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Abstract

An extensive study of liquid aliphatic alcohols methanol, ethanol, and propanol, applying
reverse Monte Carlo modelling as a method of interpretation of diffraction data, is presented.
The emphasis is on the evaluation of several computational strategies in view of their suitability
to obtain high quality molecular models via the reverse Monte Carlo procedure. A consistent set
of distances of closest approach and fixed neighbour constraints applicable to all three
investigated systems was developed. An all-atom description is compared with a united-atom
approach. The potentialities of employment of neutron diffraction data of completely deuterated
and isotopically substituted samples, x-ray diffraction data, and results of either molecular
dynamics or Monte Carlo calculations were investigated. Results show that parallel application
of x-ray and neutron diffraction data, the latter being from completely deuterated samples,
within an all-atom reverse Monte Carlo procedure is the most successful strategy towards
attaining reliable, detailed, and well-structured molecular models, especially if the models are
subsequently refined with the results of molecular dynamics simulations.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Many of the most important materials that surround us in
everyday life happen to be molecular liquids. Interestingly,
the level of understanding the structure and properties of these
systems almost never matches their abundance and importance.
Often their organization on a molecular level is governed by
different association forces, resulting in a structure that is very
complex. Such systems are classified as complex molecular
liquids.

It is a well known fact that microscopic structure
determines macroscopic properties. Hence it is of utmost
importance to know the microscopic structure in as much

0953-8984/10/404214+09$30.00

detail as possible to be able to better understand and predict
macroscopic properties (thermodynamic data) from the most
direct, structural point of view. Consequently, structural
investigations of different molecular liquids have been an
ongoing topic of research for many years. Diffraction
techniques of various kinds (e.g. x-ray diffraction (XRD),
neutron diffraction (ND), electron diffraction) are among the
most powerful methods of assessing the structure of various
materials. Having in mind the importance of the structure of
molecular liquids, it is not surprising that these techniques
have been extensively applied to such systems since the
inception of particular methods (e.g. XRD has been used in
the investigation of various molecular liquids for around a
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century) [1-3]. Despite a significant improvement in the
quality of measurement, data, and interpretation there are still
many questions to be answered, especially when we move to
more and more complex examples.

Lower aliphatic alcohols could be considered as fairly
common, chemically relatively simple molecular liquids. And
yet they all possess a polar hydroxylic group, which serves
as a site for hydrogen bonding, and a nonpolar alkyl tail.
Hydrogen bonds and the dual character of alcohols, in terms
of their molecular polarity, are expected to bring about rather
complex structure that changes with the length of the alkyl
chain. Therefore, although relatively simple, aliphatic alcohols
could be taken as the prototype of complex molecular liquids.
Due to their availability, abundance, importance, and complex
microscopic structure they have been widely investigated by
various experimental methods and interpretation techniques for
many years.

The earliest diffraction studies of alcohols employed XRD
and relied solely on the well known Bragg law emanating from
the crystal lattice concept [2, 3]. Obviously, such an approach
could provide only vague, qualitative insight into the structure.
Over the years analysis evolved to various, Fourier transform
based techniques that have been used on XRD [4-12] and
later, on ND [4-6, 13-18] data. All of these methods relied
on the separation of the experimental total structure factor
into intra- and inter-molecular contributions. The following
Fourier inversion yielded the intra- and inter-molecular radial
distribution functions. From them a few structural parameters
could be deduced. A serious drawback of such an approach
is that it is impossible to extract specific information about
particle correlations without assumptions about the structure
beyond the information that a diffraction experiment offers.
Besides, the division to intra- and inter-molecular contributions
necessarily introduces bias into the calculation. Employment
of isotopic substitution to the ND samples (making use of
partially deuterated alcohol molecules) [6, 13, 14] offered the
possibility of only partial extraction of some particular particle
distribution functions, depending on the isotopic composition
of the samples measured.

With the advent of computer simulations, namely Monte
Carlo (MC) and molecular dynamics (MD), these numerical
methods have been utilized in the investigations of lower
alcohols, mostly of methanol [13, 19-33]. The results are
particle configurations that offer a possibility for calculating
particle distribution functions. Unfortunately, diffraction data
have not been used directly during the course of the simulations
in any way—except sometimes for the final evaluation via
the Fourier transform of the resulting distribution functions,
yielding a structure factor of the model that could be compared
to the experimental one [13, 19-24, 33]. Therefore the
agreement of the produced models with the diffraction data
heavily depends on the choice of the potential field for the
simulation and could, in the most favourable cases, be termed
only as semi-quantitative.

Everything mentioned so far calls for the employment
of an approach that could take advantage of the virtues of
the methods mentioned above while omitting most of their
disadvantages and extracting as much structural information

from the experimental data as possible with the least of
presumptions about the structure. Inverse methods of computer
simulation offer such possibilities. To our best knowledge there
has been only one empirical potential structure refinement [34]
and one united-atom reverse Monte Carlo (RMC) study [35] on
methanol reported up to now. Therefore we decided to perform
an extensive study of liquid aliphatic alcohols applying RMC
modelling [36] as a method of interpretation of diffraction data.
The ultimate goal of the study is to devise a scheme applicable
also to similar molecular systems that have not been studied
by RMC so far. The choice of alcohols as a system was also
driven by the fact that there is a great wealth of information
from previous studies by other methods which could be used
as a source for the comparison and evaluation of our approach.
In this paper we report on simulation details and fits to the
experimental data that could be achieved for the cases of
methanol, ethanol, and propanol. We compare the performance
of the protocol regarding the choice of input data and details of
the molecular model (all-atom versus united-atom models).

2. Experimental and computational methods

2.1. Experiment

X-ray diffraction measurements were conducted at the SPring-
8 synchrotron radiation facility in Japan, using the single-
detector diffractometer setup of the BLO4B2 high-energy
x-ray diffraction beamline. The energy of x-ray photons
was 61.7 keV, facilitating the easy access of a scattering
vector range up to about 16 A™'. Corrections to yield
structure factors have been made by standard procedures
such as for instance described in [37]. Alcohol samples of
methanol, ethanol, and propanol were purchased from Fluka
(Taufkirchen, Germany; purity > 99.5%) and were used
without further treatment. Neutron diffraction data were
acquired from the literature [14-16, 18].

2.2. Auxiliary molecular dynamics and Monte Carlo
calculations

MD simulations for methanol, ethanol, and propanol were
conducted within the canonic ensemble employing an OPLS
all-atom force field [25, 26] with rigid bond lengths, and
flexible bond and dihedral angles with dihedral constraints
applied. The density, number of particles, and temperature
were kept the same as in RMC calculations (see below).
Partial radial distribution functions (PRDFs) were averaged
over 26 configurations, gathered at 2 ps steps between
50 and 100 ps of the MD run. Furthermore, we
have tested the representation with atomic groups through
configurational biased MC calculations within the isothermal—
isobaric ensemble employing the TraPPE united-atom force
field [27]. Simulations of methanol were conducted by
applying the Towhee package [38], while MC results for
ethanol and propanol were taken from a work already
published [22]. The number of particles and temperature were
kept the same as in RMC calculations; pressure was set to
101.325 kPa. Random translational and rotational moves of
the whole molecule, partial regrowth of the molecule, and
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simulation box volume change were performed. Maximum
displacements were adjusted during the simulation to achieve
target acceptance rates (0.3 for translation and rotation, and
0.5 for volume change). Starting from the pre-equilibrated
configuration, the simulation was run for an additional
20000 MC cycles which were followed by a production run.
Altogether 100 configurations were collected every 2000 MC
cycles.

2.3. Reverse Monte Carlo modelling

Diffraction, MD, and MC data were modelled sequentially
and simultaneously in the framework of the RMC technique,
applying RMC++ code [39]. Prior to the construction
of the initial configurations, a conformational search of the
molecular structures had been performed using the programme
MacroModel, part of the Schrodinger package [40]. The
molecular model with the lowest energy was replicated onto
the 113 equidistant grid points placed in a cubic cell. Replicas
were randomly rotated and displaced for a small randomly
chosen translational vector. Cell edge lengths that gave
proper density at 25°C were ascribed (see table 2). These
configurations were input in the RMC procedure without any
experimental restraints (i.e. XRD or ND data) apart from
distances of closest approach and intra-molecular connectivity
(fixed neighbour constraints (FNCs) [39, 41]), performing a
kind of hard sphere simulation, up to a point where positions
of atoms were random enough. Randomness was checked
by tracking the distribution of displacements of representative
atom types (atoms from the backbone of the molecule) from
their original positions. Care was taken so that the width of the
distribution was similar in all starting configurations.

In order to explore the method and its implementation
to alcohols, it is necessary to write down the basic equations
that relate microscopic structure in the RMC models to the
experimental diffraction data. The usual way of structure
description, while dealing with isotropic multicomponent
systems is in terms of PRDFs. If the system consists of n
components (e.g. n distinct types of atoms), there are

nn+1)

7 6]

Nprpr =
PRDFs to be calculated to completely describe the particle
pair-wise correlations (we shall denote PRDF between
components ¢ and j as g;;). However, this description is
confined to real space while the experimental information
is obtained in reciprocal space. Therefore, partial structure
factors A;;(Q), derived from the Fourier transform of the
PRDFs, are defined as

47 po
o

where py is the average atomic number density of the sample
and Q is the scattering vector length. Individual contributions
of the partial structure factors to the total scattering vary
with the concentration of the constituents, expressed as
amount fractions c¢;, and their scattering response (scattering
amplitude) that depends on the type of radiation and atomic

Ajj(Q) =1+ / [gij(r) — 1]r sin(Qr) dr, 2)
0

Table 1. Relative weights of OH correlations.

Methanol  Ethanol  Propanol
ND 0.102 0.045 0.025
XRD  0.287 0.143 0.086

species considered—expressed as the coherent bound neutron
scattering length b; for ND and the Q-dependent x-ray
scattering factor f;(Q) for XRD. The cumulative contribution
of all partial correlations could then be calculated as the total
scattering structure factor S(Q) that for ND reads

n n -2
Sn(Q) = 1+Z(2—aij)cic,5i15,[A[,(Q)—11*(Zc,»B,)
i=1

ij=i
3)
and for XRD

Sx(Q@) =1+ 2(2 —8ij)cic; fi(Q) f;(Q)[Ai;j(Q) — 1]

ij>i

n -2
* (Z ciﬁ(Q)) : “)
i=1

where §;; is Kronecker delta. The second sum is included for
normalization. Consequently, both total scattering structure
factors (TSSF) tend to 1 at large Q. TSSF is the
quantity that can be compared to the experimental diffraction
data; scattering intensity, when all other contributions apart
from the coherent interference term are removed and the
same normalization is applied, corresponds to TSSF. Such
treatment of the experimental data (called renormalization and
background correction) can be achieved within the RMC++
algorithm as long as the contribution of these unwanted effects
stays within reasonable limits. Most problematic in this respect
is modelling of ND data of materials with high hydrogen ('H)
content, like alcohols, especially when they are not completely
deuterated, as they produce high incoherent inelastic scattering
that can exceed the interference signal by several orders of
magnitude.

It is instructive to check how the contributions of the
most structurally significant correlations, namely O-O, O-H,
and H-H, represented by respective partial structure factors,
change with the length of the alkyl chain. These three
correlations tell us the most about the hydrogen bond network.
In table 1 we give the cumulative relative weights of the three
OH correlations of methanol, ethanol, and propanol for ND
and XRD (the latter data are given at 2 Afl). We can see
that the OH contribution falls rapidly as the chain grows and
that the numbers for XRD are consistently higher than for ND
albeit both are rather low. This, of course, does not assign any
superiority of XRD to ND but is merely the consequence of the
almost complete insensitivity of XRD to hydrogen. In other
words, XRD offers only information about carbon and oxygen
correlations, whereas ND provides broader information about
all atoms in the system including hydrogen to a great extent.
We can rightfully expect a combination of the two methods to
lead to the most conclusive results.

Another point worth mentioning is the very high number
of PRDFs necessary to adequately describe configurations of
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Table 2. Basic parameters of RMC simulations.

Cut-off FNC Atomic number density
Type  d (A) Type® (di~) (A) Sample  po (A )
Cc-C 31 C-C 147-1.59 Methanol 0.089 2890
c-0 29 C-H 1.04-1.14 Ethanol 0.0923807
Cy—0°¢ 24 C-O 1.36-1.48 Propanol 0.0966105
C-H 22 O-H 091-1.03
C-Hp 2.1 C-C-C 2.40-2.70
Cis—-Ho! 22 C-C-H 2.03-2.29
0-0 23 C-C-0O 2.27-2.57
O-H 20 C-O-H 1.79-2.09
O-Hp 14 O-C-H 1.92-2.18
H-H 1.8 H-C-H 1.66-1.88
H-Hp 1.8
Ho-Ho 1.5

* Cyz—methyl carbon, Ho—hydroxylic hydrogen.
b FNC refers to terminal atoms in the notation.
¢ Relates only to propanol. ¢ Relates to ethanol and propanol.

aliphatic alcohols, even for the lowest ones. For example, if
we take methyl, methylene, and hydroxyl hydrogen atoms as
three separate atom types, we have already 10 different PRDFs
for methanol and this number leaps to 21 for ethanol. This
means that we would need the same number of independent
experimental data sets of indefinite Q-range and containing
no errors to completely describe the system. This is clearly
unattainable. Any significant error in the data brings about
uncertainty in the calculation that increases considerably the
number of distinct sets of PRDFs that fit to data equally
well. Therefore, it is better to restrict the calculation only
to experimental data sets of the lowest possible experimental
error.

2.4. Computational strategies

The above two factors, the low weight of OH correlations and
the lack of independent experimental data sets, leaves us with
a highly indeterminate system to be solved. Hence, there is
a need for additional strategies to limit the range of possible
solutions. Such strategies may be grouped as follows.

2.4.1. Making use of additional structural information
about the system. Excluded volume effects and chemical
connectivity are two very basic properties that all molecular
systems possess. In RMC-++ we can make use of them
via distances of closest approach (so-called ‘cut-offs’) and
FNCs. While these restraints can efficiently prevent the system
modelled from attaining physically improbable states, care has
to be taken not to be over-restrictive when assigning the values;
we have to let the system visit all significant points in the
configuration space. The conformational search mentioned
above proved to be very helpful in this respect.

2.4.2. Employing additional experimental data.  Isotopic
substitution enables us to obtain additional independent ND
data sets, differing only in terms of the isotopic composition
of the samples. While usual chemical and physical properties
remain almost the same, neutron diffraction behaviour changes

markedly especially with hydrogen/deuterium substitution.
Unfortunately, problems with incoherent inelastic scattering of
hydrogen appear when samples are not completely deuterated.
This directly contradicts the need for high quality data to offer
a significant improvement to the RMC models.

2.4.3. MD and MC computer simulations. In contrast
to RMC, these methods always employ certain interatomic
potentials for generating model configurations. = PRDFs
stemming from these configurations can be used as additional
restraints in RMC calculations [42, 43]. In this way, potentials
may be included implicitly in the RMC procedure; moreover,
this approach provides means for investigating the performance
of different force-fields with respect to various structural
characteristics of a system.

2.4.4. Grouping of atomic species. Atoms of the same
kind that are very similar in view of their structural and
chemical properties can be taken as one entity when calculating
PRDFs, thus reducing the number of functions; note that this
would be an actual ‘experimental situation’ in most cases. To
whatever extent this approach eases the interpretation, it never
reduces indeterminacy of the system at all. We have grouped
together hydrogen as well as carbon atoms of methylene
and methyl groups. Hence, we defined four different atom
types for methanol (C, O, alkyl-H, and hydroxyl-H) and
six for ethanol and propanol (methyl-C, methylene-C, O,
methyl-H, methylene-H, hydroxyl-H). Note that, without this
reduction, the number of atom types would increase to eight
(or alternatively, the number of PRDFs to 36) in the case of
propanol.

Another grouping approach has been often applied
to model XRD data of alcohols and similar hydrogenous
materials [7, 8, 22, 35, 44, 45]. As in this case (and never
for ND!) only a very minute part of the scattering comes from
hydrogen, H-atoms were not treated explicitly but rather as part
of atomic groups. For aliphatic alcohols we shall, therefore,
define methyl and methylene groups as fundamental scattering
species in this approach. Hydroxylic hydrogen is to be treated
separately, due to its structural importance.

We have thoroughly explored the potentialities of the
above strategies for modelling the structure of complex
molecular liquids, by applying them to the three systems we
report about here.

3. Results and discussion

A uniform sequence of steps in RMC modelling had to be
followed for all three liquid systems under investigation to be
able to evaluate the potentialities and drawbacks of various
computational strategies mentioned above. We have started
with the choice of appropriate values of distances of closest
approach (cut-offs) and FNCs. Intra-molecular distances from
the conformational search and van der Waals radii of atoms
were useful initial guesses for the reasonable starting values
of FNCs and cut-offs, respectively. These initial sets of
restraints were refined during the course of the following RMC
calculations (modelling ND and XRD data) leading to the final
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Figure 1. RMC fits (lines) to diffraction data (circles) for methanol (bottom curves), ethanol (middle curves), and propanol (top curves).
(a) and (b) Sy(Q), (¢) and (d) Sx(Q). (a) and (c) ND + XRD, (b) and (d) ND + XRD + MD.

values that we report in table 2. During the refinement, special
care was taken on the peculiarities of the PRDFs (e.g. too
sharp or sluggish edges, peak splitting) that can result from
an unsuitable choice of either FNCs or cut-offs.

Thereafter, we have proceeded to the stepwise modelling
of ND, XRD, and MD data. Overall, the simulation was
performed in three steps. In each of them, one more data set
was added (always starting from ND, then XRD, and lastly
MD), creating a sequence of three RMC models for each
alcohol, differing in the number of data sets applied (‘ND’,
‘ND + XRD’, ‘ND + XRD + MD’). This way, contributions
of individual data sets and of their combinations to the
microscopic structure of the models could be explored. RMC
fits to the experimental diffraction data for ND + XRD
and ND + XRD + MD calculations are shown in figure 1.
Respective graphs for the first, ND step, show no differences
from the ones presented and are therefore omitted.

Close inspection of the plots reveals that all of the fits
are very tight and do not show any significant discrepancies
between each other. It is, however, much more instructive to
see how the microscopic structure of the models, expressed
in terms of PRDFs, evolves when additional data sets are
involved in the simulation. While PRDFs, originating from
correlations between the non-hydroxylic constituents and from
their correlations with the —OH group do not show any marked
change after the initial ND step of the simulation is completed,
this does not apply to the three PRDFs that correspond to
the hydroxyl group. Results for the three most interesting
PRDFs from the hydroxylic group are given in figure 2. We
can see that the RMC simulation with ND data, as the sole
experimental restraint, does not result in any structural features
apart from the strong intra-molecular O-H peak in the depicted

hydroxyl PRDFs. Taking into consideration the very low
relative weights of OH correlations, given in table 1, this
finding is hardly surprising. However, the situation changes
when XRD data are input in the RMC procedure. While the O—
H and H-H functions still do not change significantly, the O-O
PRDF shows a well defined peak for all three systems under
consideration. The distance where it appears corresponds very
well with reported O-O distances between hydrogen bonded
hydroxyl groups of alcohols [8, 9, 15, 16, 21, 23] and with the
result of our MD simulations. The last step in the procedure,
employment of the MD data, results in well defined structural
features in all three hydroxyl PRDFs, extending much further
from the main peak. It can be seen that very good agreement
between RMC results and MD-based PRDFs was not reached
at the expense of any significant deterioration of the RMC fit
to either ND or XRD experimental data (see figure 1).
Another approach to increase the information content
available from the experimental data is the already mentioned
employment of isotopically substituted samples in ND. To test
this strategy, we have performed simultaneous RMC modelling
of the three ND data sets for isotopically substituted samples
of methanol—CD3;OD (sample A), CD3;OH/D (sample B,
equimolar mixture of A and C), and CD3sOH (sample C)
that were published by Adya et al [14] (‘3ND’ calculation).
Moreover, we have also modelled the three ND data sets
together with our XRD data (‘3ND + XRD’ calculation). We
have used the values of b; from [14] while the rest of the RMC
parameters were kept the same as in all other calculations.
Fits to diffraction data are presented in figure 3(a). It is
obvious that the quality of the two fits for sample A does
not differ significantly from that of the ND 4 XRD fit to ND
data shown in figure 1(a). However, the quality of the fit




J. Phys.: Condens. Matter 22 (2010) 404214

A Vrhovsek et al

|
5 —
50} \AM—" WW
o _L~ ™
0 4 0 4 0 4 8
10
fi (b)
SN = X
] W AV
0 1 ._Jf.- |_/J.,A'v 1
0 4 0 4 0 4 8
10 | ©
% 5 —
0 1 1 1 1 1
0 4 0 4 0 4 8

rlA

Figure 2. PRDFs of the hydroxylic group (left panels: goo(7);
centre: goy(r); right: ggu(r)) for methanol (a), ethanol (b), and
propanol (c). Lines represent RMC results (bottom: ND, middle:
ND + XRD, top: ND + XRD + MD), while circles represent results
of MD simulations.

gradually deteriorates with the increasing content of 'H, which
is obvious from the respective curves for samples B and C.
Comparison of the three calculations (3ND, 3ND + XRD, and
ND + XRD) in terms of the results for the three hydroxyl
group PRDFs is given in figure 3(b). To ease the comparison,
results of the MD simulation were added as they should, at
least approximately, correspond to the expected distribution of

10
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interatomic distances that are under consideration. We can see
that the 3ND procedure results in generally more structured
hydroxylic PRDFs, including the two functions involving
hydrogen. However, closer inspection reveals that the main
inter-molecular peaks for the O-O and O-H correlations
appear at distances that are approximately 0.5 A lower than
the generally accepted values between these atoms in H-
bonded alcohols (see e.g. [8, 9, 15, 16, 21, 23]), while for the
ND + XRD approach the O-O peak appears to be in much
better agreement. We can also notice an unexpected split
of the first peak of the H-H PRDF. For the 3ND + XRD
calculation the O-O peak moves to the position predicted
by both ND + XRD and MD. In fact, the whole function
very much resembles the ND 4 XRD result which supports
our considerations concerning weights of correlations from
the previous section. However, the shift of the, now less
intense, O-H peak still persists, while the split of the H-H
peak diminishes to some extent. Taking into account all of
the above observations, we may conclude that in the case of
methanol, introduction of the additional ND data sets did not
offer much improvement, if any at all, over the usage of only
the most reliable data from the completely deuterated sample.
In both cases, addition of XRD data was necessary to reach
consistent results that were in fact very similar regardless of the
number of ND data sets applied. We could hardly expect the
situation to change considerably for higher alcohols since the
weight of the hydroxyl hydrogen and oxygen decreases rapidly
as the number of carbon atoms increases.

At this point it is timely to investigate the usability of
computer simulations for our systems with particular emphasis
on the two commonly applied representations, namely the all-
atom and united-atom approaches. We compare results of MD
simulations employing the OPLS force field as an example
for the all-atom description and results of MC simulations
employing the TraPPE united-atom force field as the example
of the united-atom approach. PRDFs resulting from both

15
3 @(b)
® %
10 - —é J >

Figure 3. (a) RMC fits (dashed lines: 3ND, full lines: 3ND + XRD) to diffraction data (circles) for isotopically substituted methanol samples
(both ‘curve-triplets’—bottom: sample A, middle: sample B, top: sample C). Uppermost curve: 3ND + XRD fit to XRD data. (b) PRDFs of
the hydroxylic group (left panels: goo(r); centre: gou(r); right: ggy(r)) for 3ND (bottom row), 3ND + XRD (middle row), and ND + XRD

(top row). Lines: RMC results, circles: MD simulation.
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Figure 4. TSSFs from the computer simulations (lines) compared with the experimental diffraction data (circles) for methanol (bottom
curves), ethanol (middle curves), and propanol (top curves). (a) Sx(Q) from MD (all-atom), (b) Sx(Q) from MC (united-atom), (¢) Sy (Q)

from MD (all-atom).

simulations were Fourier transformed to give the TSSFs that
are compared with the experimental XRD and ND data as
shown in figure 4. Concerning the united-atom representation
it should be noted that it effectively prevents one from
using ND data as hydrogen atoms (which are responsible for
the most significant part of the ND signal) are not treated
explicitly in this approach. Therefore, only XRD structure
factors were calculated for the MC (united-atom) simulation.
We can see that fits to the experimental values are much
better for the all-atom description even though all of them
are far from the tightness achieved via the RMC procedure
(compare with figure 1). Most noteworthy is the almost
complete misinterpretation of the high-Q interval of XRD
data by the united-atom approach, indicating the inability
to accurately describe the very short range structure of our
systems. However, when the PRDFs produced by (all-atom)
MD simulations were input as the additional constraint in
the RMC calculation, it was possible to achieve excellent
agreement between RMC and MD PRDFs (see figure 2)
while also retaining the consistency with experimental results
(see figure 1). In other words, the models constructed by
RMC (ND + XRD + MD) were in a much better agreement
with diffraction data than MD models while the PRDFs did
not show significant difference. Hence, it is reasonable to
expect such kinds of improvement also for the united-atom
approach. To test this expectation we have conducted two
groups of united-atom calculations for all three liquids. The
first group consisted of united-atom RMC simulations where
XRD data were the only experimental restraint (XRD — UA).

In the second group, also PRDFs of the MC simulation were
included as restraints (XRD + MC — UA). Agreement of
both groups of calculations with the experimental XRD data
is shown in figure 5. It is obvious that the agreement is
good and comparable with the all-atom description for both
groups of simulations. Only very minute deterioration from (a)
towards (b) can be detected upon careful inspection. We
should confirm that these findings go in line with results of
similar calculations for the all-atom description (ND + XRD
and ND + XRD + MD, see figure 1). Yet, the three hydroxyl
PRDFs depicted in figure 6 are indicative of the shortcomings
of this description. ~As we are limited only to XRD
experimental data in the united-atom approach, PRDFs that
result from simulations with only experimental diffraction
restraints (figure 6(a)) do not show such a level of structural
detail as the corresponding ones for the all-atom representation
(see ND 4 XRD curves in figure 2). This fact is most obvious
for goo, where in the present case we obtain a main peak
that approximately matches the MC result in intensity and
position only for methanol, while for the all-atom approach the
agreement with MD results is good for all three liquids. For
the XRD + MC — UA RMC simulation the agreement in terms
of PRDFs is good, albeit the calculation is based only on one
experimental data set and therefore is much more dependant on
the results of MC simulation (that were previously shown not to
be highly consistent with experimental data—see figure 4(b)).
Overall, we should conclude that the united-atom approach is
less reliable than the all-atom description.
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Figure 5. RMC fits (lines) to the experimental XRD data (circles) for the united-atom representation (bottom—methanol, middle—ethanol,

top—propanol). (a) XRD — UA, (b) XRD + MC — UA.

Figure 6. PRDFs of the hydroxylic group (left panels; goo; centre:
gon; right: gyy) for methanol (bottom), ethanol (middle), and
propanol (top). Lines ((a) XRD — UA, (b) XRD + MC — UA)
represent RMC results, while circles represent results of MC
simulation.

4. Conclusion

We have extensively investigated the potentialities of several
strategies to develop detailed structural models of the three
lowest simple aliphatic alcohols within the framework of the
RMC technique. Strategies were evaluated in terms of the
agreement of the respective molecular models with diffraction
data and structural features of the resulting partial radial
distribution functions. We developed a consistent set of
inter-molecular distances of closest approach (cut-offs) and
intra-molecular FNCs. ND data alone were not enough to
impose any significant structure to the hydroxylic PRDFs. We
have shown for the case of methanol that introduction of the
additional ND data sets from isotopically substituted samples
did not offer much improvement, if any at all, over the usage
of only the most reliable data from the completely deuterated
sample. In both cases, addition of XRD data was necessary to
reach consistent results that were in fact very similar regardless

of the number of ND data sets applied. Employment of
PRDFs from the MD simulations in the RMC calculation lead
to conclusive results for all PRDFs with structural features
extending much further from the first inter-molecular peak.
All RMC fits to diffraction data were found to be superior
to the ones obtained for either MD OPLS all-atom or MC
TraPPE united-atom models. However, when comparing the
performance of the all-atom to united-atom models, in both
RMC and direct MD or MC simulations, we may state that the
united-atom approach is less suited to our problem than the all-
atom description as it excludes the use of ND data and therefore
reduces considerably the amount of available experimental
restraints and is also inferior in the description of very short
range interactions. Taking all of our findings into account,
it should be stated that employment of both types of data,
ND and XRD, within the all-atom RMC procedure together
with carefully chosen cut-offs and FNCs and with subsequent
refinement with MD-based PRDFs turned out to be the most
successful strategy towards attaining reliable, detailed, and
well-structured molecular models. This approach also shows
the greatest potential for further work with higher aliphatic
alcohols and similar molecular liquids.
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