X-Ray Diffraction Study of Methanol-Water Mixtures
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X-ray diffraction patterns of methanol-water mixtures with mole fractions of methanol molecules
of 0.1, 0.25 and 0.9 have been measured. The experimental structure functions of mixtures are
compared with those of pure solvents and with recent Molecular Dynamics results. Difference
structure functions similar to thermodynamic excess functions are introduced for the analysis of
methanol-water interactions. The comparison of the total and the difference structure functions from
experiments and simulations shows an overall good agreement.

1. Introduction

Recently considerable attention has been given to
computer simulation studies of methanol-water mix-
tures [1-5]. Among them we have performed a series
of Molecular Dynamics (MD) simulations with flexible
models for water [6] and methanol [7] in order to study
peculiar excess properties of these mixtures. In these
studies the structure of mixtures with three methanol
mole fractions (x,, = 0.1, 0.25 and 0.9) has been com-
pared in detail with that of the pure solvents, simu-
lated with the same molecular models. The structural
changes relative to the pure solvents have been dis-
cussed with the help of radial distribution functions
and the geometrical arrangement of nearest neighbor
molecules [3]. It has also been shown that the pair
potentials employed in the simulations reproduce
reasonably several excess thermodynamic and dynamic
properties of the mixtures. The methanol-water mix-
ture with x_,, = 0.25, resulting in extreme values for
most of the excess properties, has been found to be
characterized by the highest number of molecules with
a maximal number of H-bonded neighbors [5].

In this paper we present the results of X-ray diffrac-
tion measurements on the same methanol-water mix-
tures and provide a comparison between the experi-
mental and MD structure functions.

The interpretation of diffraction data of multicom-
ponent liquids is confronted with some general prob-
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lems [8]. Special difficulties arise for the analysis of
X-ray data of alcohol-water mixtures, as X-rays do
not distinguish between oxygen atoms of methanol
and water molecules and as the scattering amplitudes
of carbon and oxygen are not very different [9]. More-
over, the nearest neighbor O—-O distances are the
same for water-water and methanol-methanol inter-
actions [3].

Therefore, the aim of this work was twofold. Firstly,
we wanted to perform a check of the reliability of
results calculated from recent MD simulations by the
comparison of experimental and simulated structure
functions. The detailed information on the structure of
mixtures which can be derived from a computer simu-
lation goes significantly beyond that derived from a
X-ray measurement. The additional information is, of
course, only reliable if the data which result from the
diffraction experiments are reproduced by the simula-
tions. Secondly, owing to the difficulties mentioned
above for the direct analysis of X-ray data, we wanted
to perform a check on the method of analysis intro-
duced for experimental data by analysing the MD
structure functions in the same way.

The organization of the paper is as follows: Sec-
tion 2 describes the details of the X-ray diffraction
experiments. In Sect. 3 the excess intermolecular
structure functions for the mixtures are introduced,
which are similarly defined as the thermodynamic ex-
cess functions. Both the total as well as the difference
structure functions from the experiments will be
compared with those from the MD simulation. The
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methanol-water interactions will be parameterized
with the help of synthetic difference structure func-
tions. Finally, in Sect. 4 conclusions will be drawn on
the reliability of the potentials used in the simulations
and on the method employed for the analysis of exper-
imental X-ray data.

2. Experimental

The X-ray experiments have been performed on
mixtures with x_, = 0.1, 0.25, and 0.9. The solutions
have been obtained from high purity methanol
and water. The mixtures contained 0.0302, 0.262,
and 0.0158 rnolecules/,&3 for the 1:9, 1:3, and 9:1
methanol: water mixtures, respectively.

The experiments were carried out at room tempera-
ture on flat plane-parallel specimens using transmis-
sion geometry and MoK, (41 =0.711 A) radiation,
monochromated by a flat LiF crystal in the primary
beam. The scattering data were measured in the
range 02 <k <145 A~1 of the scattering variable

4n
k= — sin(6). The measured intensities were corrected
A

for polarisation, absorption, volume of the irradiated
sample and for Compton scattering.

The intensity of the scattered X-rays was collected
at equidistant steps with an increment Ak = 0.05 A~*
and 3 - 10° impulses at each point. The details of the
data processing and correction procedure are dis-
cussed in [10]. The coherent and the incoherent X-ray
amplitudes of the atoms were used in their analytical
form [11]. For both the corrections and the further
analysis of the experimental data the methanol
molecules were regarded as three site molecules, treat-
ing the scattering of the CH, group in the united atom
approximation [12].

The experimental X-ray structure function of pure
methanol and of pure water used for comparison in this
work were taken from [12] and from our recent mea-
surement [13], respectively.

3. Results and Discussion

The total experimental structure functions of the
mixtures were constructed according to the equation

3
Lo () — X x; fi2(K)

i=1

M (k) ’

H(k) = 1)

where I,...(k), f;(k), and x; are the normalized coher-
ent intensity, the coherent scattering amplitudes for
the sites O, H, CH; and the molar fractions of the
different sites in the given mixture, respectively. M (k)
is a modification function defined by

3 2
M (k) =( 2 X f.-(k)> . )
i=1
The total structure functions derived from the ex-
periments can be written as the sum of two terms:

H(k) = H,, (k) + Hy(K) , ©)

where m and d indicate the intramolecular and the
distinct part of the scattering, respectively. In H, (k)
only contributions from intermolecular correlations
are included. The total radial distribution functions
have been calculated from the total structure func-
tions by Fourier transformation:

kmax

ijmgmmmh @)

0

G(r)=1+ 2 o
where g, is the average number density of all sites for
the given mixture.

The distinct structure functions and the radial dis-
tribution functions (RDFs) for the mixtures and the
pure solvents from the X-ray experiments and the
simulations are compared in Figs. 1 and 2, respec-
tively. The MD distinct structure functions have been
calculated as weighted sums of the partial structure
functions h, ;(k) obtained by Fourier transformations
from the site-site RDFs [3, 5].

The comparison of the experimental with the simu-
lation results shows an overall good agreement for
each mixture. It can be concluded that the MD data
reproduce very well the changes both of the structure
functions and the RDFs caused by an increasing mole
fraction of methanol molecules. This agreement be-
tween experiments and MD simulations demonstrates
that the flexible three-site models for water and meth-
anol used in the simulations lead to a basically correct
description of the structure of these mixtures. The small
differences observable between experimental and MD
structure functions can be attributed to experimental
uncertainties except for the small phase shift between
MD and experimental structure functions for pure
methanol at large k, which is due to the fact that the
experiment leads to a slightly shorter nearest neighbor
O-0 distance than the simulation (Figure 2). The de-
crease in the height of the first peak in the RDFs in
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Fig. 1. Comparison of the structure functions from Molec-
ular Dynamics (MD) simulations (——) and experiments
(000) for various methanol-water mixtures with the mole
fractions of methanol as indicated.

Fig. 2 at 2.85 A- assigned to nearest neighbor O-O
distances — with increasing mole fraction of the meth-
anol component can be understood as a result of a
decreasing coordination number and a decreasing
weight of the O-O interactions in the total RDFs
[3, 5]

The further analysis of the total structure functions
is very difficult. For a more detailed comparison of
experimental and MD data and also for the introduc-
tion of a method usefull for the analysis of X-ray data
of any kind of mixtures, a difference structure func-
tion, describing excess structures in mixtures, has been
introduced by the equation

AH (k) = Hy(k) — X Hom (k) — x, H3\ (K), (5)
where H _ (k) and H? , (k) are the structure functions of

pure methanol and pure water, respectively, renormal-
ized for the density of the mixture and for the modifi-
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Fig. 2. Comparison of the total radial distribution functions
from MD simulations (——) and experiments (coo) for
various methanol-water mixtures with the mole fractions of
methanol as indicated.

cation function M:

0. MP(k)
00 M(K)

HY (k)= Hyure,s(K) 5 (6)
where g, and g, indicate densities of the components
in the mixture and in the pure solvent at the same
temperature, respectively. The difference functions are
composed of all methanol-water interactions and of
the contributions due to changes in methanol-metha-
nol and water-water interactions in the mixture com-
pared to those in pure liquids:

AH (k) = H (k) + AH iy (k) + AH,,, (), (7)
where

AI{ss(k) = Hss (k) — X5 H? (k) (8)

S

and ss stands either for methanol-methanol or water-
water interactions. The corresponding difference radial
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distribution functions

AG(r) = Gy (1) + AG  (r) + AG,,,, (1) ©)

can then also be calculated by Fourier transformation
of the AH (k).

The difference structure function AH (k) has been
introduced in order to simplify the analysis of the X-ray
structure functions by leaving out much of the non-
interesting contributions and enhancing the weights
of the contributions for unlike pairs of molecules. The
AH (k) from the experiments are compared in Fig. 3
with those from the MD simulations. The comparison
shows good agreement between experimental and
MD difference functions for all mixtures in almost the
whole range of the scattering variable. The MD func-
tions for the above mixtures reproduce the splitting of
the first peak in the range of 2 < k < 3 A1, The small
deviations at higher scattering variables may also
be due to experimental uncertainties and a slightly
greater damping of the experimental functions with
increasing k.

This is a very important result as it strongly con-
firms the conclusion, which had been drawn already
from the agreement of the total structure functions
shown in Fig. 1, that the pair potentials employed in
the simulations describe the structure of the water-
methanol mixtures correctly. It follows that the de-
tailed analysis of the structure of the methanol-water
mixtures presented in [3] is highly reliable. Experimen-
tally the three terms in (7) cannot be separated. But the
reliability of the pair potentials as demonstrated by
Figs. 1 and 3 allows to calculate the excess solvent-sol-
vent structure functions AH_, and AH,, from the
simulations with a high degree of confidence. The re-
sulting AG,,, and AG,, are depicted in Fig. 4 for
various concentrations. The excess methanol-metha-
nol and water-water functions for the mixtures x_, =
0.1 and x,, = 0.9, respectively, were not calculated be-
cause of negligible weights of these interactions in the
corresponding total structure functions.

It can be seen from Fig. 4 that the major contribu-
tions to the MD excess solvent-solvent radial distribu-
tion functions are found in the range of the nearest
neighbor O-0O distances. The AG(r) show at r =
2.85 A an excess in the number of water-water interac-
tions and a lack of methanol-methanol interactions
compared to the corresponding pure solvent at the
density of the mixtures. The integration over the first
peaks in the AG results in an increase of the coordina-
tion number of water with increasing x,, and a de-
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Fig. 3. Comparison of the difference structure functions from
MD simulations (——) and experiments (ooo) for various
methanol-water mixtures with the mole fractions of metha-
nol as indicated.
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Fig. 4. The excess solvent-solvent radial distribution func-
tions for methanol-water mixtures at various mole fractions
of methanol as indicated.

crease of that of methanol with decreasing x,, as can
be seen from Table 1. Almost no excess contributions
are observable beyond the nearest neighbor shell of
solvent molecules except for AG,,(r) at x, =0.25,
where a slight effect is observable in the range of the
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Table 1. Excess water-water and methanol-methanol coordi-
nation numbers in different mixtures with the methanol mole
fractions x,.

x,, 0.1 0.25 0.9
AN,, 0.1 04
AN —04 —-03

mm

second neighbors. From this discussion of the AG(r)
it can be concluded that the measurable difference
structure function AH (k) is approximately equal to
H,.(k), which means that the experiment is able to
provide the structure functions which describes all
and only the water-methanol interactions in those
mixtures.

In order to deduce further information on the struc-
tural parameters for methanol-water interactions in
the mixtures, the AH (k) difference structure functions
of the water rich mixtures have been analysed with
parameterised synthetic structure functions. The anal-
ysis was achieved by fitting the synthetic functions to
the experimental difference functions.

The synthetic structure functions were composed of
discrete contributions of nearest neighbor O_-O,
and C-O,, interactions, and the contributions beyond
the first shell were approximated by continuum distri-
butions. Interactions including H-sites in AH, (k) have
been neglected owing to their low X-ray weights c;; in
the difference functions. However, in the continuum
part of the synthetic difference functions the C—-H,,
and O,,—H,, interactions have to be taken into account
because of their considerable contributions to the
difference structure functions in the range of 0 <k

<2A~! Thus
AH(k) = AHp (k) + AH(K), (10)

with the first neighbor structure function
AHyp(k) = 0o Z cij(k) Nijjo(k rij) CXP(_IU kz/z) (11)
LJ
and the structure function for the continuum

479,

AH(k) = Y ji(kRy)exp(—L;k*/2),  (12)

where r;;, N;;, and [;; are the mean nearest neighbor
distance between particles i and j, the mean coordina-
tion number and the root mean square deviations
from the mean distance, respectively. j, in the expres-
sions (11) and (12) stands for I-th order spherical Bes-
sel function, g, and c;; denote the average number

1 kAH(k)
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Fig. 5. Comparison of the synthetic difference structure func-
tions ( ) and the experimental ones (oo o) for methanol-
water mixtures with the mole fractions of methanol as indi-
cated.

Table 2. Mean distances r [A], r.m.s. variations | [A] and
coordination numbers for nearest neighbor interactions ob-
tained by least squares fits from experimental and MD differ-
ence structure functions of mixtures. The values in the
columns MD* are determined by direct calculations from the
corresponding radial distribution functions. The estimated
errors for the mean distances, the r.m.s. variations, and the
coordination numbers are 0.03 A, 0.04 A, and 10%, respec-
tively.

X, =01 X, =025
exp MD MD* exp MD MD*
Om_ow
r 283 283 283 287 285 285
l 0.14 0.15 017 015
N 31 31 29 22 21 22
C-0,,
r 3.7 3.7 365 355 363 3.60
l 0.7 0.52 051 055
N 10.7 106 10.7 77 7.6 7.8

density and X-ray weights in the given mixture, re-
spectively. The parameters R;; and L;; are characteris-
tic for the boundary of the structureless environment.

Least squares refinement of structural parameters
were performed by minimizing the differences between
synthetic and experimental difference functions. The
comparison of the experimental difference functions
with the final calculated synthetic functions is shown
in Figure 5. The resulting structural parameters are
given in Table 2.
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To provide a basis for control of the method of
analysis, synthetic structure functions were also fitted
to the MD difference functions by the same method.
The resulting parameters, together with the mean
neighbor distances and coordination numbers calcu-
lated directly from the MD pair correlation functions,
are also given in Table 2 for comparison. It is obvious
from the numbers in Table 2 that a direct determina-
tion of the parameters describing the structure of
methanol-water mixtures is possible from X-ray mea-
surements.

4. Conclusions

Good agreement has been found between X-ray
measurements and MD simulations for the total
structure functions of methanol-water mixtures at
various concentrations. This agreement indicates that
the three-site flexible models for methanol and water
employed in the simulations describe the interactions
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