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The diversity of the water and acetonitrile structures in a binary system, caused by local structural
inhomogeneities, has been investigated by molecular dynamic simulations. Our systems cover a broad range
of acetonitrile mole fractions: dilute, moderate, and higher concentration mixtures. For reference, we perform
simulations on pure water and pure acetonitrile systems. We examine concepts of analysis for an extraction
of local structure information of anisotropic fluids. In general, the local water and acetonitrile structures can
be roughly characterized by the radial distribution functions in terms of the classicasiségoair correlations.

For a more thorough investigation of the local structure and the microheterogeneity of the systems, we use
angular-dependent radial distribution functions. From the radial pair correlation functions, it is possible to
extract coordination numbers and detailed local information of anisotropic water distributions around the
acetonitrile molecules. To confirm the existence of the acetonitrile cluster and to gain qualitative insight into
its stability, we examined the time-dependent radial and angular distribution functions. The results for the
acetonitrile cluster arrangements are in line with experimental data of binary acetonitrile/water mixtures.

Introduction mixture. Microheterogeneity can be understood as the deviation
from the average distribution of molecules on a local micro-
scopic level. A mixture, seemingly homogeneous on the
macroscopic level, is heterogeneous on the microscopic level.
In solution, the AN molecules are not distributed homoge-
eneously; rather, they form various “clusters” within the mixture.
Any two volume sectors of a macroscopically homogeneous
system that are sufficiently large microscopically but small
macroscopically have the same physical properties. Such volume
sectors are microhomogeneous if their constituents are, on
“average, equally distributed throughout their volumes. Consider
for example a mixture of point-charged particles such as alkali
cations and water in which the water environment around the
ions is spherical. Because of this symmetry, the mixture is
homogeneous. In an ANAD mixture, however, the nonspheri-

Detailed information on the molecular level of physicochem-
ical properties of a system can be obtained from MD simula-
tions. Investigations of the trajectories of MD simulations by
adequate methods of analysis lead to an understanding of th
interactions of the molecules and their properties, which
correlate well with experimental data.

Binary liquid systems such as acetonitrile (AN)/water mix-
tures are frequently used in a variety of fields such as organic
synthesis, electrochemistry, chromatography, and solvent extrac
tion because certain properties of these mixtures differ from
those of conventional organic solvents such as chloroform. Some
special characteristics of AN are its aprotic, polar, and organic
properties. For example, it is possible under normal conditions

to dissolve the organic component AN in water at various mole cal asymmetric structure of the AN molecule, which on one
fractions and also in many other inorganic or organic substances.h‘,jmd has a spatially extended methyl group z;md on the other
Many studies have been published on theoretical, molecularanq 4 nitrile group with a highly negative partial charge, leads
dynamics, and experimental aspects of such systems. From theig, microscopic heterogeneity.
investigations of the binary system AN/, Robertson and
Sugamod concluded that the AN molecule behaves like a small
ion and disrupts the liquid structure of water. However, the
thermodynamical studies of Moreau and Doulteaet] also the
Raman spectroscopy studies of von Kabfstow that the AN
molecules in the range of20 mol % AN occupy free “cages”

in the liquid water structure, so the stability of the water structure 7 )
S . (SPC) water modéland the six-site model of Bor® for the
does not change significantly. Von Kabisch has shown that for AN molecule. Mountait performed simulations on ANA®

. - o
binary systems consisting of more than 20 mol % AN, the water mixtures with 10-90 mol % AN in 10 mol % steps using the

component of the binary system becomes more structured than . .
pure water. According to the NaberukiRogov modef. a extended single point-charge (SPC/E) water mbdahd the

. . s . three-site model for AN, which describes the methyl group onl
microheterogeneous structure appears in this kind of binary as a point and thus ignores the spatial extensionyofgthe ICr)netr?/yl

- T - hydrogen atoms. On the basis of the conventional radial
* Corresponding author. E-mail: chriso@uni-bielefeld.de. IR . .
 Universitd Bielefeld. distribution functions, Kovacs and Laaksohéand Mountaif?
* Universidade de Coimbra. found indications for microheterogeneity in those mixtures

Goldammer and Hertzobserved an increase in the water
structure at low AN concentrations and also found a certain
degree of microheterogeneity in AN/water mixtures. Kovacs and
Laaksonef” performed MD simulations on a short time scale
(20 ps) on pure water, pure AN, and ANABI mixtures with
12, 50, and 88 mol % AN. They used the single point-charge

10.1021/jp025506d CCC: $22.00 © 2002 American Chemical Society
Published on Web 07/13/2002



7148 J. Phys. Chem. A, Vol. 106, No. 31, 2002 Oldiges et al.

beginning with 12 mol % AN or 10 mol % AN, respectively. TABLE 1: Composition of the Simulation Systems
By means of the ensemble standardized radial distribution Ana  H,00  mol% AN densityg/cn?
functions, they obtained distance-dependent information but no

timefps ratel/fs

- . . 0 390 0.00 1.00 100 10

angular relations, which would be necessary for a more detailed | 3¢ 0.26 1.00 300 20
analysis of the structure. With X-ray diffraction and IR 2 379 0.50 1.00 350 20
spectroscopic methods, Takamuku et?@ucceeded in experi- 4 379 1.00 1.00 350 20
mentally proving the coexistence of AN and water clusters. 6 364 1.60 1.00 300 20
Furthermore, they give more detailed structural information, 8 355 2.20 1.00 1000 50
mainly for the AN cluster. %2 353 ‘71'28 é'gg 1?88 gg
In the Methods section, We introduce the statistical techniques 35 243 11.60 0.98 500 50
for the angular- and time-dependent pair correlation functions. 80 242 24.80 0.91 250 20
Then we discuss our results by comparing the results of Kovacs' 160 158 50.30 0.85 200 20
simulation§ and Takamuku’s experimental ddfaBy means 240 79 75.20 0.82 200 20
320 0 100.0 0.78 200 20

of the introduced methods of analysis, we are able to determine
the local microscopic cluster structure of the mixture’s com-  2Molecules.® Of the solution Run duration® Sampling rate.
pounds.

C

Simulation Details

For the build up of the binary AN/KD system, we first place
the nitrile carbon (C1) of the AN molecule randomly in a free
region of the cubic box with periodic boundary conditions.
Furthermore, the direction of the main axis of this AN is chosen
randomly. The nitrogen atom and methyl carbon (C2) are placed
along the main axis. The direction and position of the first Fim A
hydrogen atom are chosen randomly, whereas th€&-H1 Figure 1. lllustration of the angular and radial relationship between
angle is 110 and the C2-H1 bond length is 1 A. A subsequent  the molecule containing atoms A and B and the correlated atom C,
rotation around the top axis defines the positions of the other which is used in the angular-dependent R@Fg c(r, ©).
two hydrogen atoms and completes the AN molecule according
to a tetrahedral arrangement at the methyl cafSomhis
procedure is repeated until the required number of AN molecules
is reached. Each AN was generated as a rigid six-site molecule
model using Bam’s'* parameter set. Finally, we place water
molecules in the simulation box until the required ANMHvalue
is achieved. These water molecules are generated by Beren
sen’s SPC/E water model, which treats the water molecule as
a rigid three-site model. Once the start configurations are
generated, one has to remove the strong internal tension of th
unequilibrated systems. During the first equilibration period of
the simulations in the NVT ensemble, the Woodcock thermo-
stat!® a modified leapfrog algorithm, was used. The integration
steps have been increased slowly fron3f3 at the beginning
to 1 fs at the end, depending on the degree of temperature
correction. To adjust the selected temperature of 300 K and to a
escape from local energy minima, a second equilibration phase A
of 50 ps with 1-fs steps in the NVT ensemble was found to be Oa_gclr, ®) = =
necessary. ' tINANGV(r, r + Ar, ©, © + AB)

For the simulation runs performed with 1-fs time steps, the ¢ Na Ng/Na Ne
simulation time and the corresponding sampling rate are shown O (r = |r(@)]) 1)
in Table 1. For the integration, we apply the velocity Verlet TZ‘ .Z ]Z k; Ar ik
method of Swope et dP In each integration step, the
RATTLEL"18 algorithm was used to relax the initially con- Fin(T) Ti(2)
strained bonds of the rigid AN molecules and the hydrogen Op0|© — arccog—————
atoms. Then, the temperature was fixed in the NVT ensemble (@70
by a BerendsenThermostaf with a coupling time of 0.5 ps. . . .
F)(;r the calculation of the Lennard-Jpongs parameterg, the with m= (i = 1)Ng/N, +
Jorgense® combination rules have been used. The Lennard-
Jones interactions were truncated using a cutoff radius of 10 ando ,o(0©) :{
A. For an accurate calculation of the long-range Coulomb
interactions, the Ewald sum technid@é27 was applied with
the same cutoff for the real term of the summation.

[se)

ga-ec(r, ®), information about the microscopic structure can
be obtained. The conventional RDF is useful for binary systems
with dissolved particles, which are spherically symmetric, such
as mononuclear ions, in describing the structure of the clusters.
However, if the solvated particle, such as the AN molecule, is
gstructured, (i.e., if the solvated molecule consists of different
kinds of spatially extended functional groups or different partial
charge), then the conventional RDFs still suggest a spherically
esymmetrical distribution of the correlated particles because these
functions relate only to the statistical mean of the distance
between two particles. We think that an adequate method for
structural analysis has to be based on the angular-dependent
pair distribution function.

Because both distance and angle intervals are taken into
ccount,

100=<0=<A0
0 elsewhere

)

O is the angle between two vectors. The basis vegtofsee
Figure 1) is defined by the positions of the atoms A and B,

Methods which belong to the same molecule, whereas A marks the center
of the correlation. The second vectok is defined by the
Using the radial pair distribution function (RDFJa—g(r), positions of the atoms A and C, where C belongs to the

and the angle-dependent radial pair distribution function, correlated (different) molecules ands the length of the vector
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Figure 2. lllustration of the radial and angular relationship between
two molecules containing atoms A and B or C and D, which is used in
the angular-dependent ROfx—g.c-o(r, ©).

represented by atoms A and @ is the volume of the
simulation boxt is the simulation timeNa, Ng, andN¢ are the
numbers of the atoms A, B, or C, respectively. The volume of
the spherical sector is defined as

V(r,r+Ar,©,0 + AB) = %n((r + Ar)® =13

(cos@) — cos@ + A®)) 3)

The functionga—g c(r, ®) can be represented in a 3D plot
from which important angle relations can be derived. To allow
the evaluation of the conventional RRJtr), the program has
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Figure 3. RDF go-ofr) of the water component with O mol % AN
(—), 2.2 mol % AN < — —), and 24.8 mol % AN - *).

5

intervalrg — . These functions can also be represented in a
3D plot (e.g., see Figure 16b).
Results and Discussion

First, we will investigate the structure of the AN cluster by
means of the methods of analysis introduced above. Subse-

been modified such that specific angular areas can be selectedguently, we will focus on systems with low AN mole fractions

The new functionga—g,cesex(r) is based on the distribution
function defined in eq 1 and can be written as

— _ac(r,®
Or 2 SgA B.o( )

(4)

gAfB,C@S,@R(r) =

The coefficient®s andBr correspond to the start and the range

of the angular area, respectively. Thus, by means of integration

of this function overr, it is possible to determine the coordina-
tion numbet® of any given particle directly. This enables us to
give gquantitative information about local partielparticle
interactions.

To describe directional correlations, we introduce the function
ga-.c-p(r, ®). Its definition is analogous to that of the function
ga-sc(r, ®) in eq 1 but with the vectory replaced by the
vectorryp, as shown in Figure 2. The function gives information

about the number density of the directional correlations and the

distances between the molecules.

To obtain the 3D spherical distribution of the correlated atom
D around any molecule containing the atoms A, B, and C, we
use the functiorga—s—c p(r). Here, the positions of A, B, and
C define thexy plane of an internal coordinate system with the
origin at the position of atom A. Typical 2D cuts of this function
are shown in Figure 4ac. The following time-dependent pair
distribution functionga—g(r, t) andga—g,crs (@, t) are useful
aids in determining the stability of clusters in the system. For
the first function, the interatomic distances between atom A,
the center of the correlation, and atoms B, which belong to the
correlated (different) molecule are determined for any time
interval [t, t + At] within the total simulation time.

box

NANgV(r, r + Ar)

Oa—p(r, ) =

t+At Na Ng

TZK ; gém(f — Ir(@))

Similarly, the functionga-g.c,srx(©, t) can be defined on the
basis ofga—p.c-p(r, ®) but with thez sum restricted to the
interval ¢, t + At) andri restricted tars < rix < rs+ rg. This

function is standardized &g g crsr(®, t) — 1 for the radius

®)

in relation to their cluster tendency.

Structural Information. Water —Water. Figure 3 shows the
pair correlation of oxygeroxygen RDFgo-o(r) of the water
component in these mixtures. The peak heights at 2.8 A increase
with increasing AN concentration. With low mole fractions of
AN (up to 4.7 mol %), the RDF is hardly distinguishable from
that of pure water. The peaks are relatively low compared to
the peaks of higher AN concentrations because of the nearly
homogeneous distribution of the water molecules within the
mixture: at low AN concentrations, more water molecules can
be found in the far range of the simulation box than at higher
concentrations, so statistical standardizatigfm)(— 1 asr —

o) leads to lower peaks in general and thus indicates a higher
homogeneity of the mixture. In the distribution functions, there
are also two lower maxima that represent additional hydration
shells in the regions around 4.5 and 7.5 A. Both the pronounced
maximum and the short oxygemxygen distance of 2.8 A
between neighboring water molecules indicate strong inter-
actions between the water molecules, which can be interpreted
as hydrogen bonds. This interpretation is also confirmed by the
RDFsgo-n(r), with the first peaks at 1.8 A (not shown here).
Figure 4a-c shows the coordination of the water’'s hydrogen
(red) and oxygen atoms (blue) around the central water
molecule. The central water molecule has been placed in the
xy plane with the oxygen atom at the origin. This Figure clearly
demonstrates the preferred orientation of the surrounding water
molecules with respect to the central molecule. The hydrogen
atoms are directed toward the oxygen of the central molecule,
whereas the oxygen atoms are directed toward the hydrogen.
The nonspherical water subshells can be seen in Figure 4c,
where the water component becomes more structured. Thus,
the microheterogeneity is built up.

Acetonitrile —Acetonitrile. When increasing the AN con-
centration, the peak heights of the first maxima become lower
(see Figure 5), and the peaks are shifted toward larger atomic
distances, from 3.6 to 4.2 A. This decrease of the peak heights
can be explained through the distribution of the molecules in
the system as described in the preceding section. The increase
of the AN concentration leads to larger nitrogaritrogen
distances. The shifted peaks indicate a change in the cluster
structure (see Figure 5). The same behavior has been reported
by Kovacs and Laaksonéri,who used the standardized RDF.
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Figure 4. (a) Water surrounding a central water molecule (for 11.6 mol % ¥Njlane). (b) Water surrounding a central water molecule (for 11.6
mol % AN; xz plane).(c) Water surrounding a central water molecule (for 11.6 mol % piplane)
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Figure 6. Angular-dependent RDBn-cp)(f, ®) of the 11.6 mol %
d AN mixture. The correlated atom pairs are the nitrogen atoms of the
2 3 4 5 6 r/A AN molecules. The contour lines display the angular and radial positions

Figure 5. RDF gn-n(r) of the AN component with 2.2 mol % AN of the local maxima.
(—), 50 mol % AN (= — —), and 100 mol % AN - -).

restricted to certain angular intervals, the conventional RDFs

An unexpected result was found for an AN concentration of May confirm the existence of minima, thus proving the existence
1.0 mol %. The peak height of the first maximum is just 1.3, ©Of microstructure that is due to particular pairs of particles.
which is less than that for neighboring concentrations of 0.5  The current conventional RDFgy-n(r) in Figure 5, do not

and 1.6 mol %. This finding will be discussed below on the show any minima but do show a maximum within 3.6 and 4.2
basis of the time-dependent RDF and angular distribution A, which is dependent on the concentration, and a shoulder near
function. 55A.

The surroundings of a molecule in a microstructured system  The angular resolved view of these pair correlatiognsc) N,
contain areas with few correlated atoms, so-called “structure ©) (see Figure 6), reveals that the shoulder in Figure 5 results
holes”. In the ideal case, these areas are represented by a locdtom the superposition of a maximum over the angular range
minimum withg(r) < 1 in the RDF, which follows a maximum  of 0° < ® =< 40° and a minimum over 40< ® < 90°, which
with g(r) > 1, such as in the functiorgo-o(r) in Figure 3. In is behind the pronounced maximum (see Figure 6). Thus, this
other words, when the RDF shows a maximum followed by a function, as in Figure 6, proves that the AN molecules of the
minimum withg(r) < 1, one can conclude that this liquid is a mixture are arranged in a structured formation. The first
microstructured system. However, an analysis of any such maximum of theg(r, ®) functions increases from 2.5 to 5.2
system does not necessarily result in a conventional RDF with with 0° < ® < 60°. This region represents the first shell of
a pronounced maximum and minimum. Because of the averag-nitrogen atoms around the AN molecule. Over the range<60
ing over the whole angular range, the information on such ® < 90° for g(r, ®), the maximum decreases rapidly, and for
extrema may disappear; it is, however, still present in the ® > 90°, we have 1.5< g(r, ®) < 2. Consequently, in this
angular-dependent RDFs of these systems. Because they aresgion, the distribution of nitrogen atoms is lower, so we can
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Figure 7. Surroundings of the AN molecule. The green area represents
the distribution of nitrogen atoms, and the blue area, the methyl carbon
atoms (green point: nitrogen, black: nitrile carbon, and white: methyl
carbon atom).

Figure 9. Definition of the angle®):, 6., andfs.

TABLE 2: Local Maxima of the Correlated Atoms C(2),
C(1), and N with Respect to the Nitrile Carbon Atom C(1)

® e xmol% C2),r/A  64° CQ), A 6J° NA 64°
o (@ P ege oy 2.2 372 119 365 93 335 8l
® ¢ * ® 4.7 368 115 345 90 330 79
e @ o O 116 370 115 345 90 345 72
: L ® ® 24.8 361 121 345 88 345 72
: m oo oo 50.3 3.74 115 345 88 345 72
P4 75.2 378 119 355 86 355 68
100 378 124 342 88 343 70

Figure 8. Sketches of the AN cluster structure. The left one illustrates A
the zigzag shape, and the right one, the antiparallel arrangement. Of AN.

conclude that the nitrogen atoms can be found mainly around maximum, which is located at 18@nd about 3.45 A, represents
the axis of the nitrile and methyl carbon atom, as shown in the first shell and is therefore very distinct. Furthermore, there
Figure 7. Figure 7 also shows that the bond axis between theiS another weak maximum af @nd 4.1 A, which represents
nitrile carbon and methyl carbon atom is surrounded by other the second shell. The sharpness of the first peak that was
nitrogen atoms. The nitrogen and methyl carbon atoms aroundMentioned is a result of the large number of possible combina-
AN molecules are distributed separately. In conceiving a tions with direct neighbors. These results agree very well with
connection between these different areas, one would qualitativelythe experimental results of Takamuku etl.
consider an antiparallel and a slightly shifted arrangement of ~ Considering the width of the local maxima in Figure 3@a
AN molecules. The observation of the surrounding area of the we observed that the maximum of the angular-dependent RDF
nitrile carbon atom, which is close to the mass center of the 9ci-c2N(r, ©) (Figure 10c) is quite sharp, whereas the signals
AN molecule, is helpful in further determinations of the AN in the functionsgci—cz.cir, ®) (Figure 10b) andyci-c2.cAr,
cluster structure, as shown in the following section. To prove ©) (Figure 10a) are relatively broad. This indicates that the
the antiparallel arrangement at various concentrations and formolecules undergo librations, where the relative positions of
more detailed determinations, we focus on the surrounding areathe two nitrogen atoms are more or less fixed. Obviously, this
of the nitrile carbon atom, which is close to the mass center of effect depends on the AN concentration because with increasing
the AN molecule. AN concentration the peaks become more diffuse. The distance
Takamuku et al? investigated AN mixtures with 10100 between neighboring nitrogen atoms increases significantly with
mol % AN by means of IR and X-ray diffraction. For the pure increasing AN concentration (3.78.2 A, see Figure 3),
AN liquid, they pointed out that the first neighbors are almost whereas the distance between the neighboring nitrile carbon
antiparallel and slightly shifted in such a way that the inner- atoms remains approximately the same (see Table 2). Obviously,
atomic distance between the nitrile carbon and the nitrogen of the geometry of the cluster changes with increasing AN
the next neighbor is 3.5 A and the distance vector is ap- concentration. We assume that the AN molecules keep an
proximately perpendicular to the main molecular axis. The ANs antiparallel arrangement but tilt out at a point near the nitrile
of the second shell are directed parallel to the main molecule carbon atoms.
and are 4.1 A apart. The result is a zigzag-shaped arrangement Acetonitrile —Water. To investigate the water mole-
of the molecules in the cluster (see Figure 8). cules around an AN molecule, an angular-dependent RDF
Table 2 gives the interatomic distances and angles of the AN gn—c(),Hwar(l, ®) (See Figure 12) is required. In the 3D plots
atoms in the first shell in relation to the main molecule, as shown for the various AN concentrations (e.g., in Figure 12 for a
in Figure 9, which are derived from the local maxima of the concentration of 11.6 mol %), one particular signal is very
angular-dependent RDFs. This Table contains results only for striking; this signal is very narrow and completely isolated in
concentrations corresponding to at least eight AN molecules. the angular region of 100< ® < 18¢° andr = 1.9 A. Moreover,
The angle®®;, ©,, and®; are taken from contours of the 3D  the signal corresponds to the first sharp maximum at 1.9 A in
plots of the angular-dependent RDS—c2.cAr, ©), gci—c2.cAf, ON-c(1),Hwat),100,80(r), Which is shown in Figure 13. The peak
©), andgci-caN(r, ©), respectively. (See Figure 16a, which heights increase with increasing AN concentration, and the peaks
is evaluated from the systems listed in Table 2.) Comparing are followed by very pronounced minima, which are shifted
these angles (see Table 2), one finds that the AN molecules ofwith increasing AN concentration from 2.5 to 2.75 A (see Figure
the first shell are orientated almost antiparallel (see Figure 8). 13). These distinctive extrema in the RDFs indicate strong
This orientation can be confirmed by an analysis of the electrostatic interactions between the water molecules and the
correlation functiorgc)-c),cwcefr. ©) (see Figure 11). The AN molecules, which in this case can be interpreted as hydrogen
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Figure 10. (a) Angle-dependent RDc(1)-c(2).cefr) of the 11.6 mol % AN mixture. The correlated atom pairs are the nitrile carbon atom and the
methyl carbon atom. (b) Angle-dependent RB)-ce)cafr) of the 11.6 mol % AN mixture. The correlated atom pairs are the nitrile carbon
atoms. (c) Angle-dependent RRk(1)-c)n(r) of the 11.6 mol % AN mixture. The correlated atom pairs are the nitrile carbon and nitrogen atom.
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Figure 11. Exemplary angle-dependent RDF1)-c).cay-cer) of the i
11.6 mol % AN mixture. 2 4 6 8 riA

Figure 13. Distribution function gn-cy Hwa,10es(r) with AN
concentrations of 0.26 mol %), 11.6 mol % ¢ — —) 50.3 mol %
(- - -), and 75.2 mol %«(+ *).

g(re@)

TABLE 3: Coordination Numbers of Water Oxygen and
Hydrogen Atoms at the Methyl Carbon and the Nitrogen

Atom of AN

xmol% AN  C(2-O0 N-O N-H C(1)-C@pb

0.26 18.54 9.45 3.71

0.5 20.27 7.67 3.87

1.0 18.89 9.83 3.73
. 1.6 19.41 9.30 4.00 0.569
Figure 12. Angle-dependent RDBn-c()Hwarfr, ©) of the 11.6 mol 2.2 19.67 7.66 3.76 0.717
% AN mixture. 4.7 17.91 7.25 3.52 1.556
11.6 14.12 5.64 3.23 3.524
bonds. To obtain the coordination number of the hydrogen atoms 24.8 10.62 3.25 2.65 5.953
at the nitrogen atoms, the integrals of the function ?gg gg% é-gg (1)-% g-ggg

On-c(2),Hwat),100,8°(F) are evaluated to the first minimum. The 100' 0' 0- 0 : 10.608

coordination numbers as a function of the AN concentration
are shown in Table 3. For example, we obtain for the 11.6 mol  # Of AN.  Coordination numbers of the ANAN cluster.

% system a coordination number of 3.23. Kovacs and Laak-

soneli” obtained a coordination number of 1, which is due to a contradiction. We assume the three hydrogen atoms can be
the fact that these authors evaluated only the integrals of thebound alternately to the nitrogen atom via a hydrogen bond,
conventional functionsn-Hwan(r) without considering the but the other hydrogen atoms remain in the radial interval from
specific angular range. These functions lead to a misleading0 to 2.75 A. Additionally, a former investigation of Luzar and
number density of 1.5 at 1.9 A because they result from Chandle?® shows that a hydrogen bond requires specific
averaging the number density over all angles. The lone electrongeometric conditions that do not necessarily apply to each of
pair at the nitrogen atom is able to form only one hydrogen the three hydrogen atoms simultaneously. Furthermore, when
bond. Thus, the high coordination number of 3.23 seems to bethe mixture is at a low concentration, the coordination number
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AN concentrations of more than 50 mol %, the water molecules
seem to be bound to the nitrogen exclusively via hydrogen
bonds. Another interesting detail is the weak local maximum
in the angular-dependent functiogg,-c1,owatfl, ©) atr =
3.45 A and® = 70° for low AN concentrations up to 11.6 mol
% (see Figure 14 arrow), indicating a high local water density
near the nitrile carbon atom of the nitrile group. At higher AN
concentrations, the local maximum disappears as water is
displaced, so we assume that the higher water oxygen atom
density at low AN concentrations results from a weak dipole
Figure 14. Angle-dependent RDBcq)-c(» owadTr, ©) of the 11.6 mol dipole interaction between the AN molecules near the nitrile
% AN mixture. The arrow points to a local maximum, which disappears 51 atom and water molecules. In all probability, as in the
in the gey-ce).omwafr, ©) of mixtures of higher AN concentration. model proposed by von Kabisthat low AN concentrations,
yIA the AN molecules occupy free “cages” in the liquid water
structure. In general, the coordination number of the oxygen
atoms on the methyl side is higher than that on the nitrogen
side of the AN molecules (see Table 3;-O vs N—0). Figure
15 shows the preferred orientation of the water molecules on
0 the nitrogen side of the AN molecules, but this orientation is
, not due to the lack of electrostatic interactions on the methyl
/_ ; side, as expected. The relatively high coordination number and
4 the unarranged orientation at the methyl side hint that this group
dominantly effects a displacement of the water molecules in
) 0 4 A the solution.

Figure 15. Local structure of hydrogen (blue) and oxygen (red) atoms Cluster Propertlgs of the AN/Water SystemsTo investigate
surrounding the AN molecule of the AN/water system. On the nitrogen the cluster properties of the AN/water systems, we have analyzed
side (green point), there are distinguishable areas of hydrogen andthe time-dependent RDF. For concentrationscof 2.2 mol
oxygen atoms with an angular rangecof= 160°. On the methyl side, 9%, the distances between two nitrile carbon atoms vary in time,
no e>_<p|i_cit_orientation of water molecules is visible. Only the water indicating Brownian motion. At a concentration@f= 2.2 mol
gﬁ/?jgg LSOLEC;(f:;Se_d in the range of= 240°. A gap of low density %, the distances are constant over a long time interval, but the
relative orientation of two molecules with a distance of 3.0
of the oxygen atoms in the first shell is significantly higher I = 4.5 A is not constant. Therefore, one can conclude that the
(5.64 oxygen atoms vs 3.23 hydrogen atoms for the 11.6 mol AN cluster with anti and parallel arrangements does not occur
% mixture) than the coordination number of the hydrogen atoms. permanently (see Figure 16a,b). For concentratiors»f4.7
This indicates that in the first shell most of the water molecules mol %, both the distances and orientation are conserved over a
do not interact electrostatically with the nitrogen atom. However, long time interval, which is a result of the formation of AN
with increasing AN concentration of the mixture, the coordina- clusters with the “correct” arrangement. Figure 17a,b shows the
tion numbers of the oxygen and hydrogen atoms assimilate. Forideal case, that of a constant distance between neighboring
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Figure 17. (a) gc(lyc(z),c(lyc(z)(r, t) of the 25 mol % AN mixture. (ch(l)—c(z),c(lyc(z),3.0 Al5 K@, '[).
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molecules (see Figure 17a) and a preferred orientatidh of which is in line with the coordination number of water oxygen
180 forr ~ 3.5 A and® = 0° for r ~ 4.0 A (see Figure 17b).  atoms on the methyl side (see Table 3). The spherical distribu-
tion of the water molecules around the methyl group is
Conclusions determined by the cage formed by the AN molecules, depending
d on the AN concentration. To obtain the detailed information
on the liquid structure presented in this work, it was necessary
to go beyond the conventional pair correlation functions.

We have carried out molecular dynamics simulations of liqui
water, acetonitrile (AN), and AN/water mixtures. Within an AN
concentration range of 0.265.2 mol %, the local structure of
bulk water does not change significantly. However, the corre-
sponding RDFs indicate increasing inhomogeneity with increas-
ing AN concentration, which confirms the existence of inter-
actions between AN molecules and water molecules.

For pure liquid AN, Kratochwill et at® proposed, on the basis
of their X-ray diffraction experiments, a model of an AN cluster.
The crystallographic orthorhombic unit cell with a volume of
694 A3 contains eight AN molecules. Furthermore, these authors
assumed an alternately antiparallel and parallel arrangement o
the molecules. Bertagnolli et & proved by X-ray and neutron-
ray diffraction that the dipoledipole interactions at short (1) Robertson, R. E.; Sugamori, S. €an. J. Chem1972 50, 1353.
distances are essential and that the direction of the molecules, (12?213'\."‘,’\;'%?;&';C??%hﬁhg;%cﬂ']’:ﬁﬁ ggr?i'nf. hﬁ'tﬁg;”g' f’éf’lggg
is preferably antiparallel. In our corresponding simulation, the Moreau, C.: Doubeet, G.J. Chem. Thermodyr976 8, 403. Moreau, C.;
cubic simulation box of the pure AN System contains 320 unh’arert]: Gt.;(\;/igl\llarﬂ, g. FAuli:dlulijhgshzsiqEiligiﬁgﬁgSZGZ,Zésg.zi\Aoreau,
molecules, and the length of its edge is 30.354 A. Thus, the C. '(33‘;Uvgﬁ kab'isclr?, s Ay Cheml%zq%a 06 26, 221,
volume of a subbox containing eight AN molecules is 699.178  4) Naberukhin, Yu. I.; Rogov, V. ARuss. Chem. Re1971, 40, 207.
A3 in agreement with experiment. The antiparallel arrangement (5) v. Goldammer, E.; Hertz, H. Gl. Phys. Chem197Q 74, 3734.
of the molecules, which is found from the analysis of the various (6) Kovacs, H.; Laaksonen, Al. Am. Chem. Sod 991 113 5596.
angular-dependent distribution functions, and the dimensions ~ (7) Beérgman, D. L.; Laaksonew. Phys. Re. E 1998 58, 4706.
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