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In this study, 12 nitrile-containing proton-bound dimers were investigated with ab initio molecular orbital
calculations: (HCN)(NH3)H+, (HCN)(H2O)H+, (HCN)(HF)H+, (HCN)(CH3NH2)H+, (HCN)(CH3OH)H+,
(HCN)(CH3F)H+, (CH3CN)(NH3)H+, (CH3CN)(H2O)H+, (CH3CN)(HF)H+, (CH3CN)(CH3NH2)H+, (CH3CN)-
(CH3OH)H+, and (CH3CN)(CH3F)H+. The geometries of these dimers were optimized at the MP2/6-31+G-
(d) level of theory, and their binding energies (relative to the lowest energy dissociation products) were
calculated with the G2, G2(ZPE)MP2), G2(MP2), and G2(MP2,SVP) methods. The trends in the binding
energies follow the absolute value of the difference in proton affinity of the constituent monomers; the larger
the PA difference, the smaller the binding energy. An empirical relationship has been derived that may prove
useful in predicting the binding energies of other nitrile-containing cluster ions. The results are compared to
experimental values where available.

1. Introduction

Clusters of molecules can be viewed as an intermediate state
of matter between the dilute gas phase and solution, and studying
them allows the effects of solvation on the chemistry of gas-
phase molecules and ions to be explored.1-5 A family of cluster
ions that has received considerable attention is proton-bound
clusters. One of the reasons for this is their role in atmospheric
chemistry.6,7 As altitude decreases, the ion chemistry of the
atmosphere goes from being dominated by the atomic and
diatomic ionization products of N2 and O2 (above∼90 km)8 to
a complex ensemble of water hydrate clusters (H2O)nH+.9,10

Other cluster ion series have been observed though, and in
addition to the first-row hydrides, species such as CH3CN have
been postulated to be involved in atmospheric cluster ions.6

Laboratory results have confirmed that nitriles can play a
significant role in cluster ion chemistry.11,12

The solvation enthalpies of the proton-bound clusters
(HCN)nH+ and (CH3CN)nH+ have been experimentally mea-
sured by Deakyne et al.11 using high-pressure mass spectrometry,
while those of the acetonitrile-methanol series of clusters have
been probed by El-Shall et al.13 The kinetics of the reactions of
protonated methanol clusters with acetonitrile have been inves-
tigated by Zhang et al.14 A recent report from this laboratory
examined the unimolecular reactions of the methanol-aceto-
nitrile proton-bound dimer and found that the cluster undergoes
an isomerization reaction to form the ion-molecule complex
(CH3CNCH3)(H2O)+ prior to water loss.15 Central to the
interpretation of these experimental results is the theoretically
calculated structures and relative thermochemistry of the clusters
in question.

There has been widespread interest in calculating the proper-
ties of proton-bound complexes, especially the dimers of water
and other first-row hydrides.16-25 This study presents the results
of ab initio calculations of the structures and binding energies
of 12 proton-bound dimers involving nitriles and first-row
hydrides: (HCN)(NH3)H+, (HCN)(H2O)H+, (HCN)(HF)H+,
(HCN)(CH3NH2)H+, (HCN)(CH3OH)H+, (HCN)(CH3F)H+,

(CH3CN)(NH3)H+, (CH3CN)(H2O)H+, (CH3CN)(HF)H+, (CH3-
CN)(CH3NH2)H+, (CH3CN)(CH3OH)H+, and (CH3CN)(CH3F)-
H+. By examining such a set of dimers, trends in binding
energies can be derived that may be extended to the larger
members of this cluster family. In addition, many experimental
studies of cluster ion solvation can only determine the relative
enthalpies; the current theoretical results allow us to fix the
relative experimental enthalpies, giving absolute values for
cluster ion heats of formation.

2. Computational Procedures

Standard ab initio molecular orbital calculations26 were
performed using the GAUSSIAN 9427 suite of programs.
Geometries were optimized at the HF/6-31G(d), MP2/6-31G-
(d), and MP2/6-31+G(d) levels of theory employing the
“optdtight” keyword in Gaussian 94. This makes the conver-
gence criteria more stringent and usually results in a geometry
closer to the true local minimum-energy structure at a particular
level of theory. For (CH3CN)(HF)H+ and (CH3CN)(CH3NH2)-
H+, it was necessary to calculate the second-derivative matrix
at each point along the geometry optimization in order to obtain
equilibrium structures. An earlier assessment of theoretical
treatments for nitrile-containing proton-bound pairs showed that
geometries obtained at the MP2/6-31+G(d) level provide an
adequate foundation for further single-point energy calcula-
tions.28 In that study, four H+-bonded dimers were taken as
prototypes for nitrile-containing proton-bound dimers: (HCN)2H+,
(HCN)(NH3)H+, (HCN)(H2O)H+, and (HCN)(HF)H+. Conver-
gence of the geometric parameters of these four cluster ions
was found to require extended basis sets with diffuse and
polarization functions. In general, however, the MP2/6-31+G-
(d) level of theory was found to provide geometries that were
in good qualitative agreement with those obtained at very high
levels of theory such as MP2/6-311+G(2df,p), and QCISD/6-
311+G(d,p). The main effect of polarization on hydrogen was
to change the long H-bond in each dimer, and in this respect,
the present results are only approximate. Changes in that long
bond were found to be less than 0.23 Å in all cases.28
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Vibrational frequencies were calculated for all geometries
optimized at the HF/6-31G(d) and MP2/6-31G(d) levels of
theory and for many of the dimers at the MP2/6-31+G(d) level
of theory. Many of the clusters in this study exhibit very small
vibrational modes corresponding to the hindered internal rotation
about the proton bridge.

Single-point energies were obtained at the G2,29 G2-
(ZPE)MP2),30 G2(MP2),31 and G2(MP2,SVP)32 levels of
theory. Scaling factors for zero-point energies (ZPEs) used in
these high-level treatments were those recommended for the
individual procedures (i.e., HF/6-31(d) frequencies scaled by
0.8929 for G2, G2(MP2), and G2(MP2,SVP) and MP2/6-31G-
(d) frequencies scaled by 0.9646 for G2(ZPE)MP2)). In the
previous assessment from this laboratory,28 the ZPE values of
the previously mentioned four prototype dimers were studied
as a function of the level of theory. Using recommended scaling
factors,33 the ZPE values for (HCN)(NH3)H+, (HCN)(H2O)-
H+, and (HCN)(HF)H+ calculated at the HF, MP2, and B3-
LYP levels of theory (with the 6-31G(d) basis set) were all
within 2-3 kJ mol-1 of one another. Changes in the ZPE upon
inclusion of diffuse and polarization functions were found to
be minor (<3 kJ mol-1). The only exception was for (HCN)2H+,
for which the ZPE changed by approximately 10 kJ mol-1 in
going from HF to MP2 and B3-LYP. Using the ZPE scaling
factors recommended by the individual G2 procedures did not
result in large changes, the maximum being 4 kJ mol-1 for
(HCN)(NH3)H+.

The heats of formation at 0 K were derived by the atomization
method,34 using experimental∆fH°0 of the constituent atoms.35

The binding energies of the clusters were derived from the
difference in energy between the lowest dissociation products
and the intact dimers. The basis set superposition error (BSSE)36

was not corrected for in these systems. The magnitude of the
BSSE is small relative to the binding energy of proton-bound
clusters (<10 kJ mol-1),28,37and it is unclear whether methods
such as the counterpoise correction36 provide realistic ap-
proximations of BSSE in these systems.22 In addition, com-
parison with experiment in our earlier assessment suggested that
the omission of BSSE corrections does not greatly affect the
overall reliability of the calculated binding energies.28

Del Bene17 has done considerable work on the structures and
energies of proton-bound dimers of the first-row hydrides. A
preferred method for geometry optimization used in this work
is the MP2/6-31+G(d,p) level of theory. The inclusion of
polarization functions on hydrogen is most significant for anionic
clusters, and as mentioned above, their inclusion in the proton-
bound dimers in this study does not result in large changes in
geometry, except for the long hydrogen bond in each dimer.
For comparison purposes, the (CH3CN)(NH3)H+ dimer was
optimized at the MP2/6-31+G(d,p) level of theory. The major
difference between this structure and that obtained at the MP2/
6-31+G(d) level of theory (shown in Figure 1) is a 0.062 Å
shortening of the hydrogen bond to CH3CN. The G2 heat of
formation of this structure was found to be only 1 kJ mol-1

lower than that obtained for the MP2/6-31+G(d) structure.

3. Results and Discussion

Cluster Geometries and Energies.MP2/6-31+G(d) opti-
mized geometric parameters for the clusters discussed below
are shown in Figure 1. In all cases, the bridging proton is
denoted as Hb. The 0 K heats of formation calculated with G2,
G2(ZPE)MP2), G2(MP2), and G2(MP2,SVP) are listed in
Table 1, the 0 K binding energies are listed in Table 2, and the
fragmentation product energies can be found in Table 3.

(HCN)(NH3)H+. The HCN-ammonia proton-bound dimer
hasC3V symmetry at the MP2/6-31+G(d) level of theory and
at higher levels of theory.28 The asymmetric hydrogen bonds
in the dimer (1.833 and 1.056 Å) indicate that the complex may
be thought of as an NH4+ ion solvated by HCN. The charge
distribution bears this out, the HCN moiety being essentially
neutral. The G2∆fH°0 of the dimer is 690 kJ mol-1 and the 0
K binding energy is 85 kJ mol-1, the lowest energy dissociation
products being HCN+ NH4

+.

Figure 1. Optimized geometric parameters for the 12 proton-bound
dimers in this study. All geometries were obtained at the MP2/6-31+G-
(d) level of theory using the “optdtight” keyword in Gaussian 94. Bond
lengths are reported in angstroms and angles in degrees.
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(HCN)(H2O)H+. The HCN-water proton-bound dimer has
Cs symmetry at MP2/6-31+G(d).28 The proton in this dimer is
more equally shared between the two monomers than was
predicted for (HCN)(NH3)H+, which is consistent with the
proton affinities of HCN and H2O being closer together than in
the latter cluster (the PA of difference between HCN and NH3

is 141 kJ mol-1, while that between HCN and H2O is 24 kJ
mol-1, Table 2).28 The O-Hb bond (1.118 Å) is actually shorter
than the N-Hb bond (1.396 Å), which is seemingly in
contradiction to the lowest energy products being HCNH+ +
H2O. However, these bond lengths are longer and shorter,
respectively, than the corresponding bonds in dimers in which
the proton is more formally associated with the oxygen atom
(for example, in (HCN)(CH3OH)H+, the O-Hb bond length is
very close to a typical hydroxy bond length, 1.043 Å, while
the N-Hb bond is much longer, 1.578 Å, Figure 1). The binding
energy is greater than for the ammonia cluster, 119 kJ mol-1,
corresponding to a∆fH°0 value of 595 kJ mol-1.

(HCN)(HF)H +. The proton-bound dimer of HCN and HF
hasCs symmetry,28 and now the proton is decidedly on the HCN
moiety, producing an HCNH+ ion solvated by HF. The PA of
HF is considerably lower than that of HCN (479 vs 707 kJ
mol-1), which is consistent with the long hydrogen bond to HF
(1.605 Å). The G2 binding energy of the dimer is one of the
smallest in this study, 60 kJ mol-1, and is only slightly larger
than that for the cluster between CH3CN and HF (Table 2).

Accordingly, the PA difference between HCN and HF is one
of the largest of the dimers studied here, 227 kJ mol-1. The G2
∆fH°0 is 618 kJ mol-1.

(HCN)(CH3NH2)H+. Methyl substitution of NH3 to form the
proton-bound dimer of HCN and methylamine decreases the
G2 binding energy of the cluster from 85 to 77 kJ mol-1. The
dimer hasCs symmetry with hydrogen bonds that are similar
to those in (HCN)(NH3)H+ (1.873 and 1.044 Å). The decrease
in binding energy is consistent with an increase in the difference
in PA of the monomers in going from the simple dimer to the
methyl-substituted dimer. The PA difference for (HCN)(NH3)-
H+ is 141 kJ mol-1, while that for (HCN)(CH3NH2)H+ is 188
kJ mol-1 (Table 2).

(HCN)(CH3OH)H+. The methanol-HCN proton-bound dimer
hasC1 symmetry at the MP2/6-31+G(d) level of theory. Like
(HCN)(H2O)H+, the proton is bound primarily to the oxygen
atom, forming a complex between HCN and CH3OH2

+. In this
case, the PA of methanol is significantly higher than that of
HCN (749 as opposed to 707 kJ mol-1). The G2 0 K binding
energy of the dimer is 115 kJ mol-1, very close to that of
(HCN)(H2O)H+. The PA difference between the monomers is
similar in both cases, 24 kJ mol-1 for the water complex and
43 kJ mol-1 for the methanol complex, which is consistent with
the similarity of their respective binding energies. The G2 0 K
∆fH°0 of this dimer is 601 kJ mol-1.

(HCN)(CH3F)H+. The HCN-CH3F proton-bound dimer has
Cs symmetry and structural characteristics similar to (HCN)-
(HF)H+. The proton is now bound to the HCN group, forming
an HCNH+ ion solvated by methyl fluoride. As with (HCN)-
(HF)H+, the hydrogen bond to F is long, 1.474 Å. The geometry
is consistent with the relative PA values of the two monomers,
the G2 0 K PA of HCNbeing 113 kJ mol-1 greater than that of
CH3F (Table 2). The binding energy of 84 kJ mol-1 is larger
than that of (HCN)(HF)H+ as the PA difference between the
monomers is smaller in the methyl fluoride cluster (113 as
compared to 227 kJ mol-1 for the HF cluster).

(CH3CN)(NH3)H+. Like the HCN-ammonia dimer, the
acetonitrile-ammonia dimer hasC3V symmetry at the MP2/6-
31+G(d) level of theory. The dimer can be considered to be an
NH4

+ ion solvated by an acetonitrile molecule, the hydrogen
bond to ammonia, 1.058 Å, being close to a covalent N-H bond.
The binding energy of this dimer, 110 kJ mol-1, is greater than
that of (HCN)(NH3)H+ (85 kJ mol-1) because the PA difference
between CH3CN and NH3 is almost 70 kJ mol-1 less than in
the smaller cluster. The G2∆fH°0 for this dimer is calculated
to be 617 kJ mol-1.

TABLE 1: Summary of Cluster ∆fH°0 Values Obtained in
This Studya

∆fH°0

cluster G2
G2

(ZPE)MP2)
G2

(MP2)
G2

(MP2,SVP)

(HCN)(NH3)H+ 690 687 691 691
(HCN)(H2O)H+ 595 590 591 594
(HCN)(HF)H+ 618 614 615 614
(HCN)(CH3NH2)H+ 680 678 681 681
(HCN)(CH3OH)H+ 601 597 599 601
(HCN)(CH3F)H+ 634 630 633 632
(CH3CN)(NH3)H+ 617 626 619 617
(CH3CN)(H2O)H+ 501 507 499 499
(CH3CN)(HF)H+ 509 517 508 504
(CH3CN)(CH3NH2)H+ 609
(CH3CN)(CH3OH)H+ 519
(CH3CN)(CH3F)H+ 527

a Values in kJ mol-1. MP2/6-31+G(d) geometry used in all cases.
G2, G2(MP2), and G2(MP2,SVP) values use standard HF/6-31G(d)
ZPE (scaled by 0.8929 according to the G2 scheme). G2(ZPE)MP2)
employs a scaled (by 0.9646) MP2/6-31G(d) ZPE.

TABLE 2: Summary of Cluster Binding Energies Obtained in This Study and the Absolute Proton Affinity Difference between
the Constituent Monomers,|∆PA|a

binding energy

cluster G2 G2(ZPE)MP2) G2(MP2) G2(MP2,SVP) expt |∆PA|b
(HCN)(NH3)H+ 85 92 85 92 141
(HCN)(H2O)H+ 119 122 119 121 24
(HCN)(HF)H+ 60 67 59 66 227
(HCN)(CH3NH2)H+ 77 87 78 87 188
(HCN)(CH3OH)H+ 115 126 115 123 43
(HCN)(CH3F)H+ 84 95 84 93 113
(CH3CN)(NH3)H+ 110 110 110 119 72
(CH3CN)(H2O)H+ 97 87 95 94 104( 4c 93
(CH3CN)(HF)H+ 53 44 51 54 296
(CH3CN)(CH3NH2)H+ 112 119
(CH3CN)(CH3OH)H+ 119d 27
(CH3CN)(CH3F)H+ 76 182

a Values reported at 0 K in kJ mol-1. b G2 values based on MP2/6-31+G(d) geometries, obtained in the present study.c Deakyne et al.11 d See
also Mayer.15
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(CH3CN)(H2O)H+. The proton-bound dimer of CH3CN and
H2O hasCs symmetry (Figure 1).11 Unlike (HCN)(H2O)H+, the
proton now resides formally on the nitrile, the hydrogen bond
to water being 1.489 Å. The G2 0 K binding energy of this
cluster is 97 kJ mol-1, some 20 kJ mol-1 lower than that
predicted for (HCN)(H2O)H+. This is a consequence of the
increased PA difference between the two monomers (93 as
opposed to 24 kJ mol-1 for the cluster between HCN and H2O),
Table 2. The∆fH°0 calculated with G2 theory is 501 kJ mol-1.

(CH3CN)(HF)H+. The acetonitrile-HF proton-bound dimer
hasCs symmetry and an asymmetric hydrogen bond. Indeed,
the cluster can be described as a protonated acetonitrile molecule
solvated by HF, the F-Hb bond (1.660 Å) being longer than
that in (HCN)(HF)H+ (1.605 Å). The binding energy of this
cluster is predicted to be only 53 kJ mol-1, the lowest value
for the clusters in this study. Accordingly, the PA difference
between CH3CN and HF is the largest of any other dimer, 296
kJ mol-1. The G2 0 K heat of formation of this dimer is 509 kJ
mol-1.

(CH3CN)(CH3NH2)H+. The geometry of (CH3CN)(CH3-
NH2)H+ is analogous to (HCN)(CH3NH2)H+, havingCs sym-
metry and similar hydrogen bond lengths. The bond to
acetonitrile is 1.810 Å (1.873 Å for the HCN containing cluster),
while the bond to methylamine is 1.050 Å (as compared to 1.044
Å in the smaller analogue). It was impractical to obtain G2
energies for a system this large with our resources, so only the
G2(MP2,SVP) level of theory was employed, a level of theory
that we previously found to yield reliable thermochemical values
for nitrile-containing cluster ions.28 A comparison of the
performance of G2 variants for the present series of 12 clusters
can be found below. The G2(MP2,SVP) 0 K binding energy
for this dimer is 112 kJ mol-1. This is greater than that calculated
for (HCN)(CH3NH2)H+ (87 kJ mol-1 at the G2(MP2,SVP) level
of theory, Table 2) but less than the acetonitrile-ammonia
complex (119 kJ mol-1). Accordingly, the PA difference
between CH3CN and CH3NH2 lies between those of the other
two dimers (119 as opposed to 188 kJ mol-1 for (HCN)(CH3-
NH2)H+ and 72 kJ mol-1 for (CH3CN)(NH3)H+). The ∆fH°0

calculated at the G2(MP2,SVP) level of theory is 609 kJ mol-1.
(CH3CN)(CH3OH)H+. The methanol-acetonitrile proton-

bound dimer hasC1 symmetry at the MP2/6-31+G(d) level of
theory. Like (HCN)(CH3OH)H+, the geometry of the cluster

can be described as protonated methanol solvated by CH3CN
(Figure 1). However, the lowest energy simple-bond dissociation
products are CH3CNH+ + CH3OH since the PA of acetonitrile
is over 25 kJ mol-1 higher than that of methanol. This cluster
has been experimentally studied by El-Shall and co-workers,13

Zhang and Castleman,14 and Mayer.15 The first two experimental
studies focused on the relative thermochemistry of acetonitrile-
methanol clusters but were unable to derive experimental values
for the binding energy of the mixed dimer, only the higher
homologues. Work from this laboratory15 on the unimolecular
chemistry of this dimer ion showed that a second reaction
competes with dissociation to CH3CNH+ + CH3OH, yielding
CH3CNCH3

+ + H2O. The water loss products come about by
the isomerization of the proton-bound dimer to an ion-molecule
complex (CH3CNCH3)(H2O)+, which is lower in energy than
the proton-bound dimer. The G2(MP2,SVP) binding energy
reported here, 119 kJ mol-1, is 4 kJ mol-1 lower than that of
(HCN)(CH3OH)H+ and 25 kJ mol-1 greater than that of (CH3-
CN)(H2O)H+. The PA difference between acetonitrile and
methanol (25 kJ mol-1) lies between the PA difference for these
other two clusters (Table 2). The G2(MP2,SVP)∆fH°0 for this
dimer is 519 kJ mol-1, which is similar to the G2 value (522
kJ mol-1) reported in earlier work from this laboratory.15

(CH3CN)(CH3F)H+. The proton-bound acetonitrile-methyl
fluoride dimer hasCs symmetry and can be regarded as a
protonated acetonitrile molecule solvated by CH3F (Figure 1).
The structure is analogous to the HCN dimer with CH3F in that
there is a long H-F hydrogen bond of 1.542 Å. The binding
energy of this cluster calculated at the G2(MP2,SVP) level of
theory is 76 kJ mol-1, which is greater than the cluster between
acetonitrile and HF but less than (HCN)(CH3F)H+. The PA
difference between CH3CN and CH3F, 182 kJ mol-1, lies
intermediate to those of the aforementioned dimers (Table 2).

Comparison of G2 Variants. The 0 K heats of formation
and binding energies for this series of 12 cluster ions have been
obtained at the G2, G2(ZPE)MP2), G2(MP2), and G2(MP2,-
SVP) levels of theory (Tables 1 and 2). There is generally good
agreement between the four methods, as found in a recent
assessment from this laboratory.28 The heats of formation are
all within 8 kJ mol-1 of one another, with the majority being
within 5 kJ mol-1. The largest discrepancies occur for G2-
(ZPE)MP2). This was seen previously in our assessment28 and
can be attributed to the change in zero-point vibrational energy
in going from HF/6-31G(d) to MP2/6-31G(d) values. There is
a slightly larger spread in the values for the binding energies,
arising from the increased error in the calculation of total
energies for the dissociation products using the less demanding
G2 variants (Table 3). Still, the total spread in binding energies
among the four methods averages around only 10 kJ mol-1. So
it appears that all of the G2 variants tested here give reasonable
binding energies for these 12 proton-bound dimers.

Binding Energies.The binding energies of the above proton-
bound dimers follow the general trend predicted by Kebarle39

and Larson and McMahon40 for oxygen-substituted het-
erodimers; an increase in the difference between the PA of the
two constituent monomers results in a decrease in the binding
energy of the unsymmetric dimer (Figure 2). A linear regression
through the data in Figure 2 produces a line with slope-0.26
( 0.03 and intercept of 125( 9 kJ mol-1. This relationship
may be useful for predicting the binding energies of other nitrile-
containing proton-bound dimers. The regression predicts that
for two monomers of equal PA, the binding energy should be
approximately 125( 9 kJ mol-1. The G2 binding energy of
the (HCN)2H+ dimer has been calculated to be close to this,

TABLE 3: Lowest Energy Fragmentation Product ∆fH°0
Valuesa

∑∆fH°0

products G2
G2-

(ZPE)MP2)
G2-

(MP2)
G2-

(MP2,SVP) exptb

HCN + NH4
+ 775 779 775 783 777

HCNH+ + H2O 714 713 710 715 712
HCNH+ + HF 678 680 674 680 679
HCN + CH3NH3

+ 757 765 759 768 766
HCN + CH3OH2

+ 716 723 714 724 717
HCNH+ + CH3F 718 725 717 725 712
CH3CN + NH4

+ 727 735 728 736 722
CH3CNH+ + H2O 598 593 594 593 597c

CH3CNH+ + HF 561 561 559 558 563c

CH3CN + CH3NH3
+ 709 721 712 721 711

CH3CNH+ + CH3OH 643 639 640 639 646.1c

CH3CNH+ + CH3F 602 605 601 603 596.6c

a In kJ mol-1. MP2/6-31+G(d) optimized geometries and scaled HF/
6-31G(d) ZPEs, except for G2(ZPE)MP2), see text.b Employing∆fH°0

values from the compendium of Lias et al.35 unless otherwise stated.
Values in this compendium quoted only at 298 K were corrected to 0
K with theoretical thermal correction factors.c Based on the PA of
CH3CN quoted by Hunter and Lias (779.2 kJ mol-1).38
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118 kJ mol-1,28 while the experimental values for the two
symmetric dimers (HCN)2H+ and (CH3CN)2H+ are also close
to this value, 126 kJ mol-1.41

4. Summary

The structures and heats of formation of the proton-bound
dimers between first-row hydrides (NH3, H2O, HF, CH3NH2,
CH3OH, and CH3F) and HCN and CH3CN have been obtained
from theoretical calculations. The binding energies calculated
for these 12 cluster ions follow the trend first described by
Kebarle for unsymmetrical proton-bound alcohol dimers; that
is, the binding energy decreases as the proton affinities of the
two constituent monomers become more dissimilar. An empiri-
cal relationship between the absolute PA difference of the two
monomers (|∆PA|) and the binding energy of the dimer (BE),
BE (kJ mol-1) ) -0.26|∆PA| + 125 kJ mol-1, may be useful
for predicting the binding energies of other dimers involving
nitriles.

Acknowledgment. P.M.M. thanks the Natural Sciences and
Engineering Research Council of Canada for financial support
and the University of Ottawa for a grant toward the purchase
of a computer workstation.

References and Notes

(1) Kebarle, P. InTechniques for the Study of Ion-Molecule Reactions;
Farrar, J. M., Saunders, W. H., Eds.; Wiley-Interscience: New York, 1988;
Vol. 20, p 2216.

(2) Meot-Ner, M.J. Am. Chem. Soc.1984, 106, 1265.
(3) Hiraoka, K.; Takimoto, H.; Yamabe, S.J. Phys. Chem.1986, 90,

5910.
(4) Castleman, A. W.; Wei, S.Annu. ReV. Phys. Chem.1994, 45, 685.

(5) Castleman, A. W.; Bowen, K. H.J. Phys. Chem.1996, 100, 12911.
(6) Ferguson, E. E.; Arnold, F.Acc. Chem. Res.1981, 14, 327.
(7) Ferguson, E. E.; Fehsenfeld, F. C.; Albritton, D. L. InGas Phase

Ion Chemistry; Bowers, M. T., Ed.; Academic Press: New York, 1979;
Vol. 1.

(8) Smith, D.; Spanel, P.Mass Spec. ReV. 1995, 14, 255.
(9) Arijs, E.; Ingels, J.; Nevejans, D.Nature1978, 271, 642.

(10) Arijs, E.; Ingels, J.; Nevejans, D.Nature1980, 288, 684.
(11) Deakyne, C. A.; Meot-Ner, M.; Campbell, C. L.; Huges, M. G.;

Murphy, S. P.J. Chem. Phys.1986, 84, 4958.
(12) Smith, D.; Adams, N. G.; Alge, E.Planet. Space Sci.1981, 29,

449.
(13) El-Shall, M. S.; Olafsdottir, S. R.; Meot-Ner, M.; Sieck, L. W.

Chem. Phys. Lett.1991, 185, 193.
(14) Zhang, X.; Castleman, A. W.Int. J. Mass Spectrom. Ion Proc.1995,

149/150, 521.
(15) Mayer, P. M.J. Phys. Chem. A1999, 103, 3687.
(16) Welti, M.; Ha, T.-K.; Pretsch, E.J. Chem. Phys.1985, 83, 2959.
(17) Del Bene, J. E.Int. J. Quantum Chem.: Quantum Chem. Symp.

1992, 26, 527 and references therein.
(18) Roszak, S.; Kaldor, U.; Chapman, D. A.; Kaufman, J. J.J. Phys.

Chem.1992, 96, 2123.
(19) Armstrong, D. A.; Rauk, A.; Yu, D.Can. J. Chem.1993, 71, 1368.
(20) Xie, Y.; Remington, R. B.; Schaefer, H. F.J. Chem. Phys.1994,

101, 4878.
(21) Stanton, R. V.; Merz, K. M.J. Chem. Phys.1994, 101, 6658.
(22) Pudzianowski, A. T.J. Chem. Phys.1995, 102, 8029.
(23) Pudzianowski, A. T.J. Phys. Chem.1996, 100, 4781.
(24) Platts, J. A.; Laidig, K. E.J. Phys. Chem.1996, 100, 13455.
(25) Valeev, E. F.; Schaefer, H. F.J. Chem. Phys.1998, 108, 7197.
(26) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A.Ab Initio

Molecular Orbital Theory; Wiley: New York, 1986.
(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

Johnson, B. G.; Robb, M. A.; Cheesman, J. R.; Keith, T.; Petersson, A.;
Montgomery, A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. G.;
Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; Nanayakkara,
A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.;
Andres, A. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Fox, D. J.;
Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-Gordon, M.;
Gonzalez, C.; Pople, J. A. Gaussian 94 (Rev. E.1); Gaussian, Inc.:
Pittsburgh, PA, 1995.

(28) Mayer, P. M.J. Chem. Phys.1999, 110, 7779.
(29) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, J. A.J.

Chem. Phys.1991, 94, 7221.
(30) Curtiss, L. A.; Raghavachari, K.; Pople, J. A.J. Chem. Phys.1995,

103, 4192.
(31) Curtiss, L. A.; Raghavachari, K.; Pople, J. A.J. Chem. Phys.1993,

98, 1293.
(32) Curtiss, L. A.; Redfern, P. C.; Smith, B. J.; Radom, L.J. Chem.

Phys.1996, 104, 5148.
(33) Scott, A. P.; Radom, L.J. Phys. Chem.1996, 100, 16502.
(34) Nicolaides, A.; Rauk, A.; Glukhovtsev, M. N.; Radom, L.J. Phys.

Chem.1996, 100, 17460.
(35) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,

R. D.; Mallard, W. G.J. Phys. Chem. Ref. Data1988, 17 (Suppl. 1).
(36) Boys, S. F.; Bernardi, F.Mol. Phys.1970, 19, 553.
(37) Chalk, A. J.; Radom, L.J. Am. Chem. Soc.1997, 119, 7573.
(38) Hunter, E. P.; Lias, S. G. InNIST Chemistry WebBook, NIST

Standard Reference Database Number 69; Mallard, W. G., Linstrom, P. J.,
Eds.; National Institute of Standards and Technology: Gaithersburg, MD,
March 1998.

(39) Davidson, W. R.; Sunner, J.; Kebarle, P.J. Am. Chem. Soc.1979,
101, 1675.

(40) Larson, J. W.; McMahon, T. B.J. Am. Chem. Soc.1982, 104, 6255.
(41) Meot-Ner, M.J. Am. Chem. Soc.1978, 100, 4694.

Figure 2. Plot of the G2 dimer binding energy vs the absolute value
of the proton affinity difference of the constituent monomers. For the
three largest dimers, (CH3CN)(CH3NH2)H+, (CH3CN)(CH3OH)H+, and
(CH3CN)(CH3F)H+, G2(MP2,SVP) values were used (9).
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