. 97, 603 (1999).
[29] S. Sarkar and R.N. Joarder, Indian J. Pure Appl. Phys. 35, 93 (1997); J.M. Walsh and

K.E. Gubbins, Mol. Phys. 80, 65 (1993).

[30] W.L. Jorgensen and M. Ibrahim, J. Am. Chem. Soc. 104, 373 (1982).
[31] L.J. Root and B.J. Berne, J. Chem. Phys. 107, 4350 (1997).
[32] C. Czeslik and J. Jonas, Chem. Phys. Lett. 302, 633 (1999).

Physics and Chemistry of Liquids 559

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
2
6
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1


