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ARTICLE INFO ABSTRACT

Keywords: Three different C,, configurations of the CH;CN/HI dimer have been characterized using MP2 and CCSD(T)
Halogen bonding methods with large correlation consistent basis sets. All three stationary points are minima. The hydrogen
Hydrogen bonding bonded CH;CN---HI configuration is the global minimum (GM) with an electronic dissociation energy exceeding

Harmonic vibrational frequencies
Complete basis set limit

CCSD(T)

Dissociation energy

4 kcal mol~! near the CCSD(T) complete basis set (CBS) limit. A strongly bound halogen-bonded form of the
dimer, CH,CN---IH, lies within 0.9 kcal mol~! of the GM according to CCSD(T) electronic energies extrapolated
to the CBS limit. The energetic separation between the two minima decreases by approximately 0.1 kcal mol~!
at all levels of theory when the harmonic zero-point vibrational energies are included. A third minimum was
identified in which iodine interacts with the hydrogens of the methyl group (HI---CH;CN). This minimum is
significantly higher in energy than the GM, almost within 1 kcal mol~! of the dissociation limit. The GM has
been previously identified via matrix isolation infrared spectroscopy. The energetics, vibrational frequencies,
and infrared intensities computed here corroborate the tentative assignment of a second feature in the HI

stretching region of the experimental infrared spectrum to the halogen-bonded configuration.

1. Introduction

Small dimers consisting of a base interacting with a hydrogen halide
(B---HY where Y = F, Cl, Br, or I) have frequently been used as
case studies for hydrogen bonding interactions [1-8]. Infrared (IR)
spectroscopy and high-accuracy quantum computational chemistry are
two tools that have been used to study fundamental aspects of hydrogen
bonding in these systems. Vibrational frequency shifts, for example, can
be used to identify the formation of weak non-covalent bonds such as
hydrogen and halogen bonds. Quantum computational chemistry can
be used in conjunction with gas-phase experimental work to aid the
search for and assignment of spectral signatures. Direct comparison
to experimental results obtained in a cryogenic matrix can be more
challenging since matrices can have a stabilizing effect on hydrogen-
bonded species, resulting in larger frequency shifts from the monomers,
and can even distort the geometry of the complex compared to the
gas-phase [9-11].

Acetonitrile (CH;CN) is a moderately strong hydrogen bond accep-
tor. Hydrogen halides have been used as the hydrogen bond donor
to CH;CN in a number of experimental and computational studies,
and the dissociation energies of these heterogeneous dimers have been
found to range from roughly 80% to 180% of that for the paradigmatic
water dimer [10-17]. Among the hydrogen halide species that can
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interact with CH;CN by donating a hydrogen bond, HI is of partic-
ular interest because of its potential to also form an energetically
competitive halogen-bonded species [18-20]. Such a complex would
have the iodine atom of HI interacting with the acetonitrile nitrogen
(CH;CN---IH). In the 1980s, a series of IR spectroscopy studies looked
at the CH;CN/HI dimer and associated monomers in low-temperature,
solid matrices [14,21-24]. The initial focus of the earliest study was
the characterization of the hydrogen-bonded CH;CN/HI dimer. How-
ever, changing spectral features upon irradiating the hydrogen-bonded
dimer revealed that a second, non-hydrogen-bonded form of the dimer
existed. The studies that followed aimed to better characterize the rela-
tionship between these two different forms of the CH;CN/HI dimer. A
subsequent study by Barnes looked at CH;CN/HI along with the N, N-
dimethylacetamide (DMA)/HI dimer, which had also been found to
exist in two different forms [25]. Barnes was the first to suggest several
different possible configurations for the non-hydrogen-bonded form of
these dimers and concluded that a “reverse” orientation (CH;CN---IH)
was most likely to be the arrangement of the two dimers. Though
these results have been briefly mentioned by a few more recent studies
[9,11,26], to the best of our knowledge a more extensive investi-
gation has not been undertaken. This study will perform the first
systematic computational analysis of the various possible CH;CN/HI
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dimer configurations. Structural and energetic analyses will be per-
formed for all identified stationary points. Additionally, harmonic vi-
brational frequency shifts and IR intensities will be computed. This
data will facilitate the interpretation of available experimental spectra
and also serve as a guide for future studies of this small dimer system
where both halogen- and hydrogen-bonded configurations appear to be
experimentally accessible.

2. Computational details

Three different configurations of the CH;CN/HI dimer and the
associated monomers were fully optimized using the MP2 [27] and
CCSD(T) [28-30] methods along with a correlation consistent basis set
series augmented with diffuse functions on all atoms except hydrogen
and using a relativistic pseudopotential for the 28 core electrons of
iodine atoms: cc-pVXZ for H, aug-cc-pVXZ for C and N, and aug-
cc-pVXZ-PP for I, for X = T and Q [31-37]. These basis sets are
denoted heavy-aug-cc-pVXZ or haXZ because only the heavy (non-
hydrogen) atoms are augmented with diffuse functions. This reduces
the total number of basis functions while still accurately describing hy-
drogen bonding, halogen bonding, and other non-covalent interactions
[20,38-43].

Harmonic vibrational frequency computations were performed with
the same series of methods and basis sets in order to confirm that
each stationary point identified was a minimum on the potential energy
surface. Single-point energy computations for the monomers and dimer
minima were performed using MP2/ha5Z and CCSD(T)/ha5Z on each
method’s respective haQZ geometry. Relative electronic energies and
dissociation energies near the complete basis set (CBS) limit were
obtained from haXZ single-point computations on the haQZ geome-
try using separate algebraic expressions to extrapolate the Hartree—
Fock energy and correlation energy (Egs. (1) and (2), respectively)
[44-46]. The CBS-limit Hartree-Fock energy was obtained using the
three-parameter exponential function proposed by Feller with the entire
basis set series (X = T, Q, 5) [47]. Using the largest two basis sets (X
= Q and 5), the CBS-limit electronic correlation energy was obtained
using the two-parameter inverse-cubic function described by Helgaker
and co-workers [48].
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All geometry optimizations were performed using analytic gradi-
ents. Analytic Hessians were used for all MP2 computations while nu-
merical Hessians obtained from finite differences of analytic gradients
were used for the CCSD(T) computations. The frozen-core approxima-
tion was used for all geometry optimizations and harmonic vibrational
frequency computations. The two core electrons of C and N were
excluded from the correlation procedure. For I, 28 core electrons were
replaced with the 28 MDF pseudopotential, followed by 8 additional
core electrons being excluded from the correlation procedure. All MP2
and CCSD(T) computations were performed using Gaussianl6 [49]
and CFOUR [50], respectively.

Dissociation energies were computed for each system’s global min-
imum. Computing electronic dissociation energies using finite basis
sets gives rise to an inconsistency known as basis set superposition
error (BSSE) [51,52]. In order to assess the effect of BSSE on the
systems examined here, the counterpoise procedure (CP) [53-55] was
employed, following the procedure outlined elsewhere [56].
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Table 1
CCSD(T)/haQZ intramolecular bond lengths (in A) and angles (in degrees) for the
CH;CN/HI dimer configurations and associated monomers.

r(HI) r(NC) r(CC) r(CH) A(CCH)
HI 1.602 N/A N/A N/A N/A
CH,CN N/A 1.159 1.464 1.089 109.77
HB 1.609 1.158 1.463 1.088 109.69
XB 1.607 1.158 1.463 1.089 109.73
LM 1.601 1.159 1.463 1.089 109.72
3. Results
3.1. Structures

Three different minima were identified for the CH;CN/HI mixed
dimer: the hydrogen-bonded global minimum (GM) where HI donates
the hydrogen bond (CH;CN---HI, labeled HB), a halogen-bonded mini-
mum (CH;CN---IH, labeled XB), and a second local minimum where the
iodine is now pointing towards the methyl group (HI---CH;CN, labeled
LM). The configurations are all highly symmetric, each one having C;,
symmetry. All three minima are depicted in Fig. 1. The HB configu-
ration has been characterized in experimental work, and based on IR
spectral signatures differing from that of HB, a second, non-hydrogen-
bonded CH;CN/HI configuration has been experimentally identified
and postulated to have a halogen-bonded configuration [14,21-24].
The LM stationary point is identified for the first time in this work.

Table 1 presents the intramolecular bond lengths and CCH angle for
the monomers CH;CN and HI as well as all three dimer minima at the
CCSD(T)/haQZ level of theory. The changes in the intramolecular bond
lengths (4r) are less than or equal to +0.001 A for all but the HI bond.
The magnitude of Ar(HI) is nearly the same for HB and XB, +0.007
and +0.005 A, respectively. The CCH angle in CH;CN undergoes rel-
atively minor changes upon dimerization. The angle decreases for all
configurations, with the largest change being a decrease of 0.08° for
HB. Key CCSD(T)/haQZ intermolecular bond lengths are presented in
Fig. 1. HB has the largest distance between iodine and the nearest heavy
atom on CH;CN: r(N---I) = 3.77 A, though that includes the length
of the HI covalent bond. The intermolecular hydrogen bond for HB is
only 2.17 A, whereas the intermolecular halogen bond length for XB is
3.18 /o\, both at the CCSD(T)/haQZ level of theory. The analogous value
for LM is 3.67 A, similar to the value for HB.

An analogous table, including intermolecular bond length values, is
provided in the Supplementary Material for MP2/haQZ results. Overall,
MP2 produces similar geometric parameters to CCSD(T), with the
intramolecular and intermolecular bond lengths differing by no more
than 0.01 A and 0.10 A, respectively, and the angles by no more
than 0.2 degrees. The MP2 and CCSD(T) Cartesian coordinates of the
optimized monomers and dimer configurations for all basis sets are
provided in the Supplementary Material.

3.2. Energetics

The MP2 and CCSD(T) relative electronic energies (4E) for all of the
minima are tabulated in Table 2 and the values with harmonic zero-
point vibrational energy (ZPVE) corrections are provided in Table 3.
The dissociation energy of HB is also listed in both tables, with (D) and
without (D,) harmonic ZPVE corrections. The electronic dissociation
energy of HB is approximately 4 kcal mol~! near the CCSD(T) CBS limit,
which is only slightly smaller than the corresponding value for the
water dimer, ca. 5 kcal mol~![57]. Including harmonic ZPVE reduces
the D, by about 1 kcal mol~! for both MP2 and CCSD(T). Regardless of
the basis set used, MP2 overestimates both D, and D, by approximately
0.8 kcal mol~!. Results from using the CP procedure to obtain the
dissociation energy (DP) can be found in the Supplementary Material.
The DEP values differ from D, by no more than 0.6 kcal mol-! (ca. 13%)
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Fig. 1. The monomers (left) and three C;, CH;CN/HI dimer minima (right) characterized in this study, HB (top), XB (middle), and LM (bottom), with key CCSD(T)/haQZ

intermolecular and intramolecular bond distances labeled.

Table 2
MP2 and CCSD(T) relative electronic energies in kcal mol~! of the CH,CN/HI dimer
minima as well as the electronic dissociation energy for the global minimum (D,).

Table 3
Harmonic ZPVE-corrected relative energies (4E,) and dissociation energies (D) in kcal
mol~! of the CH;CN/HI dimer minima using MP2 and CCSD(T) methods.

MP2 CCSD(T) MP2 CCSD(T)
haTZ haQZ ha5Z? CBS* haTZ haQZ ha5z* CBS® haTZ haQZ ha5Z° CBS* haTZ haQZ ha5z* CBS®
HB 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 HB 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
XB 0.90 0.89 1.07 1.28 0.57 0.61 0.74 0.89 XB 0.80 0.79 0.97 1.18 0.46 0.53 0.66 0.81
LM 3.55 3.50 3.50 3.53 3.01 2.97 2.97 2.98 LM 2.86 2.83 2.84 2.86 2.28 2.30 2.29 2.30
D 4.93 4.99 4.95 4.93 4.17 4.19 4.13 4.09 D, 3.92 4.00 3.96 3.94 3.16 3.23 3.17 3.13

e

2From single-point computations performed on the corresponding haQZ optimized
structures.

near the MP2 CBS limit and by no more than 0.4 kcal mol~! (ca. 10%)
near the CCSD(T) CBS limit.

The halogen-bonded minimum is relatively energetically competi-
tive with GM, being only 0.9 kcal mol~! higher in energy than HB at the
CCSD(T) CBS limit. Comparatively, LM is significantly higher in energy,
with a AE at or above 3 kcal mol~! at both the MP2 and CCSD(T)
levels of theory using all three basis sets. The ZPVE-corrected relative
energies (Table 3) obtained from both MP2 and CCSD(T) harmonic
frequencies consistently decrease AE by 0.1 kcal mol~! for XB and
0.7 kcal mol~! for LM. The decrease in the HI stretching frequency
induced by hydrogen bonding in the HB minimum (vida infra) results
in a positive contribution to the ZPVE correction for the relative energy
of the XB structure. However, the net ZPVE correction for XB ends
up being slightly negative (0.1 kcal mol~1), due to the contributions
from a degenerate, intermolecular vibrational mode. This vibrational
frequency associated with the off-axis bending (or wagging) of the H
atom in hydrogen iodide increases appreciably in the HB structure,
where HI donates a hydrogen bond to the N atom of acetonitrile.
The energetics and harmonic vibrational frequencies computed in this
investigation have also been used (without any scaling factors) to
estimate the thermochemistry associated with the formation of these
dimers near room temperature. Similar to the water dimer [58,59],
formation of the low-energy HB and XB isomers is exergonic near OK by
approximately —3 kcal mol~!. However, the free energies of association
for (H,0),, HB, and XB become more positive as the temperature
increases, yielding endergonic formations (4G° > 0) at 298 K.

2Values calculated using the haQZ harmonic ZPVE corrections.

3.3. Harmonic vibrational frequencies

The MP2 and CCSD(T) hydrogen iodide harmonic stretching fre-
quencies (wy;) for the isolated HI monomer are presented in Table 4.
Upon complexation, this stretching frequency undergoes a shift (dwyy;)
as a result of HI participating in a weak non-covalent interaction, such
as a hydrogen or halogen bond. Our recent study of the similar HCN/HI
dimer noted that the HI MP2/haQZ and CCSD(T)/haQZ stretching
frequency was anomalously large compared to the haTZ and ha5Z
results, though the frequency shifts remained relatively consistent [20].
This same trend is also observed in the current study.

The HI stretch has one of the most significant vibrational frequency
changes from the HI and CH;CN monomers to the dimer formations.
The most significant shift occurs for the hydrogen-bonded configura-
tion: =59 cm~! at the CCSD(T)/haQZ level of theory. This shift is
also associated with a significant increase in the IR intensity of the HI
stretching mode, going from less than 0.1 km mol~! for the monomer
to over 200 km mol~! when computed with the CCSD(T) method and
haQZ basis set. The Awy; value is less pronounced for XB at only
—24 cm~!, with an appreciable intensity of 15.8 km mol~!. There is
little to no shift in the HI stretching frequency for LM, and the IR
intensity also does not change from the monomer. As can be seen
from data provided in the Supplementary Material, one of the only
significant vibrational frequency shifts for LM is the methyl group
CH symmetric and antisymmetric stretches, though in comparison to
Aoy the values are small: —8 cm™! and -7 cm™! for the symmetric
and antisymmetric stretch, respectively, at the CCSD(T)/haQZ level of
theory. MP2 significantly overestimates Awy; for HB by as much as
86 cm~! and overestimates the equivalent values for XB and LM by only
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Table 4

MP2 and CCSD(T) harmonic stretching frequencies (wy; in cm™!) and IR intensities
(I in km mol™!) of the isolated HI monomer and the corresponding frequency shifts
(Awy;) and IR intensities induced by the formation of a weak non-covalent interaction
in the different CH;CN/HI minima.

HI HB XB LM
@yp I Awyy I Awyyy I Awyy I
MP2/haTZ 2414 0.4 -121 487.3 -22 12.1 0 0.4
MP2/haQZ 2455 0.8 -135 538.1 -26 11.5 -2 0.9
CCSD(T)/haTZ 2338 0.1 -34 62.2 -20 17.1 +3 0.1
CCSD(T)/haQZ 2377 0.0 -59 203.0 —24 15.8 +1 0.0

2 to 3 cm~!. For the methyl group CH shifts, MP2 results stay within
1 em™! of the CCSD(T) results. The MP2 and CCSD(T) vibrational
frequencies and intensities for the monomers and all forms of the dimer
are reported in the Supplementary Material.

Harmonic vibrational frequency shifts can provide guides to dif-
ferentiate between various configurations of a complex in experiment.
Several experimental studies have reported IR spectra of the CH;CN/HI
dimer and associated monomers in solid, low-temperature nitrogen
and argon matrices [14,21-24]. These papers focus on two primary
vibrations: the HI stretch and the CN stretch of CH;CN. Experimen-
tal HI vibrational frequency shifts fall between the MP2/haQZ and
CCSD(T)/haQZ Awyy; values. The corresponding shift for XB has not
been reported. The experimental CN stretch shifts, reported for both
HB and XB in an argon matrix, are remarkably similar to the MP2 and
CCSD(T) values obtained with haQZ. The CN shifts are very small, not
exceeding +10 cm~! according to the previously reported experimental
results and computational results calculated from data provided in the
Supplementary Material.

4. Conclusions

Three different C;, configurations of the CH;CN/HI dimer as well
as their corresponding monomers have been examined using large
correlation consistent basis sets with the MP2 and CCSD(T) methods.
Two previously identified structures were examined: the global min-
imum hydrogen-bonded isomer (CH;CN---HI) and a local minimum
halogen-bonded configuration (CH;CN---IH). A newly identified higher-
energy minimum has also been characterized, which has the iodine
atom oriented towards the H atoms of the methyl group of acetonitrile
(HI---CH,CN). This configuration is only bound by ca. 1 kcal mol~!
and lies approximately 3 kcal mol~! above the hydrogen bonded global
minimum near the CCSD(T) CBS limit.

The global minimum has been identified in low-temperature matrix
isolation studies using IR spectroscopy, and the vibrational frequency
shifts used to characterize its formation are relatively close to the
harmonic vibrational frequency results obtained in this study. For the
HI vibrational frequency, the experimental shift in an argon matrix is
—88 cm~! and the CCSD(T)/haQZ value is =59 cm™!. As noted in some
previous studies, hydrogen-bonded species are typically stabilized in a
matrix, which results in an increase in vibrational frequency shifts from
the monomer species compared to gas-phase data. The CN experimental
stretching frequency shift for the global minimum (+5 cm~!) matches
qualitatively to the computed values of +8 cm~! and +3 cm™! from
MP2/haQZ and CCSD(T)/haQZ computations, respectively.

A second form of the dimer identified via IR spectroscopy has been
proposed to have a halogen bonded structure (CH;CN---TH). While the
exact value of the HI stretching frequency for that configuration has
not been reported, researchers have noted that it is in the monomer
stretching region. Additionally, small, positive CN experimental shifts
akin to those seen in the hydrogen bonded configuration have also
been reported for the potentially halogen-bonded form of the dimer.
Computational results show that this configuration is energetically
accessible, being approximately 0.8 kcal mol~! higher in energy than
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the global minimum near the CCSD(T) CBS limit after including the
harmonic zero-point vibrational energy. Computed harmonic shifts for
CH;CN--IH of —24 cm™! (HI shift) and +8 cm™! (CN shift) at the
CCSD(T)/haQZ level of theory are consistent with experimental results,
and provide further evidence connecting the additional infrared spec-
troscopic features to a second, halogen-bonded form of the CH;CN/HI
dimer.

The harmonic vibrational frequency data presented here have
helped confirm the assignment of IR spectral features from matrix iso-
lation experiments to two energetically competitive hydrogen-bonded
and halogen-bonded minima of the CH;CN/HI dimer. Theoretical fun-
damental vibrational frequencies would likely be a useful extension of
this work, particularly for subsequent gas-phase experimental studies
of this system that exhibit competition between hydrogen and halogen
bonding. We plan to do an anharmonic analysis on both configurations
after performing additional testing and calibration in order to resolve
technical issues associated with second-order vibrational perturbation
theory (VPT2) computations on these systems. That analysis will also
provide more detailed insight into the spectroscopic perturbations
induced by an inert matrix environment.
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