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We present calculations for the acetonitrile - water clusters to examine the nature of interactions in the mixed
clusters. We calculate conformers of various composition, either of a-type («OH and -CN binding linearly) or
7z-tvpe (-OH and -CN interacting perpendicularly) structures for the acetonitrile - water clusters. We predict
that the IR frequency of the proton-accepting C=N stretching mode red-shifis in the o-type clusters and biue-
shifts in 7-type conformers, whereas the proton-donating —OH stretching frequency red-shifts in all cases. We
find that this intriguing pattern also applies to the acetonitrile - water clusters of various molar ratio.
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Introduction

Clusters’- are of fundamental importance. because they lie
between the free molecule and the solute molecule in the
condensed phase. Although their physicochemical properties
are usually not easily predictable from those of the solute
and the solvent molecules, studving the clusters may shed
considerable light on the effects of solvation on the structure
and reaction of the solute molecule on the molecular scale.
In the cluster model, or the “supramolecular approach”, the
effects of “microsolvation™ ! are examined by examining
their properties as a function of the number and arrangement
of solvent molecules around the solute.

Although large amount of information has been accunmu-
lated for the structures of the clusters. most investigations
were focused either on pure clusters or those consisting of
solute molecule and a number of solvent molecules. Recent
studies of aromatic alcohol - water clusters,'"’* benzonitrile
-water complexes'™'® and benzene - acetonitrile clusters’’
are also of the latter type. More intriguing and complicated
clusters may consist of different kinds of molecules of more
or less equal molar ratio, which correspond to the mixed
solution when the number of molecules becomes very large.
In this situation. a variety of conformers of different molar
ratios may be produced with interesting structural and
thermodyvnanuc properties. Studving this tvpe of mixed
clusters may help elucidate the property of the solution. for
example, the nature of miscibility. in terms of the detailed
interactions between the functional groups of the molecules.
The properties of tlus tvpe of mixed clusters in general
cannot be expressed as a weighted average of those of the
constituent molecules, since they may be determined by
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complicated interactions between the molecules. Thus. one
may not employ the polarizable continuum model (PCM)'®
type methods m wluch the solvents are treated as continuum
represented by macroscopic properties such as the dielectric
constant. Instead, one may study the interactions among the
solvent molecules n detail on the molecular scale by taking
advantage of the cluster model. Because of the recent
advances n the spectroscopic technique (for example. super-
sonic beam techmgque and UV-IR double resonance method)
for examining the structures of the clusters. systematic com-
putational study may vield mvaluable information for the
structures of this type of mixed clusters and also of the mixed
solution, when compared with the experimental observations.

The most useful experimental parameter for elucidating
the structures of the clusters 1s the infrared (IR) frequency of
the specific mode in the clusters, and numerous studies on
the structure of clusters have focused on the IR frequency
shift of the stretching mode involved in hydrogen bonding.
Most of these studies were centered on the frequency of the
proton-donating bond in the clusters. The frequency of the
alcoholic OH group, for example. has proved extremely
efficient to study the structure of the hydrogen bonding in
alcohol - water clusters. In the “usual” type of hydrogen
bond. the OH stretching frequency n the cluster red-slufts
from that n the free molecule. as the result of weakening of
the OH group due to the hydrogen bonding. Hobza and co-
workers,'® however observed that. in some cases. the IR
frequency of X-H stretching mode m X-H---Y type hyvdro-
gen bonding might rather A/re-shift. They suggested that the
“mmproper blue-shifting hvdrogen bond™ may result from the
partial electron transfer from the proton-accepting group (Y)
to chemical bond(s) mn the proton-donating moiety other
than X-H. strengthening and shortening the X-H bond. On
the other hand, the IR frequency shift of the proton -
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accepting bond (C=N in the present studyv) has rarely been
systematically considered so far. Observing this other half of
the hydrogen bonding may be quite interesting, because, if
the proton-donating bond exhibits a vanety of different
pattern 1n the IR frequency shift depending on the nature of
interactions, the proton-accepting moiety may also show
very interesting behavior. revealing more detailed infor-
mation of the mteractions in the clusters. If the direction of
the IR frequency shift depends on some structural characteris-
tic of the cluster. it may give very useful tool for elucidating
the structure of the cluster.

In this work, we study the acetonifrile - water clusters to
examine the nature of interactions in the mixed clusters in
detail. Although the water and the acetonitrile liquids nmuix
very well in all proportions, they do not intermingle on the
molecular basis. The structure of the acetonitrile (a tvpical
aprotic solvent) - water (the most well-known protic solvent)
solution™= may rather be described as the intermixture of
clusters consisting of a few tens of each molecular species.
Since the focus in this work 1s on the interactions between
different kinds of “solvent™ molecules in the mixed clusters.
our calculated results mav help elucidate the structures and
the nature of interactions in the mixed clusters to probe the
structure of the solution phase. We calculate a variety of
conformers, either of o-type (-OH and -CN binding linearly)
or 7-tvpe (-OH and -CN binding perpendicularly). We
calculate that the IR frequency of the proton-accepting C=N
stretching mode red-shifls in the z-type clusters and bhre-
shifts In o-tvpe conformers.

Computational Methods

In this study all the calculations were carried out using the
GAUSSIAN 03 set of programs.> The structures and the
harmonic frequencies of the clusters are calculated along
with the zero-point energies by emploving the density func-
tional theory method BLYP="* with the basis set 6-31+G**
that has proved to give accurate infrared frequencies for high
frequency stretching modes. agreeing very well with the
experimental values usually to within 30 ¢m™ without em-
ploving the scaling factors. The stationary conformers are
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Figure 1. Structures and shift of C-N stretching frequencies (cm™)
of (CHACN +(H2O); clusters.

obtained by verifying that all the harmonic frequencies are
real. The binding energies are computed as the difference
between the energy of the clusters and the sum of the
energies of the separated fragments with zero-point energy
correction. Basis set superposition errors™ are not consider-
ed mn the present work. although it may shghtly affect the
calculated structures.
Results

CH;CN-(H:0), (n = 4, 8) cluster. Figure | and Figure 2
present the structures of (acetomitrile), - (water), (n = 4. 8)
clusters, respectively, along with their relative energies. The
calculated energies and harmonic frequencies are given in
Table 1 and Table 2. The BLYP/6-31+G** method employ-
ed in this work gives the frequency of the CN stretching
mode in agreement with experiments.* Some structures are
“o-type”, whereas others are “7z-type” ~*' We predict four
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Figure 2. Structures and shift of C-N stretehing frequencies (cm™ ) of (CH:CN)-(H>Q )z clusters.
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Table 1. Electronic energy (E), zero-point energy (ZPE), relative energy (AE), binding energy (BE), and dipole moments of the clusters

E ZPE AE BE Dipole moment

(hartree) (kcal/mol) (kcal/mol) {kcal/mol) {Debye)
(CH:CN)-(H-O),
1-4a —138.43731 88.9 0 23387 3.8373
1-4b —138.43736 88.7 —0203 25.39 3.3765
1-d¢ —138.42288 86.8 +7.080 18.307 0.9767
1-4d —138.43389 88.0 —0.117 25.504 12423
(CH:CN)-(H-O)x
1-8a =744 17766 1527 4] 60.45 37826
1-8b =744 17788 152.3 -0.54 60.99 5.8533
1-8¢ =744 17054 151.6 +3.37 57.08 3.9840
(CH.CN)-(H-O)»
2-2a —418.29636 85.3 0 14.6 0.0334
2-2b —418.29393 85.9 +2.1 125 2.3298
2-2c —3418.29552 86.1 +14 132 5.7683
2-2d —118.29337 83.8 +2.3 12.1 3.7009
(CH:CN)~(H-O)s
2-4a -571.16333 117.6 0 298 (.8603
2-4b =571.15980 117.0 +1.63 28.2 74738

conformers of (acetonitrile), - (water)s clusters. of which (1-
4b) 15 of the lowest energy. The structures (1-4a) and (1-4d)
are, however, very close in energy to (1-4b). The acetonitrnle
molecule mn (1-4a) 1s bound to the water tetramer whose
structure is approximately square. The structure of (1-4a).
which 1s slightly (0.2 keal/mol) higher in energy than (1-4b),
1s different in the position of the acetonitrile molecule
binding to the water tetramer. In the conformer (1-d¢). the
acetonitrile molecule 1s inserted into the water tetramer. thus
its energy 1s significantly lugher than (1-4a) and (1-4b). We
reported 1n a previous paper that for the s-tvpe L:1 1somer the
CN stretching is blue-shifled from that of the bare aceto-
nitrile, whereas it is red-shified for the z-tvpe cluster™
Similar trend is also seen for CH;CN-(H-O). clusters depict-
ed in Figure 1. The otype isomers (1-4d) and (1-4b) exhibit
blue shifts of 5.4 and 13.5 cm™', respectively. whereas the
CN frequencies are red-shifted for the 7ztype clusters (1-4a)
and (1-4¢) by 3.7 and 20.8 cm ™. respectively.

Since the size of the acetonitrile molecule is larger than the
water molecule. its location in the (acetonitrile) - (water):
clusters may be interesting. The corresponding situation in
the solution phase is dilute aqueous solution of acetonitrile.
We focus on (acetonitrile), - (water)z clusters (Fig. 2). We
find three typical structures of the (acetonitrile), - (water):
clusters, although there certainly will exist much more
conformers. The two lowest energy structures are calculated
to be of very similar energy. In (1-8a) the acetonitrile mole-
cule binds roughly parallel to the water octamer. The latter
water octamer in the cluster seems to correspond to the cubic
water octamer predicted by other investigators. In the isomer
(1-8b). the acetonitrile molecule binds linearly to the water
octamer. The third conformer (1-8¢) looks like a pentapole.
with the acetonitrile molecule serted nto the water
octamer. We observe that the CN stretching frequencies
exhibit behavior that is similar to the (acetonitrile) - (water)s
clusters: in (1-8b) it significantly blue-shifts (17.1 cm™).

Table 2. Calculated CN harmonic frequencies® (cm™)

CH:CN 2260.7 [2233] b
(CH:CN)-(H20),

1-da 22370 (-3.N)¢
1-db 22762 (+13.3)

1~k 22399 (=20.8)

1-4d 2266.1 (+3.4)
(CH:CN)-(HaO)g
1-8a 2236.8(-3.9)
1-8b 22778 (+17.1)
1-8¢ 22491 (-11.6)
(CH,CN)(H:0):
2-2a 22655 (+4.8)
22658 (+5.1)
2-2b 22530(-7.7)
22559 (-4.8)
2-2¢ 22555(-5.2)
22559 (-4.8)
2-2d 22303 (-10.4)
22731 (+12.4)
{(CHsCN)-(Ha Q)
2-4a 22531.7(-9.0)
2-4b 22737 (+15.0)

TBLYP:6-31-G(d.p). %experiment (Ref. 18), < frequency shift

whereas those in (1-8a) and (1-8¢) shuft to the red (by 3.9.
11.6 cm™), characterizing the o-type and the 7z-type hydro-
gen bonding between CH;CN and the water cluster. These
predictions may be useful for elucidating the relative orien-
tation of acetonitrile at the interface between the water and
the acetonitrile clusters in the bulk phase.
(CH;CN):-(H20)4 (n = 2, 4) cluster. Figure 3 depicts the
structures of the acetonitrile - water cluster in which the
molar ratio is 2:2. We find four isomers. each of which dis-
plays very interesting pattemn of hyvdrogen bonding. The
lowest energy conformer is (2-2a). in which the four mole-
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Figure 3. Structures and shift of C-N stretching frequencies (em™)
of (CH:CN »~(H20): clusters.
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Figure 4. Structures and shift of C-N stretching frequencies (cm™)
of (CH:CN »-(H20), clusters.

cules form a ring. This structure looks like two 1:1 clusters
binding in head-to-tail fashion. The CN stretching frequen-
cies blue-shift by ~35 c¢m™', indicating o-tvpe hydrogen
bonding. The other three lowest energy conformers of the
(acetonitrile)- - (water): type cluster are of similar energy. In
(2-2b) and (2-2¢). two water molecules fonn strong hydro-
gen bond. while the two acetonitrile molecules bind to the
different sides of the water dimer. In (2-2b) the acetonitrile
molecules are aligned in opposite direction. while those of
(2-2¢) align in the same direction. The stretching frequencies
of the two CN bonds red-shift by 4.8-7.7 cm™'. The fourth
conformer (2-2d) is quite interesting because the two aceto-
nitrile molecules bind to the water dimer in different fashion:
one acetonifrile molecule binds only to the proton in one
water molecule in linear fashion (o-tvpe), while the other
binds to the water dimer parallelly (z-tvpe). This difference
in the character of hvdrogen bonding gives disparate pattemn
for the C-N stretching frequencies in the cluster (2-2d): the
C-N stretching mode representing the hydrogen bond
between the “free” CH3CN moiety and the (H-O)- - CH:CN)
cluster and shifts +12.4 cm™', whereas that between the
“embedded” CH;CN and the water dimer shifts by -10.4

Doo-Sik Ahm and Sungyul Lee

em™.

Fally, the calculated 1somers of the (acetonitrile): -
(water)s cluster are depicted in Figure 4. Of the two struc-
tures, (2-4a) is of lower energy. Tivo acetonitrile molecules
m (2-4a) form a dimer, whereas they bind separately in (2-
4b). The CN stretching frequencies in (2-4a) and (2-4b) shift
in opposite directions (=9.0 and +15.0 cm™), respectively, as
may now be easily predicted by the type of hvdrogen
bonding as discussed above,
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