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Abstract

Structural, energetic, and electronic properties of acetonitrile (ACN) clusters (CH3CN)n, where n ¼ 2–8 is the number of ACN molecules,

have been investigated by density functional theory. The structure of ACN clusters can be associated with the replica of building units, which

may involve dimers, trimers, or tetramers. Two types of building units can be identified: structures that are mainly stabilized by CH· · ·N

interactions; structures where dipolar interactions are dominant. We are providing evidence that competition between weak hydrogen

bonding and dipolar interactions may determine the structure of ACN clusters. In comparison with typical hydrogen bonding systems (e.g.

(H2O)n, (HF)n), nonadditive polarization effects are much less important. The average monomer dipole moment �m in ACN clusters tends to

values in the 4.5–4.7 D range for larger aggregates. This result for �m is in very good agreement with an experimental prediction for the dipole

moment of liquid acetonitrile of 4.5 ^ 0.1 D [Mol. Phys. 73 (1991) 985].

q 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Acetonitrile (ACN) is a widely used dipolar aprotic

solvent. Like others in its class (e.g. tetrahydrofuran,

dimethylformamide, and dimethylsulphoxide), it is able to

dissolve a wide variety of hydrophilic and hydrophobic

substances while revealing a low acidity. Many applications

can be found in organic synthesis, electroorganic, and

physical organic chemistry, just to name a few. ACN role as

a common solvent in a variety of chemical processes and its

unusually high dipole (3.92 D) [1] for such a small organic

molecule, has caught the attention of several experimental

[2–10] and theoretical [11–26] works.

Some authors have referred to neat acetonitrile as the

perfect dipolar system, since strong dipole–dipole inter-

actions should determine most properties in condensed

phases. In fact, experimental information seems to support

this statement. In the alpha form, a perfectly ordered crystal

monoclinic structure, found in a short temperature range

around 220 K, a head-to-tail chain of ACN molecules is

observed, running alongside four other antiparallel chains

[27]. Each ACN unit is thus paired with his two chain

neighbours ( ! ! ) above and below as well with other

units in the surroundings (f)—a highly dipole–dipole pair

stabilized structure. In the liquid phase, only short range-

order is clearly observed and X-ray and neutron diffraction

studies [28–30] indicate a small antiparallel/parallel order-

ing of ACN molecules, which is consistent with energetical

stabilization due to dipolar interactions. By assuming that

the structure of condensed phases is dominated by this type

of behavior, finding a good description of dipolar inter-

actions should be enough to describe most properties of the

system. This could explain the moderate success of three-

site intermolecular potential models [13,14,22] where the

methyl group is represented by a single site or pseudoatom

(unified atom approach). These models do fail for single

particle dynamics, but reproduce reasonably well most of

the liquid state thermal and structural properties [22].

There is some evidence on the importance of hydrogen

bonding in ACN. This is particularly clear when ACN

interacts with good proton donors (e.g. water) [31,32]. ACN
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has two acceptor sites: the lone pair in the N atoms

(s bonding) and the triple p bonding. However, ACN ability

as a proton donor is arguable. The only available hydrogens

are located in the methyl group, which means we would be

dealing with C–H· · ·PA bridges, where PA is a proton

acceptor species. The possibility of CH participating in

hydrogen bonding has been intensively discussed for

decades and it is still controversial [33]. Even so, infrared

(IR) and calorimetric studies [7] have provided some

indications of hydrogen bonding involving the methyl

carbons in ACN. The interaction energies are, however,

quite low. Moreover, they stand alone in a vast collection of

experimental data on liquid ACN, where there is no glimpse

of this kind of hydrogen bonding. Although ACN may be

unable to establish true hydrogen bonds involving the

methyl group, it seems reasonable to assume that the

hydrogen atoms can interact with the N atom, and that

CH· · ·N interactions should be taken into account to

correctly describe the properties of ACN aggregates.

In the present work we have investigated the structural,

energetic, and electronic properties of (CH3CN)n clusters

(n ¼ 2–8 is the number of ACN molecules) by carrying out

quantum-mechanical calculations based on density func-

tional theory (DFT). The study of clusters is important for

two main reasons: first, by analyzing the dependence of

several properties on the cluster size, we can evaluate the

importance of many-body nonadditive contributions includ-

ing polarization effects [34], and discuss what kind of

interactions are involved in the energetical stabilization of

different isomers; second, clusters are intermediate struc-

tures between isolated species and the bulk phases. Thus, it

should be expected that some features of larger aggregates

and condensed phases are already present in small clusters.

2. Computational details

A wide variety of functionals was applied to the ACN

monomer and dimer. The hybrids were Becke’s three-

parameter functional (B3) [35] with the non-local corre-

lation provided by the Perdew–Wang 91 expression

(PW91) [36] or by Lee, Yang and Parr’s (LYP) [37].

Barone and Adamo’s Becke-style one-parameter functional,

using modified Perdew–Wang exchange (MPW1) [38] and

PW91 correlation was also used. The non-hybrid was the

Perdew and Wang 1991 exchange and gradient-corrected

correlation functional (PW91) [36]. Recently, Tsuzuki and

Lüthi [39] provided some evidence that the PW91

functional is adequate for predicting the energetics of

complexes where dispersion interactions are expected to be

important including neon, argon, and hydrogen bonded

complexes. A recent application to HCl clusters [34]

supports this conclusion. For completeness, results based

on the local spin density approximation (SVWN) [40] are

also reported, although it is known that this approximation is

inadequate to model this kind of system.

For n ¼ 3 and n ¼ 4; only three functionals were

employed (PW91, MPW1PW91 and B3LYP). Optimiz-

ations from n ¼ 5 to 8 were performed with the B3LYP

hybrid. The basis set used for the geometry optimizations

was Dunning’s correlation consistent polarized valence

double zeta (cc-pVDZ) [41]. To analyze the dependence of

the optimized structures on the introduction of diffuse

functions, for some clusters, geometry optimizations with

the aug-cc-pVDZ basis set [42] were also carried out. All

geometries have been fully optimized without any sym-

metry constraint.

Single-point energy calculations on the optimized

structures were carried out using augmented basis sets of

double (aug-cc-pVDZ) and triple valence (aug-cc-pVTZ)

[42]. Frequency calculations were carried out for all

optimized structures, confirming them as local minima on

the potential energy surface.

Interaction energies were estimated using the super-

molecular approach [43]. The binding energy of a cluster

with n monomers DE0;n is defined as:

DE0;n ¼ E0½ðCH3CNÞn�2 nE0½ðCH3CNÞ�

The stepwise binding energy DE0;n;n21 for the same

cluster is given by:

DE0;n;n21 ¼E0½ðCH3CNÞn�2 E0½ðCH3CNÞn21�

2 E0½ðCH3CNÞ�

The analogue quantities DEe;n and DEe;n;n21 do not

include the zero-point vibrational energy corrections. These

quantities were corrected for basis set superposition error

(BSSE) when using cc-pVDZ or aug-cc-pVDZ basis sets.

The BSSE was estimated to be low on aug-cc-pVTZ

calculations and was therefore neglected. The counterpoise

method of Boys and Bernardi [44] was used, including the

fragment relaxation energies contributions [45].

By adding thermal corrections at a temperature T (in K)

to DE0;n; and DE0;n;n21; respectively, we define the binding

enthalpy, DH0;n; and the stepwise binding enthalpy,

DH0;n;n21: When n ¼ 2; DH0;2 ; DH0;2;1; and these quan-

tities will be represented as DH2;T :

Charge polarization in ACN clusters has been analyzed

by fitting atomic charges to the electrostatic potential on van

der Waals surfaces [46,47]. From these charges (Merz–

Kollman–Singh ; MKS charges), we have estimated the

average monomer dipole moment, �m; in ACN clusters. All

calculations were performed using the GAUSSIAN98 [48]

program.

3. Results and discussion

3.1. Monomer and dimer

The experimental monomer geometry is well known in

the gas [49] and in the liquid phase [29]. Notably, it does not
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seem to suffer great change. Structural parameters and

dipole moments for the ACN molecule are reported in

Table 1, where they are compared with experimental data

[49], and with predictions from other theoretical studies

[21].

For the ACN monomer, geometries from hybrid func-

tionals are in excellent agreement with experiment. PW91

and MP2 slightly overestimate the C–N bond length.

Overall, all theoretical methods predict structural properties

for the monomer in very good agreement with experiment.

The gas phase dipole moments ðmÞ are also in very good

agreement with experiment (3.92 D) [1].

The optimized geometries for the ACN antiparallel and

linear dimers are shown in Fig. 1. Table 2 reports results for

the antiparallel dimer structure. Apparently, no experimental

data for the dimer structure is available. For the antiparallel

dimer, all methods predict a C· · ·C intercarbon distance of

,3.4 Å. The intermolecular N· · ·H distance ranges from

2.469 (PW91) to 2.568 Å (B3PW91). Comparison between

the geometries of the isolated monomer and the monomer

geometry in the dimer shows no significant change.

Intramolecular distances in (CH3CN)2 – 8 clusters differ by

less than 0.005 Å. Valence angles are similar within one

degree. This feature indicates that optimizations of larger

acetonitrile clusters could be carried out by freezing the

monomers geometry, although we have not adopted such a

procedure. For the antiparallel dimer B3LYP/aug-cc-pVDZ

and B3LYP/cc-pVDZ optimized structures are very similar

(Fig. 1). This indicates that geometric parameters of ACN

aggregates may not significantly change on the inclusion of

diffuse functions.

Despite the fact that, for pure dipoles, the head-to-tail

linear arrangement is the most energetically stable structure,

some theoretical studies at a correlated quantum-mechan-

ical level, have only reported the antiparallel ACN dimer as

a local energy minimum [21,23]. Attention should be

reverted to the work by Popelier et al. [15], the first to

mention this configuration. They provided a PES plot where

it could be seen that this dimer had a very small barrier for

conversion to the global minimum [15]. The PES surface

could be quite flat and some theoretical levels may not

predict the correct form, leading to one small imaginary

frequency. Very recently, the structure of the linear dimer

has been optimized at the MP2/6-311 þ G(d) level by

Nguyen and Peslherbe [26]. Experimental evidence for the

collinear isomer of the acetonitrile dimer has been provided

Table 1

Structural properties and dipole moment for the acetonitrile molecule

B3LYP B3PW91 MPW1PW91 PW91 SVWN MP2a Experimentb

rðC–NÞ 1.161 1.161 1.159 1.172 1.167 1.181 1.157

rðC–CÞ 1.462 1.456 1.454 1.459 1.441 1.464 1.458

rðC–HÞ 1.101 1.100 1.098 1.106 1.109 1.093 1.102

QðH–C–CÞ 110.2 110.1 110.1 110.4 109.0 110.5 109.5

mc 4.05 4.05 4.06 4.01 4.12 3.98 3.92d

Geometries optimized with the cc-pVDZ basis set. Distances in Å. Angles in degrees. Dipoles in D.
a MP2/6-31 þ G(d) calculation. From Ref. [21].
b From Ref. [49].
c DFT dipoles were calculated with the aug-cc-pVDZ basis set.
d From Ref. [1].

Fig. 1. Optimized structures of the ACN dimers. Angles (in degrees) and intermolecular distances (in Å) are presented for B3LYP optimizations with the cc-

pVDZ and (aug-cc-pVDZ) basis sets. Antiparallel isomer I is found to be more stable than the linear isomer II by ,8 kJ mol21.
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by Dessent et al. [8]. The B3LYP/cc-pVDZ optimized

structure for the ACN linear dimer is shown in Fig. 1. The

N· · ·H distance is 3.04 Å, indicating that no CH· · ·N

hydrogen bonding is involved in the energetical stabiliz-

ation of this structure. A B3LYP/aug-cc-pVDZ geometry

optimization of the linear dimer confirmed it as a minimum,

providing, however, larger intermolecular distances (Fig. 1).

This may be attributed to the fact that the collinear dimer

structure is determined by dipolar head-to-tail interactions.

It shows some dependence on the introduction of diffuse

functions possibly due to electronic delocalization related to

polarization along the C–N axis. Still, we have some

indications that the inclusion of diffuse functions should not

greatly change the geometric parameters of larger aggre-

gates (see also caption of Fig. 2).

Through frequency calculations on the optimized

structures, harmonic intermolecular frequencies are avail-

able as well. They are located under the lowest measured

frequency for the monomer (around 360 cm21) [3].

Intermolecular frequencies for the ACN antiparallel dimer

are reported in Table 3, where they are compared with

Knözinger and Leutloff results [2], which are from IR

measurements in a rare gas matrix preparation. Semi-

quantitative agreement is obtained between our results

and these experiments. Frequencies predicted by hybrid

functionals are underestimated. This is worsened by the fact

that these values are under an harmonic approximation,

which overestimates the frequencies. The modes close to

124 and 105 cm21 correspond to methyl hydrogen libration

and twisting mode of the two monomer units, respectively.

In a recent study, Cabaleiro-Lago et al. [21] carried out

geometry optimizations at the B3LYP/6-31 þ G(d) level.

Their calculated frequencies (85, 84, 81, 78, 71 and

40 cm21) were in poor agreement with experiment,

probably due to the basis set employed. This seems to be

confirmed by the MP2(FC)/cc-pVDZ results also reported in

Table 3, which are slightly improved over the MP2/6-

31 þ G(d) predictions (116, 105 cm21) reported in the same

study [21].

Binding energies for the ACN dimer (DEe;2 and DE0;2)

are presented in Table 4, where BSSE corrections are also

reported. These corrections are significant (,30% of the

uncorrected values) when binding energies are calculated

with the cc-pVDZ basis set, while the aug-cc-pVDZ values

are only mildly affected (,6%). Thus, cc-pVDZ interaction

energies are unreliable for the discussion of the energetical

properties of ACN clusters. In agreement with

several theoretical predictions [15,26], we find that the

antiparallel dimer of acetonitrile is the most stable structure.

At the PW91/aug-cc-pVTZ//PW91/cc-pVDZ level,

Table 2

Structural properties for the acetonitrile antiparallel dimer

B3LYP B3PW91 MPW1PW91 PW91 SVWN MP2a

rðN· · ·HÞ 2.559 2.568 2.526 2.469 2.185 2.568

rðC· · ·CÞb 3.437 3.449 3.398 3.367 3.096 3.368

QðC–H· · ·NÞ 137.8 138.3 137.7 138.2 137.0 132.9

Geometries optimized with the cc-pVDZ basis set. Distances in Å. Angles in degrees.
a MP2/6-31 þ G(d) calculation. From Ref. [21].
b rðC· · ·CÞ is the intermolecular carbon–carbon distance (Fig. 1).

Fig. 2. Optimized structures of the ACN trimers. Intermolecular distances (in Å) are from B3LYP, (MPW1PW91), and [PW91] calculations with the cc-pVDZ

basis set. The cyclic isomer I is stabilized by CH· · ·N interactions. Isomer II involves antiparallel dipolar interactions. A B3LYP/aug-cc-pVDZ calculation

predicts that the distances are 2.341, 2.339 and 2.334 Å, illustrating that the optimized structures are not significantly dependent on the introduction of diffuse

functions.
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DEe;2 ¼ 221:9 kJ mol21, which is in excellent agreement

with the MP2/6-311 þ G(d) calculation reported by

Ford and Glasser (221.0 kJ mol21) [23]. The energy

difference between the antiparallel and linear dimer ranges

from 27.9 (B3LYP/aug-cc-pVTZ//B3LYP/cc-pVDZ) to

210.1 kJ mol21 (PW91/aug-cc-pVTZ//PW91/cc-pVDZ).

These results are in good agreement with the CCSD(T)/

6-311 þ G(2df,pd)//MP2/6-311 þ G(d) value of Nguyen

and Peslherbe (29.2 kJ mol21) [26].

Binding enthalpies are also reported in Table 4, where

they are compared with the most recent experimental result

(DH2 ¼ 220:9 ^ 0:5 at T ¼ 360 K) [4,5]. Some significant

Table 3

Intermolecular frequencies (in cm21) for the acetonitrile dimer

B3LYP B3PW91 MPW1PW91 PW91 SVWN MP2a Experimentb

108.5, 102.6 107.6, 99.0 112.1, 104.4 121.6, 111.7 172.5, 161.0 122.5, 109.5 124, 105

99.6, 98.7 94.4, 92.2 103.4, 99.9 111.0, 107.9 160.7, 141.4

79.8, 43.0 75.6, 42.1 80.8, 40.0 86.1, 43.8 120.3, 53.3

Geometries optimized with the cc-pVDZ basis set.
a MP2(FC)/cc-pVDZ frequencies.
b ACN dimer in Ar matrix. From Ref. [2].

Table 4

Binding energies and dimerization enthalpies (in kJ mol21) for acetonitrile dimers

Isomer I Isomer II

DEe;2 DE0;2 BSSE DEe;2 DE0;2 BSSE

B3LYP/cc-pVDZ 215.0 211.6 6.5 27.6 26.6 3.7

aug-cc-pVDZa 216.8 – 1.6 28.7 – 1.5

aug-cc-pVTZa 217.2 – – 29.3 – –

B3PW91/cc-pVDZ 212.9 29.8 5.1

aug-cc-pVDZb 214.3 – 1.3

aug-cc-pVTZb 214.5 – –

MPW1PW91/cc-pVDZ 216.8 213.5 5.4 28.3 27.5 3.0

aug-cc-pVDZc 218.2 – 1.3 29.3 – 1.3

aug-cc-pVTZc 218.2 – 1.3 29.8 – –

PW91/cc-pVDZ 219.9 216.4 7.3 29.7 28.9 4.2

aug-cc-pVDZd 221.7 – 1.6 211.2 – 1.5

aug-cc-pVTZd 221.9 – – 211.8 – –

SVWN/cc-pVDZ 238.2 234.1 8.2

aug-cc-pVDZe 241.0 – 2.4

aug-cc-pVTZe 241.2 – –

MP2/6-311 þ G(d)f 221.0 – –

6-31þþG(d,p)g 220.8 – 5.6

DH2;298 DH2;360

B3LYP/aug-cc-pVDZa 211.9 211.0

B3PW91/aug-cc-pVDZb 29.3 28.3

MPW1PW91/aug-cc-pVDZc 213.0 212.0

PW91/aug-cc-pVDZd 216.8 215.8

SVWN/aug-cc-pVDZe 236.6 235.6

MP2/6-31 þ G(d)h 215.1 –

Experimenti – 220.9 ^ 0.5

Results from aug-cc-pVTZ calculations are not corrected for BSSE.
a Geometry optimized at B3LYP/cc-pVDZ.
b Geometry optimized at B3PW91/cc-pVDZ.
c Geometry optimized at MPW1PW91/cc-pVDZ.
d Geometry soptimized at PW91/cc-pVDZ.
e Geometry optimized at SVWN/cc-pVDZ.
f From Ref. [23].
g From Ref. [16].
h From Ref. [21].
i Determined by thermal conductivity experiments in a temperature range of 338–387 K [5].
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deviations from experiment (,5–12 kJ mol21) can be

observed. The best agreement with experiment is from the

PW91 calculation (215.8 kJ mol21).

3.2. Trimer and tetramer

3.2.1. Trimer

Fig. 2 shows the optimized structures for the ACN

trimers. Structure I is a cyclic structure, which involves

three equivalent CH· · ·N interactions. In this case, dipolar

interactions apparently play a minor role. The N· · ·H

distance is ,2.29 Å (MPW1PW91/cc-pVDZ). The

second trimer II is clearly stabilized by antiparallel

dipolar interactions. Isomer II can be viewed as a dimer,

to which one antiparallel monomer has been added to

one side. The intermolecular distances (Fig. 2) are

similar to those found in the dimer. For example,

CH· · ·N ,2.6 Å. The N· · ·H distances are slightly

dependent on the functional and PW91 affords the

shortest. However, for isomer I, they are in the typical

range of distances involving CH as a potential proton

donor (,2.3 Å) [33].

Results for the trimer binding energies are reported in

Table 5. Isomer I is the most stable by ,9 kJ mol21

(the three functionals agree quite well on this difference).

This isomer, as above stated, should be mostly stabilized by

CH· · ·N interactions. Dipole pairing is of reduced signifi-

cance due to the deterrent relative orientation of the

monomers (although it does contribute to the overall

binding energy). The fact that isomer I has a larger (or at

least comparable) binding energy than II was partly

expected. Dipole paired structures with an odd number of

monomers should be a little destabilized. Other interactions

can be therefore of particular significance in these

structures. It is not possible, however, to assure that isomer

I will be the global minimum. No thorough investigation

of the potential surface was performed. Our main objective

is to investigate how the different structural features

reflect different types of interactions that determine the

properties of ACN clusters. Other local minima have been

proposed [15,16].

3.2.2. Tetramer

Fig. 3 shows three acetonitrile tetramers. Structure I is a

cyclic tetramer. To our knowledge, it has not been

mentioned in earlier theoretical studies. It presents four

similar N· · ·H distances of 2.27 Å (MPW1PW91/cc-pVDZ),

which are slightly shorter in comparison with the trimer I

(2.29 Å), but in this case, C–H· · ·N angles are almost linear,

thanks to an affordable larger ring.

The other structures (II and III) correspond to two

different possibilities for duplicating the dimer arrangement.

The structure referred to as II displays alternated pairing,

while in III every monomer is paired to two others in the

cluster. Again, the intermolecular distances agree well with

those found in the dimer.

Table 6 reports the binding energies for the acetonitrile

tetramers. At the B3LYP/aug-cc-pVTZ//B3LYP/cc-pVTZ

level, the cyclic structure I is more stable than the two others

by less than 4 kJ mol21. Surprisingly enough, all three

structures present quite similar energies. This is of some

significance, since in this case we are not dealing with an

odd number of monomers. Dipole paired structures can be

built from layers of pairing dimers, which are found to be

extremely stable. Even so, structure I is able to rival with

both, while presenting structural data consistent with weak

hydrogen bonding. This supports our initial assumption

about the relevance of other intermolecular interactions in

addition to the dipolar ones, even if isomer I is not the global

minimum.

3.3. Clusters up to n ¼ 8

3.3.1. Structure and energetics

The initial geometries for clusters from n ¼ 5 up to 8

were obtained through Monte Carlo simulated annealing by

using a pairwise additive intermolecular potential [12].

These structures were then reoptimized with the B3LYP

functional. They are presented in Fig. 4 and show both

tendencies earlier discussed, dipolar and CH· · ·N inter-

actions. The pentamer is similar to a distorted tetramer

Table 5

Binding energies (in kJ mol21) for the acetonitrile trimers

Isomer I Isomer II

B3LYP/cc-pVDZ

DEe;3 236.5 226.9

DE0;3 229.2 220.8

BSSE 13.9 12.7

B3LYP/aug-cc-pVDZa

DEe;3 238.5 229.9

BSSE 3.9 3.2

B3LYP/aug-cc-pVTZa

DEe;3 239.7 230.6

MPW1PW91/cc-pVDZ

DEe;3 239.5 230.1

DE0;3 232.4 224.3

BSSE 11.7 10.7

MPW1PW91/aug-cc-pVDZb

DEe;3 240.4 232.5

BSSE 3.4 2.7

PW91/cc-pVDZ

DEe;3 246.3 236.3

DE0;3 238.9 230.2

BSSE 15.9 14.4

PW91/aug-cc-pVDZc

DEe;3 248.0 239.5

BSSE 4.0 3.2

a Geometry optimized at B3LYP/cc-pVDZ.
b Geometry optimized at MPW1PW91/cc-pVDZ.
c Geometry optimized at PW91/cc-pVDZ.
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(isomer II), to which is added one monomer. The hexamer

is particularly interesting as it resembles two trimers

(isomer I), one on top of the other. The heptamer and

octamer are more difficult to describe based on smaller

structures, but also show some of the discussed patterns.

Since dispersion interactions are not correctly accounted

for in the B3LYP functional, it should be evaluated how this

may be significant on the optimization of these larger

clusters. As stated earlier, PW91 should take into account

this effect. By comparing structures up to n ¼ 4; although

PW91 predicts lower intermolecular distances (which

cannot be solely attributed to the dispersion interaction

effect), the geometries are for most purposes similar.

Binding energies for the complete series (from n ¼ 2 up

to 8) are reported in Table 7 and represented in Fig. 5. The

isomers chosen for n ¼ 3 and 4 were the structures I, which

are the most stable isomers. The results for the binding

energies seem to suggest only a slight cooperative effect and

Fig. 5 shows an almost linear behavior of the binding energy

as a function of the number of monomers n: Stepwise

binding energies ðDEe;n;n21Þ reported in Table 7 support this

statement, exception made to n ¼ 7: Its stepwise binding

energy is smaller, which could indicate a low energy gain

when adding a ACN molecule to the hexamer cluster.

Although a similar effect can be observed when we add an

ACN molecule to the ACN tetramer, it is unlikely for

cooperative effects to only be seen when going from 6 to 7

monomers. As the size increases, these effects tend to level

off. The most likely explanation is that the optimized cluster

(for n ¼ 7) is a local minimum located high above the

global. In fact, our procedure was based on the assumption

that as we progressed through the series the number of

isomers would increase, but their energies would lie in a

small range.

As for the observed small cooperative effects they can be

explained as follows. The major intermolecular forces

involved seem to be dipole pairing and a weak interaction

between methyl hydrogens and the N lone electron pair.

These interactions should only slightly disturb each

monomer unit. The possibility of hydrogen bonding was

raised but is quite questionable. No significant changes were

observed in the bond distances and on the vibrational

spectra. Also the distance between the methyl carbon

(bonded to the interacting hydrogen) and the N atom lies

slightly above the sum of the van der Waals radii (3.25 Å).

The closest observed values in the clusters were ,3.36 Å.

Although these are only a few of many tests used when

checking for hydrogen bonding, they do place serious

doubts on its existence. The CH· · ·N interactions lie at most

on the dubious border of weak hydrogen bonding [33].

Fig. 3. Optimized structures of the ACN tetramers. Intermolecular distances (in Å) are from B3LYP, (MPW1PW91), and [PW91] calculations with the cc-

pVDZ basis set.

Table 6

Binding energies (in kJ mol21) for the acetonitrile tetramers

Isomer I Isomer II Isomer III

B3LYP/cc-pVDZ

DEe;4 252.7 246.0 245.4

DE0;4 242.4 235.8 234.5

BSSE 19.5 24.5 24.2

B3LYP/aug-cc-pVDZa

DEe;4 254.9 251.4 250.6

BSSE 5.8 6.7 6.9

B3LYP/aug-cc-pVTZa

DEe;4 257.3 253.1 252.3

MPW1PW91/cc-pVDZ

DEe;4 256.6 251.3 251.2

DE0;4 246.6 242.0 241.7

BSSE 16.2 20.8 20.3

MPW1PW91/aug-cc-pVDZb

DEe;4 257.4 255.8 255.4

BSSE 5.3 5.6 5.4

PW91/cc-pVDZ

DEe;4 265.5 264.2 263.8

DE0;4 255.2 254.2 252.6

BSSE 22.1 27.5 27.3

PW91/aug-cc-pVDZc

DEe;4 267.5 269.8 269.0

BSSE 6.0 6.7 7.0

a Geometry optimized at B3LYP/cc-pVDZ.
b Geometry optimized at MPW1PW91/cc-pVDZ.
c Geometry optimized at PW91/cc-pVDZ.
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Nevertheless, they seem to play an important role as the N

lone pair will most probably be stabilized by approaching a

hydrogen atom, even if only slightly polarized. Further-

more, it is clear on the dipole paired structures that the

methyl groups are oriented towards the N atoms.

3.3.2. Polarization effects

Although nonadditive polarization effects are apparently

not very relevant in determining the structural and energetic

properties of ACN clusters, it is important to investigate

how the electronic properties of the clusters, particularly the

charge distribution, depend on the cluster size. We have

evaluated the average monomer dipole moment �m for the

different clusters by using the charges fitted to the

electrostatic potential. The results are presented in Fig. 6.

There is some enhancement of the dipolar moment as the

cluster size increases, but the range of values is not very

large (4.0–4.7 D). For n . 4; the values apparently cease to

increase and tend to values in the 4.5–4.7 D range. This

means an increase of ,16% relative to the gas phase dipole

at the same theoretical level (4.05 D). An experimental

value of 4.5 ^ 0.1 D [6] has been proposed for the

acetonitrile dipole moment in the liquid. This value,

which is based on the relationship between far-IR optical

constants of the liquid and the dipole moment [6] compares

well to our result. Even more if we take into account that our

theoretical prediction for the dipole moment in the gas phase

(4.05 D) overestimates in about 0.1 D the experimental

Fig. 4. B3LYP/cc-pVDZ optimized structures of the (CH3CN)5 – 8 clusters. CH· · ·N distances are represented by dashed lines when they are less than 2.5 Å.

Table 7

Binding energies (in kJ mol21) for (CH3CN)2 – 8 clusters

2 3 4 5 6 7 8

B3LYP/cc-pVDZ

DE0;n 211.6 229.2 242.4 250.3 268.8 273.5 297.9

DEe;n 215.0 236.5 252.7 263.8 287.0 294.1 2122.1

DEe;n;n21 215.0 221.5 216.2 211.0 223.3 27.1 227.9

BSSE 6.5 13.9 19.5 29.6 41.5 49.2 49.7

B3LYP/aug-cc-pVDZa

DEe;n 216.8 238.5 254.9 268.1 293.1 2102.1 2127.4

DEe;n;n21 216.8 221.7 216.4 213.2 225.0 28.9 225.4

BSSE 1.6 3.9 5.8 8.9 12.5 15.6 16.6

B3LYP/aug-cc-pVTZa

DEe;n 218.4 242.3 260.7 277.0 2105.6 2117.6 2144.0

DEe;n;n21 218.4 223.9 218.3 216.3 228.6 212.0 226.3

For n ¼ 2–4 the most stable isomers have been selected.
a Geometry optimized at B3LYP/cc-pVDZ.

Fig. 5. Binding energy DEe;n (in kJ mol21) for ACN clusters as a function of

the cluster size n from n ¼ 2–8: Results are from single-point energy

calculations based on cc-pVDZ optimized structures.
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value [1]. It is interesting to compare the increase of the

dipole moment in ACN clusters (,16%) with the

significant enhancement of the dipole moment in water

clusters (,40%) [50,51]. Since the increase of the water

dipole moment is a clear signature of polarization effects

induced by hydrogen bonding it seems reasonable to

conclude that these effects are much less important in the

present case of a strong dipolar fluid such as acetonitrile.

4. Conclusions

DFT calculations have been performed on acetonitrile

clusters up to a maximum size of eight molecules. The

performance of various functionals was tested by comparing

results for the monomer and dimer with those obtained by

experiment and earlier theoretical studies. The hybrid

functionals seem to slightly underestimate the dimerization

energy when compared to ab initio correlated methods and

the experimental estimate. This should arise possibly from

their inability to account for dispersion interactions. The

PW91 functional affords the best agreement.

For the trimer and the tetramer, isomers were studied to

evaluate the importance of hydrogen bonding (CH· · ·N) and

dipole pairing. Our results seem to indicate that these are

competing factors in determining the geometry of the free

clusters. Dipole–dipole interactions, although being major

contributors to the stabilization of these structures, should

not be able alone to account for the properties of acetonitrile

aggregates. Weak N· · ·H interactions play a significant role

in the energetical stabilization of acetonitrile clusters, being

found in all of our larger clusters. We emphasize that this

conclusion puts some limitations on models for ACN that

are simply based on dipolar interactions.

Dipole moments for the monomer and higher order

structures were calculated and compare well with the

available experimental data. They confirm an increase in

ACN polarization of about 16% on going from gas to the

condensed phase, which reveals a mild inductive effect

when it is compared with polarization effects in typical

hydrogen bonding systems.
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