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Abstract

Equilibrium thermochemical measurements using the mass-selected ion mobility (MSIM)
technique have been utilized to investigate the binding energies and entropy changes of
the stepwise association of hydrogen cyanide (HCN) and acetonitrile (CH3CN) molecules
with the naphthalene radical cation (C10Hg™) in the gas phase forming the C1oHs™ (HCN)n
and CioHg"(CH3CN)y clusters with n = 1-3 and 1-5, respectively. The lowest energy
structures of the CioHs""(HCN)n and CioHs™(CH3sCN)n clusters for n = 1-2 have been
calculated using the M062X and ®97XD methods within the 6-311+G** basis set, and
for n = 1-6 using the B3LYP method within the 6-311++G** basis set. In both systems,
the initial interaction occurs through unconventional CH>-N ionic hydrogen bonds
between the hydrogen atoms of the naphthalene cation and the lone pair of electrons on
the N atom of the HCN or the CH3CN molecule. The binding energy of CH3CN to the
naphthalene cation (11 kcal/mol) is larger than that of HCN (7 kcal/mol) due to a stronger
ion-dipole interaction resulting from the large dipole moment of CH3:CN (3.9 D). On the
other hand, HCN can form both unconventional hydrogen bonds with the hydrogen atoms
of the naphthalene cation (CH®"---NCH), and conventional linear hydrogen bonding
chains involving HCN--HCN interactions among the associated HCN molecules. HCN
molecules tend to form “externally solvated” structures with the naphthalene cation
where the naphthalene ion is hydrogen bonded to the exterior of an HCN---HCN chain.
For the CioHg™ (CH3sCN)n clusters, “internally solvated” structures are favored where the
acetonitrile molecules are directly interacting with the naphthalene cation through
CH®-N unconventional ionic hydrogen bonds. In both the CioHs"(HCN), and
C10Hs™" (CH3CN)n clusters, the sequential binding energy decreases stepwise to about 6-7
kcal/mol by three HCN or CH3CN molecules, approaching the macroscopic enthalpy of
vaporization of liquid HCN (6.0 kcal/mol).

Keywords: lon-neutral complexes; Naphthalene radical cation; Unconventional ionic
hydrogen bonds; Binding energies of HCN and CH3CN to organic ions; Solvation of
organic cations with hydrogen cyanide and acetonitrile.
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1. Introduction

lonic hydrogen bonds (IHBs), involve hydrogen bonding between radical ions or
protonated molecules and neutral polar molecules such as water, methanol, ammonia, and
hydrogen cyanide.> IHBs have bond strengths higher than the typical conventional
hydrogen bond in neutral systems and could reach up to 35 kcal/mol, nearly a third of the
strength of covalent bonds.! These strong interactions are critical in many fields such as
ion induced nucleation, ion solvation, radiation chemistry, electrochemistry, and self-
assembly in supramolecular chemistry.!® IHBs are also important in biological systems
including peptides, protein folding, proton transport, enzyme active centers, and
molecular recognition.® Organic ions can form hydrogen bonds with solvents in nature,
for example, in icy grains doped with aromatic and polycyclic aromatic hydrocarbons

(PAHSs) that are subjected to ionizing radiation in interstellar dust grains.”

Unconventional carbon-based IHBs are formed when the hydrogen donors are
ionized hydrocarbons containing CH groups and the hydrogen acceptors are electron lone
pairs on hetero atoms such as O and N, or =z elections in olefin double bonds and aromatic
conjugated systems.! For example, carbon-based CH*"---O IHBs appear in the hydration
of ionized aromatics such as benzene (CsHs™), cyclic CsHs*, cyclobutadiene (CsHs™),
phenylacetylene (CsHs™), and naphthalene (C1oHs™).1*® Organic ions can also interact
with water molecules by stronger conventional hydrogen bonds, such as in protonated
pyridine or protonated pyrimidine where the NH*---O hydrogen bonds can be
formed. 11718

In addition to water, other polar molecules containing lone pairs of electrons such
as hydrogen cyanide and acetonitrile can participate in CH>---N IHBs with the ring
hydrogen atoms (CH®") of ionized aromatics. Specifically, HCN has received
considerable attention because of its role in atmospheric chemistry as a result of its
release by biomass burning,'® and is also one of the main interstellar/nebula molecules.?
HCN can be produced in space from the reactions of ammonia and methane, and HCN
polymers have been shown to exist in meteorites, comets, planets, moons, and in
circumstellar envelopes.?t> HCN is also postulated to be the source of nitrogen in the
formation of nitrogen-containing polycyclic aromatic hydrocarbons (NPAHSs) which

could lead to the formation of biologically significant molecules such as DNA, RNA, and
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proteins in space.?’ A fundamental understanding of the reactions and structures of
nitrogen-containing species in space may provide insights into the origin or origins of
life. 212

We recently studied the stepwise association of multiple HCN molecules with the
benzene, substituted benzene, phenylacetylene, pyridine and pyrimidine radical cations.?>
29 In the benzene " (HCN)x clusters, HCN molecules are bonded to the benzene hydrogens
by -CH®"---N hydrogen bonds, but linear hydrogen bonded HCN---HCN---HCN chains
are also formed with further HCN molecules.?®?” In the phenylacetylene™*(HCN),
clusters, the dominant interaction is hydrogen bonding between the C-H acetylenic
hydrogen and the nitrogen atom of the first HCN molecule.?® Subsequent HCN molecules
form linear hydrogen bonded chains extended from the phenylacetylene radical cation
[phenylacetylene™*(NCH---NCH---)].2  Such chains were proposed previously in
protonated (HCN),H* clusters (HCN---(HCN---H*---NCH)---NCH) where binding
enthalpies indicated completion of solvent shells by two (first shell) or four (second shell)
HCN molecules about the proton.}® The pyridine and pyrimidine radical cations form
unconventional carbon-based ionic hydrogen bonds with HCN molecules where
bifurcated structures involving multiple hydrogen bonding sites with the ring hydrogen
atoms are formed. Protonated pyridine forms a stronger ionic hydrogen bond with HCN
(NH™--NCH) which can be extended to a linear chain with the clustering of additional
HCN molecules (NH™--“NCH --NCH--NCH) leading to a rapid decrease in the bond
strength as the length of the chain increases.?®

Here, we present the first experimental and computational study of the stepwise
association of HCN and CH3CN molecules with the naphthalene radical cation (CioHs™)
in the gas phase using the mass-selected ion mobility (MSIM) technique.*82° The
thermochemical ion-molecule equilibrium measurements, when conducted at different
temperatures, yield the enthalpy and entropy changes of the stepwise association of
solvent molecules with the organic ions. In the current systems, both HCN and CH3CN
(dipole moments = 2.98 and 3.91 Debye, respectively)®! contain N lone-pairs which can
serve as hydrogen acceptors to the CH®" sites of the naphthalene radical cation. However,
unlike HCN which can serve both as a hydrogen donor and as a lone-pair hydrogen

acceptor, CH3CN can’t form linear H-bonding chains and favorable interactions may thus
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occur with other CH?®" sites of the naphthalene cation instead of sequential attachment to
the CH3CN molecules. To understand the nature of these interactions, we provide DFT
calculations of the low energy structures of the naphthalene"(HCN), and
naphthalene™(CH3CN)n clusters with n =1-6. The combination of the experimental and
computational results provides new insights into the factors that determine the energetics
and structures of the naphthalene radical cation associated with HCN and CH3CN
molecules as model systems for the solvation of PAH ions within N-containing molecular

clusters.

2. Methods

The experiments were performed using the VCU mass-selected ion mobility
spectrometer. The details of the instrument can be found in several publications and only
a brief description of the experimental procedure is given here.!214?° Figure S1
(Supporting Information) illustrates the essential components of the ion mobility system.
In the experiments, the naphthalene molecular ions (CioHs™) are formed by electron
impact ionization using electron energy of 60-70 eV following the supersonic expansion
of 40 psi (= 2500 Torr) of ultra-high pure helium seeded with about 1-2% of naphthalene
vapor through a pulsed supersonic nozzle (500um) to the source vacuum chamber
maintained at a background pressure of 10”7 Torr. C1oHs™ ions are mass-selected by the
first quadrupole mass-filter and injected in (30-50 ps pulses) into the drift cell which
contains a mixture of HCN or CH3CN vapor and a helium buffer gas. Flow controllers
(MKS # 1479A) are used to maintain a constant pressure inside the drift cell within £1
mTorr. The temperature of the drift cell can be controlled to better than +1K using four
temperature controllers. Liquid nitrogen flowing through solenoid valves is used to cool
down the drift cell. The reaction products can be identified by scanning a second
quadrupole mass filter located coaxially after the drift cell. The arrival time distributions
(ATDs) are collected by monitoring the intensity of each ion as a function of time. The
reaction time can be varied by varying the drift voltage. The injection energies used in the
experiments (12-14 eV, laboratory frame) are slightly above the minimum energies
required to introduce the naphthalene ions into the cell against the HCN/He or
CH3CN/He outflow from the entrance orifice. Most of the ion thermalization occurs
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outside the cell entrance by collisions with the HCN or CH3CN molecules escaping from
the cell entrance orifice. At a cell pressure of 0.2 Torr, the number of collisions that the
C1oHs™" encounters with the neutral molecules within the 1.5 millisecond residence time
inside the cell is about 10* collisions, which is sufficient to ensure efficient thermalization

of the C1oHg™" ions.

HCN is prepared by adding 8 g of sodium cyanide (NaCN) (Sigma-Aldrich, 97%)
into a 500 ml stainless steel bubbler which is then placed in liquid nitrogen and evacuated
followed by the addition of 4 ml of pure sulfuric acid (H2SO4) (Aldrich, 99.999%)
through a stainless steel tube extension of the inlet valve of the bubbler. Following the
reaction of sulfuric acid with the sodium cyanide salt inside the bubbler, HCN gas
evolves and the bubbler is allowed to warm up to room temperature. The pressure in the
HCN line is monitored by a Baratron pressure gauge (MKS-626A13TBD).

The equilibrium reactions are represented by equation (1)
[Ci0Hs"(RCN)ni] + RCN = [Ci0Hs™ (RCN)n] 1)

where R = H or CH3s for HCN or CH3CN, respectively. The establishment of equilibrium
is verified when: (1) a constant ratio of the integrated intensity of the product to the
reactant ions is maintained over the residence time of the ions at constant pressure and
temperature, and (2) the ATDs of the reactant and product ions are identical indicating
equal residence times. When the equilibrium conditions are well-established, the

equilibrium constant, Keq, can be measured using equation (2):

_lesHs(ReN)]  _ifeHs (ReNy, ]

Ky = L _
CioHy -(RCN), ., [RCN] ™ 1[C, H, " (REN), , | Py

()

Where | ClOHg*.(RCN),HJ, I[C10H8+.(RCN)n] are the integrated intensities of the ATDs
of the reactant and product ions, respectively and Py, is the partial pressure of HCN or

CH3CN in atmosphere inside the drift cell. The equilibrium constant, Keq, is measured at
different temperatures and from a van’t-Hoff plot, AH’ and AS’ values are obtained from

the slope and intercept, respectively. The measured values are duplicated at least three
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times and the average values are reported in Tables 1 and 2 with the corresponding

uncertainties.

Density Functional Theory (DFT) calculations of the lowest energy structures for
the various isomers of the cluster ions C1oHs™"(HCN)n and C1oHg™ (CH3CN), with n = 1-2
were performed using the M062X32and ®97XD?* methods within the 6-311+G** basis
set® of the Gaussian 09 program suite.® For larger clusters with n = 3-6, B3LYP method
was used with the 6-311++G** basis set. Vibrational frequency calculations were also
performed for all the optimized geometries at the same level of theory in order to obtain
zero point vibrational energy (ZPVE) and also to verify the absence of any imaginary

frequencies.®®

3. Results and Discussion

3.1. Association of HCN Molecules with the Naphthalene Radical Cation

Figure 1-a displays the mass spectrum obtained following the injection of the
mass-selected CgH1o™" ion (m/z 128) into the drift cell containing 0.83 Torr He at 301 K.
It is clear that no dissociation products are observed consistent with the low injection
energy used (13.8 eV, lab). A small peak is observed at m/z 146 which corresponds to the
CsH10"(H20) ion (labeled Naph*(W) in Fig. 1-a) due to the presence trace amount of
water vapor in the drift cell. In the presence of 0.2 Torr HCN vapor in the drift cell at 273
K, the first two association products CsHio"(HCN)n with n =1 and 2 are observed as
shown in Fig. 1-b. In addition, a small peak appears at m/z 100 assigned to the
H3O"(HCN)3 cluster ion formed by the association of three HCN molecules with the
hydronium ion. This cluster ion exhibits enhanced intensity due to the formation of a
stable solvent shell structure involving three IHBs from the hydronium ion to the nitrogen
atoms of the three HCN molecules. As the temperature decreases the major cluster series
CsH10""(HCN), shows a significant increase in intensity with a systematic shift towards
larger n as shown in Figs 1-c 1-d and 1-e. At 177 K (the lowest achievable temperature
before the condensation of HCN), the naphthalene ion disappears and the cluster
population becomes dominated by the CsHio™(HCN), series with n = 1-4 as shown in
Fig. 1-e.
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The equilibrium constants for the stepwise association of HCN with the CgH1o™
ion (Reaction 1) measured at different temperatures yield the van’t Hoff plots shown in
Figure 2. From the slopes and intercepts of the van’t Hoff plots, AH® and AS° values for
the formation of the CsH1o"(HCN), clusters are calculated as listed in Table 1.

The measured thermochemical values shown in Table 1 indicate that the binding
energies of the first three HCN molecules are nearly similar as 6-7 +1 kcal/mol. This
suggests the presence of multiple binding sites with comparable energies for the HCN
molecules to attach to the CgHio™™ ion. This interaction could involve C-H>"...N
unconventional hydrogen bonding where the naphthalene cation acts as the proton donor
to the lone pair of electrons on the nitrogen atom of the HCN molecule. Additional HCN
molecules could be attached to different C-H®" sites of the naphthalene cation or could
form linear H-bonding chains by the attachment to the first HCN molecule associated

with the naphthalene cation.
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Figure 1. Mass spectra resulting from the injection of naphthalene radical cation (C1oHs",
Naph®) into helium gas (a) or a helium-HCN vapor mixture (b-e) at different pressures

and decreasing temperatures as indicated.
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Figure 2. van’t Hoff plot for resulting from the injection of naphthalene (C10Hg") into

HCN-He gas mixtures.

3.2 Association of CH3CN with the Naphthalene Radical Cation

Figure 3 displays the mass spectra obtained upon the injection of the CgH1o™" ion
into the drift cell in pure He and in the presence of 0.25 — 0.17 Torr CH3CN vapor in He
at different temperatures. At 301 K, most of the naphthalene ions are incorporated into
the CgH1o™"(CH3CN)n clusters with n = 1 and 2 as shown in Fig. 3-b. The comparison
with HCN at 273 K (Fig. 1-b) indicates that the binding of CH3CN to the naphthalene
cation is significantly stronger than that of HCN. This is clearly confirmed by the
observation of the CgH1o"™ (CH3CN)n clusters with n = 1-3 at 301 K as shown in Fig. 3-b
while the CgHio™"(HCN)n clusters with n = 1-2 are only weakly observed at 273 K (Fig.
1-b). Interestingly, at the lowest temperature used (212 K), the CgH1o™"(CH3CN), clusters
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with n = 2-5 are the most prominent ions observed as shown in Fig. 3-d. Other ions
observed include the H3O*(CH3CN)s cluster (m/z 142) which appears at 301 K and 244 K
as shown in Figs 3-b and 3-c. This ion represents the first solvent shell of three
acetonitrile molecules around the hydronium ion.%® Interestingly at 212 K, the
H3O*(CH3sCN)z ion nearly disappears and the HsO2"(CH3sCN)a4 cluster (m/z 201) appears
indicating the formation of a protonated water dimer core (HsO2)" solvated by four
acetonitrile molecules through four conventional O-H%"...N IHBs.*’ It should be noted
that acetonitrile liquid usually contains a trace amount of water which is very difficult to
remove due to the strong interaction between water and acetonitrile in the liquid phase.®®
The van’t Hoff plots of the first five CH3CN additions onto the naphthalene cation are
shown in Figure 4, and the resulting AH® and AS° are listed in Table 1.

Table 1. Measured thermochemistry (-AH®n.1n and -AS™n.1n) of the formation of CgH1o™"(HCN),
and CgH1o""(CH3CN)y clusters.

HCN Acetonitrile

n| -AH° | -AS° -AH° -AS°
1) 71 16.4 11.3 20.9
2| 6.6 18.0 9.2 17.3
3| 6.0 17.2 7.2 15.0
4 - - 8.0 23.2
5 - - 7.7 22.1

(a) AH®.1,n units are kcal/mol. (b) AS®y.1,n units are cal/mol.K, estimated errors: AH° + 1, AS°®
2.0.

10
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Figure 3. Mass spectra resulting from the injection of naphthalene radical cation (C1oHs",
Naph™) into helium gas (a) or a helium-acetonitrile (CH3CN, A) vapor mixture (b-d) at

different pressures and decreasing temperatures as indicated.
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Figure 4. van’t Hoff plot for resulting from the injection of naphthalene (C10Hg") into

acetonitrile (CH3CN)-He gas mixtures.

3.3 Structures of the Naphthalene**(HCN)n Clusters

To gain insight into the roles of the naphthalene cation-HCN and HCN-HCN
interactions in determining the energetics and structures of the CgHio™"(HCN), clusters,
we calculated the binding energies of the lowest energy structures of the CgH1o™ (HCN),
clusters (with respect to dissociation into CgHio”"(HCN)n1 + HCN) using DFT at the
MO062X/6-311+G**, ®97XD/6-311+G**, and the B3LYP/6-311++G** levels. The M06-
2X and ®97X-D functional are known to be accurate for van der Waals (vdW) and weak
ion-molecule interactions.®®**! We compare the results of the calculations of the
CsH10""(HCN)n clusters for n = 1 and 2 with the B3LYP functional using the 311++G**

12
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basis set. Based on this comparison, we confirm the accuracy of the B3LYP functional
for the calculations of larger clusters with n = 3-6.

All the M062X, ®97XD and B3LYP functionals predict the lowest energy isomer
of CsH1o""(HCN) to be a bifurcated structure with HCN binding to two CH hydrogen
atoms from the two condensed rings of the naphthalene cation by 2.44A (M062X and
®97XD) and 2.50A (B3LYP) as shown in Figure 5-1 (structure 1-a) and Figure 6
(structures 1-a). This geometry is similar to the calculated structures for the association of
water with the benzene and naphthalene cations in the CsHs"(H20) and CgHs™(H20)
clusters, respectively, and also for the association of HCN with the benzene cation.!216:26
The binding energy of structure 1-a (Fig. 6) of the CsH1o""(HCN) cluster calculated by the
B3LYP function (7.8 kcal/mol corrected for ZPE) is in excellent agreement with the
experimental AH® value (-7.1 kcal/mol) in contrast to the values calculated by the MO6-
2X and ®97XD functions (9.1 and 8.8 kcal/mol, respectively) which appear to
overestimate the binding energy. The other three low energy structures obtained using the
MO06-2X and ©97XD functions are (1-b), (1-c) and (1-d) shown in Fig. 5-I. In (1-b) and
(1-c) bifurcated structures are formed with two adjacent CH groups belonging to the
same ring, while in structure (1-d) the HCN molecule lies above the plane of the
naphthalene cation with the nitrogen atom pointing to plane of the cation. The binding
energies of the four structures (1-a to 1-d, Fig. 5-1) range from 9.1 to 7.4 and 8.8 to 7.9
kcal/mol using the M06-2X and the ®97XD functionals, respectively. The two functions
give essentially the same low energy structures and the same binding energies. However,
with the B3LYP function the calculated binding energy although smaller than the
calculated values obtained using the M06-2X and the ®97XD functionals, it is closer to
the experimental AH® value.

Six low energy structures (2-a to 2-f) with binding energires ranging from 8.4 to
6.0 were identifed for the CgHio""(HCN)2 cluster using the M06-2X and the ®97XD
functionals as shown in Fig. 5-11. The lowest energy isomer (2-a, Fig. 5-11) has the second
HCN molecule forming another bifurcated structure with two CH hydrogen atoms from
the two condensed rings of the naphthalene cation. The second lowest energy isomer of
(structure 2-b, Fig. 5-11) shows the second HCN molecule hydrogen bonded to the first
molecule. The very small difference in binding energy between structures (2-a) and (2-b)

13
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indicates that HCN hydrogen bonding interaction with the CH>* group of the naphthalene

cation (CH®"---N) is similar to the hydrogen bonding interaction with a second HCN

molecule (NCH---NCH).

(1-a)

AE =83 (8.4)

(1-d)

AE=79(1.9) AE =74 (8.0)

Figure 5-1. Structures of the four lowest energy isomers of the naphthalene”™ (HCN)
complex obtained using the two functionals M062X and ®97XD within the 6-311+G**
basis set. The calculated binding energies AE in kcal/mol are given using the M062X and
®97XD (in brackets) methods.

14
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(2-b)

209 238/

237

AE = 8.0 (8.0)

2-d)

(2-¢) / (2-)

211

AE =6.6 (6.9) AE =5.6 (6.0)

Figure 5-11. Structures of the six lowest energy isomers of the naphthalene™*(HCN)
complex obtained using the two functionals M062X and ®97XD within the 6-311+G**

basis set. The calculated binding energies AE in kcal/mol are given using the M062X and

the ®97XD (in brackets) methods.
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Based on the comparison between the M06-2X, the ®97X-D and the B3LYP
functionals, it can be concluded that these functions produce similar lowest energy
structures of the CsHio"(HCN), clusters although the MO06-2X and the ®97X-D
functionals appear to overestimate the binding energies. Therefore, the B3LYP function
at the 6-311++G(d,p) level was used to calculate the lowest energy structures of the
CsH10""(HCN), clusters with n = 3 and 4. The calculated structures and the corresponding
binding energies are shown in Figure 6.

The lowest energy isomers of the CgHio™ (HCN), clusters with n =3 and 4 show a
tendency for the solvation of the naphthalene cation where two (CH®---N) bifurcated
hydrogen bonding sites with the ring hydrogen atoms on opposite sides of the
naphthalene cation (structures 3-a and 4-a, Fig. 6). Isomer (3-b, Fig. 6) shows an
extended hydrogen bonding chain with three HCN molecules attached to the naphthalene
cation through a bifurcated structure. However, the formation of a longer hydrogen
bonding chain with more than three HCN molecules on one side of the naphthalene
cation may not be favorable as isomers (4-a) and (4-b) clearly preference for forming two
bifurcated hydrogen bonding interactions along the opposite sides of the naphthalene
cation.

The small energy differences between the different structures corresponding to the
same cluster size imply that an ensemble of different configurations could exist at a given
temperature and therefore, the measured binding energy represents an average value of
the binding energies of these different structures. Furthermore, since the measured
binding energies are obtained using equilibrium thermochemical measurements, it can be

assumed that the different configurations are populated thermally.

16
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Figure 6. Structures of the two lowest energy isomers of the naphthalene™(HCN),
clusters with n =1-4 obtained using the B3LYP method within the 6-311++G** basis set.
The calculated binding energies AE are given in kcal/mol.
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3.4 Structures of the Naphthalene**(CH3CN)n Clusters

Figure 7-1 displays the optimized structures of the four lowest energy isomers of
the CgH10""(CHsCN) cluster calculated at the MO06-2X/6-311++G** and «©97X-D/6-
311++G** levels. The calculated binding energies range from 12.2 to 10.6 kcal/mol in
good agreement with the experimental -AH® value of 11.3+1 kcal/mol. The lowest energy
isomer (structure 1-a, Fig. 7-1) has a bifurcated structure with the nitrogen atom of
acetonitrile interacting with two CH hydrogen atoms belonging to the two condensed
rings of the naphthalene cation. The structure is similar to that of the lowest energy
isomer of the CgHio""(HCN) cluster shown in Fig. 5-1. The other three isomers of the
CsH10""(CH3CN) cluster are also similar to those of the CsHio""(HCN) cluster thus
confirming that these types of structures represent the most favorable interaction
geometries between the nitrogen lone pair in HCN or CH3CN molecule and the CH®*

sites of the naphthalene cation.

The six lowest energy isomers of the CgH1o™"(CH3CN)2 cluster shown in Figure 7-
Il (structures 2-a to 2-f) have a broad range of binding energies (11.3 to 7.6 kcal/mol)
representing three different types of structures where the two acetonitrile molecules form
double bifurcated hydrogen bonding structures (2-a, 2-b and 2-c, Fig. 7-11), perpendicular
and bifurcated structures (2-d and 2-e, Fig. 7-11) and a double perpendicular structure (2-
f, Fig. 7-11). The symmetric double bifurcated hydrogen bonding structure (2-a, Fig. 7-11)
is predicted to be the lowest energy structure, and both the M06-2X/6 and ®97X-d
functions appear to overestimate the binding energy of this isomer (11.3 and 10.5

kcal/mol, respectively) as compared to the experimental -AH® value of 9.2+1 kcal/mol.
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(1-b)

AE=112(11.5)
(1-d)

AE =10.6 (10.7) AE =10.6 (10.6)

Figure 7-1. Structures of the four lowest energy isomers of the naphthalene™(CH3sCN)
complex obtained using the two functionals M062Xand ®97XD within the 6-311+G**
basis set. The calculated binding energies AE in kcal/mol are given using the M062X and

®97XD (in brackets) methods.
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Figure 7-11. Structures of the six lowest energy isomers of the naphthalene™ (CH3sCN):
complex obtained using the two functionals M062X and ®97XD within the 6-311+G**
basis set. The calculated binding energies AE in kcal/mol are given using the M062X and

the ®97XD (in brackets) methods.
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The B3LYP function predicts the same lowest energy structures of the
CsH10"(CH3CN)1,2 clusters as the M06-2X/6 and ®97X-d functions as shown in Figure
8. However, the calculated binding energies with the B3LYP function of structures 1-a
and 2-a (10.8 and 9.7 kcal/mol, respectively, Fig. 8) are in better agreement with the
experimental -AH® values of 11.3+1 and 9.2+1 kcal/mol, respectively than the values
calculated using the M06-2X/6 and ©97X-d functions (Figs 7-1 and 7-11).

The lowest energy isomers of the CgHio™(CH3CN), clusters with n= 3-6
calculated at the B3LYP/6-311++G** level are also shown in Fig. 8. These structures
build on the bifurcated hydrogen bonding structure motif which appears to be saturated
for the naphthalene cation by the addition of four acetonitrile molecules as shown is
isomer 4-a in Fig. 8. The calculated binding energies for the CsHio""(CH3CN)34 clusters
(7.1 and 6.5 kcal/mol, respectively, Fig. 8) are in good agreement with the experimental -
AHP° values of 7.2+1 and 8.0+1 kcal/mol, respectively.

The low energy structures of the CsH1o™"(CH3CN)s 6 clusters containing five and
six acetonitrile molecules (structures 5-a and 6-a, Fig. 8) show evidence of saturation of
the hydrogen bonding sites on the naphthalene cation by four acetonitrile molecules since
the fifth and sixth molecules are calculated to attach to the coordinated acetonitrile
molecules through weak CHsN interaction (CH®"--- N=C-CHgs-N=C-CHs). Higher
energy structures (5-b and 6-b, Fig.8) show the fifth and sixth acetonitrile molecules
forming perpendicular structures through N...ring interactions above and below the plane
of the naphthalene cation, respectively. The structures of the CgH1o"™(CH3CN)s ¢ clusters

represent the complete solvation of the naphthalene cation with acetonitrile molecules.
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(1-a) ﬁ (2-a)
? 2.43",—" ! , 246 4
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(4-a)
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Figure 8. Structures of the lowest energy isomers of the naphthalene™*(CH3sCN), clusters
with n =1-4, and the two lowest energy isomers with n = 5-6 obtained using the B3LYP
method within the 6-311++G** basis set. The calculated binding energies AE are given
in kcal/mol.
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3.5. Comparison of the Interactions of Water, Methanol, Hydrogen Cyanide and
Acetonitrile with the Naphthalene Radical Cation

It is of interest to compare the association behaviors of hydrogen cyanide and
acetonitrile molecules towards the naphthalene cation with those involving water and
methanol molecules. Figure 9 compares the association enthalpies (AH®) and the lowest
energy structures and binding energies calculated at the B3LYP/6-311++G** level for
the CgHio"(H20),*® CgHio""(CH30H),*® CgH1o""(HCN), and CgHio"(CH3sCN) clusters.
The structures of the four clusters are similar and consist of unconventional bifurcated
hydrogen bonding of the oxygen or nitrogen atom to two CH hydrogen atoms from the

two condensed rings of the naphthalene cation.

Naph™*(H20)

-AH=7.8(AE=17.7)

Naph™*(HCN) Naph**(CH3sCN)
Ju‘,.)

"

\

-AH=7.8 (AE=17.8) -AH = 11.3 (AE = 10.8)

Figure 9. Lowest energy structures of the complexes of the naphthalene cation with
H20, CH30H,*® HCN and CH3CN with the calculated binding energies AE (kcal/mol)
obtained using the B3LYP method within the 6-311++G** basis set. The experimental

AHP? (kcal/mol) is shown for comparison with the calculated AE.
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The association enthalpies AH® for water (7.8+1), methanol (8.3+1) and HCN (7.1+1) are
nearly similar, and smaller than that of acetonitrile (11.3+£1). This is mostly due to
stronger ion dipole interaction in the CgHio""(CH3CN) cluster given that the dipole
moment of acetonitrile, HCN and water are 3.92, 2.98 and 1.85 Debye, respectively.3!

Figure 10 compares the experimental sequential enthalpy of association (-AH®.
1,n) of HCN and acetonitrile molecules to different organic cations. As shown in Fig. 10-
a, HCN binds to the phenylacetylene (10.5 kcal/mol)?® and to the benzene (9.2
kcal/mol)?® radical cations more strongly than it binds to the naphthalene radical cation
(7.1 kcal/mol).

For the phenylacetylene™*(HCN) complex, the lowest energy isomer shows the N-
atom of the HCN molecule interacting with the acetylenic CH by a 2.0 A conventional
hydrogen bond.?® This indicates that the conventional C-H*"-N hydrogen bond is
stronger than the unconventional bifurcated hydrogen bonding of the nitrogen atom to
two CH hydrogen atoms from the ionized ring in the benzene or the naphthalene cation.
The interaction is weaker with the naphthalene cation as compared to the benzene cation
due to the charge delocalization on the larger naphthalene cation and therefore, the
effective partial charges on the ring CH hydrogen atoms are smaller in the naphthalene
cation as compared to the benzene cation. The effect of charge delocalization on the
organic ion is clearly observed by comparing the binding energies of ¢c-CsHs"(CH3zCN)p,
benzene(CH3CN), and naphthalene™*(CH3sCN), clusters shown in Fig. 10-b. The
naphthalene™ (CH3sCN)n clusters show the weakest sequential binding energies among the
ions shown in Fig. 10-b. This is again a result of charge delocalization on the naphthalene
radical cation which leads to weaker charge-dipole interactions in comparison with the c-
C3Hs"(CHsCN)s, clusters.™

It is interesting to note that in both the CioHs"(HCN), and CioHg™ (CH3CN)n
clusters, the sequential binding energy decreases stepwise to about 6-7 kcal/mol by three
HCN or CH3CN molecules, approaching the macroscopic enthalpy of vaporization of
liquid HCN (6.0 kcal/mol) or liquid acetonitrile (7.9 kcal/mol).3! This limit is reached in
the CeHe™"(CH3CN)n clusters with four CH3CN molecules but for the CsHz*(CH3CN),

clusters, the sequential binding energy for the third acetonitrile molecule (12.0
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kcal/mol)® is still significantly higher than the enthalpy of vaporization of liquid

acetonitrile.
(a) (b)
12‘ +CBH6.+ 16- +C10H80+
—~~~ —~
e - CgH5CCH*Y © 1 ——CgHg**
E 10_ +C10H80+ E 14' C3H3+
© © 12-
g g
= 81 > 10-
(@] I |
L =
? 6- \ 1 ]
1 2 3 4 1 2 3 4 5
n (# of solvent molecules) n (# of solvent molecules)

Figure 10. (a) Experimental sequential enthalpy of association (-AH®n.1n) of HCN
molecules to the benzene?® (CeéHs™), phenylacetylene?® (C¢HsCCH™) and naphthalene
(C1oHs™) radical cations (Estimated errors in AH® + 1 kcal/mol).

Figure 10. (b) Experimental sequential enthalpy of association (-AH®s.1,n) of acetonitrile
molecules to the c-CsHs cation!® (CsHs") and to the benzene?® (CeHs™") and naphthalene

(C1oHs™) radical cations (Estimated errors in AH® + 1 kcal/mol).

4. Summary and Conclusions

Equilibrium thermochemical measurements using a mass-selected ion mobility
drift cell technique have been utilized to investigate the binding energies and entropy
changes associated with the stepwise association of HCN and CH3CN molecules with the
naphthalene radical cation in the CgH1o"™(HCN), and CgH1o™" (CH3CN)n clusters with n =
1-3 and 1-5, respectively. The binding energy of CH3CN to the naphthalene cation (11.3
kcal/mol) is much stronger than that of HCN (7.1 kcal/mol) mostly due to a stronger ion-
dipole interaction attributed to the large dipole moment of acetonitrile (3.9 D). The
lowest energy structures of the CioHs™ (HCN)nand C1oHs ™ (CH3CN)q clusters indicate that
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the first HCN or CH3CN molecule forms unconventional bifurcated hydrogen bonds with
two CH hydrogen atoms from the two condensed rings of the naphthalene cation. Further
HCN molecules can form both unconventional hydrogen bonds with the hydrogen atoms
of the naphthalene cation (CH®*---NCH), and conventional linear hydrogen bonding
chains involving HCN---HCN interactions among the associated HCN molecules. HCN
molecules tend to form “externally solvated” structures with the naphthalene cation
where the naphthalene ion is hydrogen bonded to the exterior of an HCN---HCN chain.
For the C1oHs™ (CH3sCN)n clusters, “internally solvated” structures are favored where the
acetonitrile molecules are directly interacting with the naphthalene cation through
CH®-N unconventional ionic hydrogen bonds. In both the CioHs"(HCN), and
C10Hs™ (CHsCN), clusters, the sequential binding energy decreases stepwise to about 6-7
kcal/mol by three HCN or CH3CN molecules, approaching the macroscopic enthalpy of
vaporization of liquid HCN (6.0 kcal/mol).
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