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Noncovalent Interactions of Organic Ions with
Polar Molecules in the Gas Phase

M. Samy El-Shall, Isaac K. Attah and Sean P. Platt

Abstract The chapter is focused on noncovalent interactions of organic ions with
small polar molecules in the gas phase. The organic ions studied include cyclic
C3H+

3 and the radical cations of benzene (C6H•+
6 ), pyridine (C5NH•+

5 ), pyrimi-
dine (C5N2H•+

4 ), fluorobenzene (C6H5F•+), phenylacetylene (C8H•+
6 ), benzonitrile

(C7NH•+
5 ) and naphthalene (C10H•+

8 ). In addition, protonated pyridine (pyridine.H+)
and protonated pyrimidine (pyrimidine.H+) are also included for comparison with the
radical cations. The solvent molecules include water (H2O), hydrogen cyanide (HCN)
and acetonitrile (CH3CN). The results presented include experimental thermochem-
ical data (�H◦ and �S◦) for the stepwise association of the solvent molecules with
the organic ions and theoretically calculated binding energies and structures. The
four major topics discussed are: (1) Trends in binding energies and entropy changes,
(2) Ionic hydrogen bonds with organic ions, (3) Internal vs. external solvation of the
organic ions, and (4) Intracluster proton transfer and deprotonation of the organic
ions.

15.1 Introduction

Intermolecular forces, including hydrogen bonds and ion-molecule interactions, [1–
5] are important in many biological, chemical, and astrochemical processes such as
the conformation and folding of proteins, base pair stacking in DNA, drug design,
macromolecular assemblies, molecular recognition, clathrate hydrate formation, and
the formation of complex organics and ices in interstellar space [1–7].

A special class of hydrogen bonding interactions, usually referred to as ionic
hydrogen bonds (IHBs), involves hydrogen bonding between radical ions or pro-
tonated molecules and neutral polar molecules such as water, methanol, ammonia,
and hydrogen cyanide [1]. IHBs have bond strengths higher than the typical
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conventional hydrogen bond in neutral systems and could reach up to 35 kcal/mol,
nearly a third of the strength of covalent bonds [1]. These strong interactions are
critical in many fields such as ion induced nucleation, ionic clusters, ion solvation,
radiation chemistry, electrochemistry, acid-base chemistry, and self-assembly in
supramolecular chemistry [1–5]. IHBs are also important in biological systems
including protein folding, proton transport, membranes, enzyme active centers, and
molecular recognition [8, 9] Organic ions can form hydrogen bonds with solvents
in nature, for example, in icy grains doped with polycyclic aromatic hydrocarbons
that are subjected to ionizing radiation in interstellar dust grains [10–13].

Unconventional carbon-based IHBs are formed when the hydrogen donors are
ionized hydrocarbons containing CH groups and the hydrogen acceptors are elec-
tron lone pairs on hetero atoms such as O and N or π electrons in olefin double bonds
and aromatic systems [1]. For example, carbon-based CHδ+–O IHBs appear in the
hydration of ionized aromatics such as benzene (C6H•+

6 ), cyclic C3H+
3 , cyclobutadi-

ene (C4H•+
4 ), phenylacetylene (C8H•+

6 ), and naphthalene (C10H•+
8 ) [14–19]. 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 are formed [1, 20, 21].

In addition to water, other polar molecules containing lone pairs of electrons
such as hydrogen cyanide, methanol, and acetonitrile can participate in hydrogen
bonding interactions with the ring hydrogen atoms (CHδ+) of ionized aromatics.
Hydrogen cyanide is a useful probe of non-covalent interactions because it is highly
polar (dipole moment = 2.98 D), [22] and it can serve both as a hydrogen donor
and as a lone-pair hydrogen acceptor in hydrogen bonds [1]. HCN has received
considerable attention because of its role in atmospheric chemistry as a result of its
release by biomass burning, [23] and it is also one of the main interstellar/nebula
molecules [13]. HCN can be produced in space from the reactions of ammonia
and methane, and could play a very important role in the formation of nitrogen-
containing polycyclic aromatic hydrocarbons (NPAHs) [24]. Since molecules in
outer space are subjected to ionizing radiation from stars, radioactive decay and
cosmic rays, ionized aromatics such as benzene and PAHs may act as nucleation
centers for the condensation of astrochemical molecules such as hydrogen cyanide to
form clusters that could undergo intracluster reactions leading to nitrogen containing
PAHs [6, 24]. Nitrogen-containing aromatics are of interest because biologically
significant molecules such as DNA, RNA, and certain amino acids and proteins
contain nitrogen-substituted rings. As a result, a fundamental understanding of the
reactions and structures of nitrogen-containing species in space may provide insights
into the origin of life [24–26]. In fact, HCN polymers have been shown to exist in
meteorites, comets, planets, moons, and in circumstellar envelopes [24, 27, 28].

Insight into the basic molecular interactions can be obtained from the energies and
structures of the key species involved in the stepwise association of polar molecules
with organic ions. These data can be obtained experimentally by measuring sequen-
tial binding energies of solvent molecules to organic ions in the gas phase, and
computationally by calculating the structures and binding energies of the hydrated
and solvated organic ions [1,14–21, 29–32]. One of the most established methods for
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measuring binding energies of solvent molecules to organic ions in the gas phase is
the mass-selected ion mobility (MSIM) method which allows measurements of ther-
mochemical equilibria between a mass-selected ion and several solvent molecules
(typically 1–6) [14–21, 30–32]. These measurements, when conducted at different
temperatures, yield enthalpy and entropy changes associated with the stepwise as-
sociation of solvent molecules with the organic ions. A good deal of work over the
last decade or two has been conducted using equilibrium measurements to obtain
thermochemical data on the stepwise solvation of organic ions with a variety of sol-
vent molecules including water [1, 33–42]. This work continues to this day, with a
focus on trends in binding energies and correlations with the properties of the solvent
molecule such as dipole moment and proton affinity, and the nature of the organic ion
including size, charge distribution and degree of charge delocalization. Our group
has been active in studying the stepwise hydration and solvation of different types
of organic ions, and this chapter provides an overall review of these recent studies
[14–21, 43–48]. In particular, we focus on the interactions of organic ions with three
solvent molecules: water, hydrogen cyanide and acetonitrile. We specifically address
three issues: (1) variation of binding energies with the structures and properties of the
solvent molecules, (2) the onset of ion solvation involving a small number (four to six)
of solvent molecules and whether internal or external solvation is preferred, and (3)
the degree of intracluster proton transfer within the solvated ions and the ability of a
number of solvent molecules to abstract a proton from the organic ion to form a more
stable protonated solvent cluster and covert the organic radical cation into a radical
which could be more reactive in addition reactions with small organic molecules.

The review begins with a brief description of the MSIM technique to carry out
the thermochemical equilibrium measurements to determine the sequential binding
energies and entropy changes of the stepwise solvation of organic ions. The next
section describes the main experimental and computational results for the solvation
of organic ions. Attention is focused on: (1) Trends in Binding Energies & Entropy
Changes, (2) Structures of the Hydrated/Solvated Ions, (3) Internal vs. External
Solvation, and (4) Intracluster Proton Transfer & Deprotonation Reactions.

15.2 Experimental Measurements of Sequential Enthalpy and
Entropy Changes

Figure 15.1 illustrates the essential components of the ion mobility system at Virginia
Commonwealth University (VCU) [17, 18, 21]. In the experiments, mass-selected
ions (generated by electron impact ionization of the neutral molecules or clusters)
are injected (in 20–30 μs pulses) into the drift cell containing a helium carrier gas
typically at 1 Torr containing a known partial pressure of the solvent vapor. Flow
controllers are used to maintain a constant pressure inside the drift cell. The drift cell
temperature can be set within the range of 78–773 K, and can be controlled to ± 1
K using four temperature controllers, using liquid nitrogen flowing through actuated
solenoid valves to cool down the drift cell for temperature experiments below room
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Fig. 15.1 VCU mass-selected ion mobility system [18]

temperature. 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. Most of the ion thermalization occurs
outside the cell entrance by collisions with the solvent vapor escaping from the cell
entrance orifice. At a cell pressure of 0.2 Torr, the number of collisions that the ion
encounters with the solvent molecules within the 1.5 ms residence time inside the
cell is about 104 collisions, which is sufficient to ensure efficient thermalization of
most of the organic ions.

Figures 15.2a and 15.2b show typical examples of mass spectra obtained fol-
lowing the injection of the mass-selected pyrimidine and benzene radical cations
into the drift cell containing water and HCN vapors, respectively [21, 45]. In the
absence of water in the drift cell (Fig. 15.2a), only the mass-selected pyrimidine
radical cation is observed as shown in Fig. 15.2a (top). In the presence of water,
both the (C4N2H•+

4 )(H2O)n with n = 1–5 and the protonated water series H+(H2O)n

with n = 4–9 are observed [21]. They consistently shift towards higher n as the tem-
perature of the drift cell decreases. For example, at 238 K the observed ions are
(C4N2H•+

4 )(H2O)n with n = 2−5 and H+(H2O)n with n = 5−9 as shown in Fig. 15.2a
(bottom). The formation of protonated water clusters H+(H2O)n with n ≥ 4 is at-
tributed to the dissociative proton transfer reactions represented by Reaction 1 below
Eq. (15.1):

[C4H4N
•+
2 (H2O)n−1] + H2O → C4H3N2

• + [H+(H2O)n]; n ≥ 4 (15.1)

Similar dissociative proton transfer reactions have been observed in the hydration of
benzene and the cyclic C3H3 cations [14–16]. These reactions are further discussed
in Sect. 15.2.4.

In Fig. 15.2b, the injection of the mass-selected C6H•+
6 ion into the drift cell

containing 0.1 Torr HCN vapor at 298 K, results in the formation of the association
products C6H•+

6 (HCN)n with n = 1 and 2 [45]. At 178 K (the lowest achievable
temperature before the condensation of HCN), the cluster population is dominated
by the C6H•+

6 (HCN)n series from n = 2 to 6 with n = 3 and 4 being the major ions
observed as shown in Fig. 15.2b (bottom) [45].
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Fig. 15.2 a Mass spectra resulting from the injection of the mass-selected pyrimidine radical cation
(C4N2H•+

4 ) into a helium (He)—water (W ) vapor mixture at different temperatures using 12.7 eV
injection energy (laboratory frame) and 2.5 V/cm drift field [21]. b Mass spectra obtained following
the injection of the mass-selected C6H•+

6 (B) into the drift cell containing He and HCN vapor at
different pressures and temperatures as indicated [45]

A good test of equilibrium is the observation of identical ATDs of the reactant and
product ions. If the I•+(S)n−1 and I•+(S)n ions are in equilibrium, their ATDs must
be identical [15–17, 22]. This is evident from the ATDs of the (C4N2H•+

4 )(H2O)n

ions with n = 1–5 as shown in Fig. 15.3a. The ion intensity ratio I•+(S)n/I•+(S)n−1 is
measured from the integrated peak areas of the ATDs as a function of decreasing cell
drift field corresponding to increasing reaction times, and equilibrium is achieved
when a constant ratio is obtained. The equilibrium constants are then obtained using
Eq. (15.2).

Keq = [I•+(S)n]/[I•+(S)n−1]P(S) (15.2)

Here, [I•+(S)n] and [I•+(S)n−1] are the intensities of the peaks taken from the in-
tegrated ATDs, and P(S) is the partial pressure of the solvent (S) in atm. The
equilibrium constants measured as a function of temperature yield �H◦ and �S◦
from the slopes and intercepts, respectively of the van’t Hoff plots as illustrated by
the typical examples shown in Fig. 15.3b.
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Fig. 15.3 a (Left) ATDs of the pyrimidine•+(H2O)n ions with n = 1–3 collected following the
injection of mass-selected pyrimidine•+into the drift cell containing 0.21 Torr water vapor + 0.22
Torr helium buffer gas at 268 K. (Right)ATDs of the pyrimidine•+(H2O)n ions with n = 3–5 collected
following the injection of mass-selected pyrimidine+ into the drift cell containing 0.19 Torr water
vapor and 0.22 Torr of helium buffer gas at 243 K [21]. b van’t Hoff plots of the temperature
dependence of the equilibrium constant of the stepwise hydration of the pyrimidine radical cation
and formation of pyrimidine•+(H2O)n with n = 1–4 [21]

Table 15.1 Ionization energies and proton affinities of the studied aromatic and polar molecules
[22]. The dipole moments (μ) of the polar molecules are also included

Compound Ionization energy (eV) Proton affinity (kcal/mol)

Benzene 9.2 179.3

Phenylacetylene 8.8 198.9

Fluorobenzene 9.2 180.7

1,4 di-Fluorobenzene 9.2 171.8

Benzonitrile 9.7 194.0

Naphthalene 8.1 191.9

Pyridine 9.3 222.0

Pyrimidine 9.3 211.7

H2O (μ = 1.9 D) 12.6 165.0

CH3OH (μ = 1.7 D) 10.8 180.3

HCN (μ = 2.98 D) 13.6 179.4

CH3CN (μ = 3.9 D) 12.2 186.2

15.2.1 Trends in Binding Energies & Entropy Changes

Table 15.1 lists molecular properties relevant to the organic ions and solvent
molecules discussed in this chapter [22]. Tables 15.2, 15.3, 15.4 list the enthalpy
and entropy changes corresponding to the association of water, hydrogen cyanide,
and acetonitrile, respectively with different organic ions.
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Table 15.2 Thermochemistry of hydrated organic cations

Cation (Ref) −�Ho(kcal/mol) −�So(cal mol−1 K−1) �E (Calc) (kcal/mol)

Cyclic C3H+
3 [16] 11.7 18.8 11.8

Benzene•+[15] 9.0 19.5 8.5

Phenylacetylene•+[17] 8.0 17.8 7.8

Benzonitrile•+a 11.5 29.4 7.7

Naphthalene•+[19] 7.8 19.5 7.7

Pyridine•+[20] 15.2 33.1 15.4 (distonic ion)
10.2 (conventional)

Protonated pyridine [20] 15.6 27.0 14.5

Pyrimidine•+[21] 11.9 23.6 10.8

Protonated pyrimidine [21] 16.7 38.6 16.9

aUnpublished results

Table 15.3 Thermochemistry of HCN complexes with organic cations

Cation (Ref) −�Ho (kcal/mol) −�So (cal mol−1 K−1) �E (Calc) (kcal/mol)

Benzene•+[45] 9.2 19.1 9.4

Phenylacetylene•+[46] 10.5 24.6 9.5

F-benzene•+[47] 11.2 24.4 9.6

1,4-di
F-benzene•+[47]

11.2 22.5 9.8

Benzonitrile•+[47] 9.6 19.1 9.5

Naphthalene•+a 6.8 15.3 7.8

Pyridine•+[48] 11.4 21.8 11.9

Protonated pyridine
[48]

14.0 26.6 16.0

Pyrimidine•+[48] 12.0 23.3 12.7

aUnpublished results

Figure 15.4a compares the hydration energies and the sequential binding ener-
gies of several water molecules to the c-C3H+

3 , benzene (C6H•+
6 ), phenylacetylene

(C6H5CCH•+) and naphthalene (C10H•+
8 ) ions. The hydration energy is the largest

for the c-C3H+
3 (11.7 kcal/mol) followed by the benzene and the phenylacetylene

cations (9.0 and 8.0 kcal/mol, respectively), and then the naphthalene cation (7.8
kcal/mol). The range of the hydration energies is consistent with the usual strength
of ionic hydrogen bonds of the type CHδ+··· OH2 which are typically about 9 kcal/mol
[1]. The IHB in the hydrated c-C3H+

3 is nearly 50 % stronger than in the respective
hydration of the naphthalene cation due to the higher charge density on the C3H+

3
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Table 15.4 Thermochemistry of CH3CN complexes with organic cations

Cation (Ref) −�Ho

(kcal/mol)
−�So (cal mol−1 K−1) �E (Calc) (kcal/mol)

C3H+
3 [16] 15.3 21.5 –

Benzene•+[45] 14.0 19.9 13.0

Protonated Pyrimidine
[21]

– – 23.7

Naphthalene•+a 11.2 20.3 10.8

aUnpublished results

Fig. 15.4 a Sequential binding energies of water molecules to the c-C3H+
3 , benzene (C6H•+

6 ),
phenylacetylene (C6H5CCH•+) and naphthalene (C10H•+

8 ) cations [15–17, 19]. b Sequential bind-
ing energies of water molecules to the benzene (C6H•+

6 ) and pyrimidine (C4H4N•+
2 ) radical cations

and to protonated pyrimidine (C4H4N2H+) [15, 21]

ion as compared to the C10H•+
8 ion. The charge delocalization over the bicyclic naph-

thalene cation decreases the charge-dipole interaction of the CHδ+· · ·OH2 bond in
the naphthalene•+(H2O) complex.

For both the c-C3H+
3 and the benzene cation, an increase in the binding energy

of the fourth water molecule is observed and for the phenylacetylene cation this
increase is observed for the addition of the third water molecule. This could suggest
the formation of geometrically stable structures of the first solvent shell around the
ion as shown from the DFT calculations discussed in Sect. 15.2.3.

Another interesting result is the apparent increase in the sequential binding ener-
gies associated with the formation of the benzene•+(H2O)7, benzene•+(H2O)8, and
phenylacetylene•+(H2O)7 clusters. The formation of these large clusters is also asso-
ciated with large entropy changes (−25.5, −32.6 and −32 cal/mol K, respectively) as
compared to the nearly constant −�So value of 20 ± 3 cal/mol K for the n = 1–5 clus-
ters [15, 17]. This could suggest strong orientational restraint of water in the larger
clusters [49]. In fact, three-dimensional cage-like structures involving multiple rings
sharing edges are the lowest energy conformers of the water heptamer and octamer
[49, 50]. The observed large negative entropy of the phenylacetylene•+(H2O)7 and
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benzene•+(H2O)8 clusters could be explained by the formation of cage-like structures
by 7–8 H2O molecules similar to neutral water clusters [49, 50]. This observation
could be related to the common bulk view of hydrophobic hydration where water
molecules tend to organize around small hydrophobic units without sacrificing hy-
drogen bonds [51]. The entropy loss associated with this organization is the major
reason for the low solubility of nonpolar organic molecules in water [51]. However,
in the hydration of large organic ions such as benzene and phenylacetylene, it is
not theoretically confirmed that the organization of water molecules into cage-like
structures would incorporate such organic ions within the cages.

Figure 15.4b compares the sequential hydration energies of the pyrimidine rad-
ical cation (C4H4N•+

2 ) and protonated pyrimidine (C4H4N2H+) with those of the
benzene radical cation. With the protonated pyrimidine, water is bonded by a con-
ventional NH+· · ·OH2 bond which is significantly stronger (16.7 kcal/mol) than the
unconventional CHδ+· · ·OH2 bond (8–9 kcal/mol) [21]. Also, the hydration energy
of the pyrimidine cation (11.9 kcal/mol) is higher than that of the benzene cation (9.0
kcal/mol) although in both cases the water binds to a CHδ+ site by an unconventional
IHB (CHδ+· · ·OH2) as indicated by the DFT calculations of the lowest energy struc-
tures [15, 21]. The sequential binding energies of the pyrimidineH+(H2O)n clusters
decrease with n and approach the limiting macroscopic value of 10.5 kcal/mol, the
condensation energy of water at n = 3 [21]. This follows the usual trend in systems
with conventional ionic hydrogen bonds [1]. However, this trend is clearly different
from the hydration of the benzene cation as shown in Fig. 15.4b. In relation to these
data, the C-H hydrogens of the pyrimidine radical cation (C5H4N•+

2 ) can only form
carbon-based CHδ+··OH2 bonds to water, similar to those formed by the benzene•+
ion [14, 15]. In fact, DFT calculations below also show that the hydrogen bond
strength of the pyrimidine•+ ion to water is 10.8 kcal/mol, in good agreement with
the measured value of 11.9 kcal/mol [21].

The hydration energy of protonated pyrimidine measured by the MSIM method
(16.7 kcal/mol) is consistent with the hydration energies of other aromatic ions re-
cently measured using energy-resolved collision-induced dissociation (CID) [29].
For example; the CID hydration energies of protonated aniline, acetophenone and
phenol were measured as 14.4, 15.6 and 17.5 kcal/mol, respectively [29]. The hydra-
tion energy of protonated pyrimidine is higher than that of aniline and slightly lower
than of that phenol. The measured hydration energies appear to correlate well with
the proton affinity of the aromatic molecules as shown in Tables 15.1 and 15.2 [1].

Figure 15.5a compares the sequential binding energies of HCN molecules with
protonated pyridine and the radical cations of pyrimidine, pyridine, phenylacetylene,
and benzene. The binding of multiple HCN molecules to the benzene cation is mostly
due to unconventional CHδ+–NCH hydrogen bonds directly connected to the CHδ+
sites of the benzene cation and also hydrogen bonding chains (HCN–HCN) among
the HCN molecules [45]. The small difference in the bond strength of the two types
of interactions (CHδ+–NCH and HCN–HCN) results in relatively small changes of
(−�H◦

n − 1,n) for n = 1–4 as shown in Fig. 15.5a. HCN binds more strongly to the
pyridine and pyrimidine radical cations due to ion-dipole interactions in addition to
the CHδ+–NCH hydrogen bonding interactions [48]. The strongest binding of HCN
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Fig. 15.5 a Sequential binding energies of HCN molecules to the benzene (C6H•+
6 ), phenylacetylene

(C6H5CCH•+), pyridine (C5H5N•+), and pyrimidine (C4H4N•+
2 ) radical cations, and protonated

pyridine (C5H5NH+) [45–48]. b Sequential binding energies of CH3CN molecules to c-C3H+
3 ,

benzene (C6H•+
6 ), naphthalene (C10H•+

8 ) and protonated pyrimidine (C4H4N2H+) [16, 45, 48]

is observed with protonated pyridine as shown in Fig. 15.5a. This bonding interac-
tion is mainly due to an IHB that forms between the NH+ group of the protonated
pyridine and the N atom of HCN (NH+–NCH bond). A significant drop in the bind-
ing energy (31 %) is observed upon the addition of the second HCN molecule to the
protonated pyridine in contrast to the smaller changes observed upon the addition
of the second HCN molecule to the pyridine or pyrimidine radical cations (23, and
15 %, respectively) as shown in Fig. 15.5a [48]. Despite the strong bonding of HCN
to protonated pyridine, the interaction decreases sharply by further addition of HCN
molecules and the binding of the fourth HCN molecule is only 6.1 kcal/mol [48].
In fact, in all of the studied HCN clusters around ionized or protonated aromatics,
[45–48] the binding energies converge with the addition of 4–5 HCN molecules to
the enthalpy of vaporization of HCN liquid (�Ho

vap), which is 6.0 kcal/mol at 298
K [22].

Figure 15.5b compares the sequential binding energies of acetonitrile molecules to
protonated pyrimidine, c-C3H3 cation and benzene and naphthalene radical cations.
DFT calculations indicate that acetonitrile forms a strong proton-bound dimer with
protonated pyrimidine (calculated binding energy = 23.7 kcal/mol) [46]. This is a
consequence of the large dipole moment of acetonitrile (3.9 D) as compared to 1.6 D
for water. As a result, the ion-dipole interaction term is stronger in the case of acetoni-
trile, and the overall binding energy is significantly higher in pyrimidineH+(NCCH3)
(23.7 kcal/mol) than in pyrimidineH+(OH2) (16.7 kcal/mol) [21, 48].

Figure 15.5b also shows a significant drop in the binding energy (43 %)
upon the addition of the second acetonitrile molecule to the proton-bound dimer
(C4N2H4)H+(NCCH3) as compared to the water interactions where the correspond-
ing drop in binding energy is 24 % as shown in Fig. 15.4b. The transition from strong
ionic hydrogen bonding in the proton-bound dimer to weaker CHδ+–N type of bonds
is responsible for the sharp drop in the binding energy of the (C4N2H4)H+(CH3CN)2

cluster. However, in the case of water, extended hydrogen bonding networks can be
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formed as shown in the calculated low energy structures of the (C4N2H4)H+(H2O)2

clusters discussed in Sect. 15.2.3.
The effect of charge localization on the organic ion is clearly observed by compar-

ing the binding energies of c-C3H+
3 (CH3CN)n and naphthalene•+(CH3CN)n clusters

shown in Fig. 15.5b. The naphthalene•+(CH3CN)n clusters show the weakest se-
quential binding energies among the ions shown in Fig. 15.5b. 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-C3H+

3 (CH3CN)n clusters.

15.2.2 CHδ+. . . .O and CHδ+. . . .N Ionic Hydrogen Bonds with
Organic Ions

The calculated lowest energy structures of several hydrated ions along with their
calculated binding energies (kcal/mol) are shown in Fig. 15.6. Except for the pro-
tonated pyrimidine, protonated pyridine and distonic pyridine ion, all the ions show
unconventional IHBs of the type CHδ+· · ·OH2. For the c-C3H+

3 (H2O), a single hy-
drogen bond between the water oxygen atom and one of the C3H+

3 hydrogen atoms
is formed. The charges on c-C3H+

3 are equally distributed and localized among the
carbon atoms (90 % of the charge) [16]. Upon clustering with one water molecule,
the charge distribution changes with significant localizations on the hydrogen atoms
of the c-C3H+

3 , and one C-H bond shows elongation resulting from the linear H-bond
formation with the oxygen atom of the water molecule [16].

For the benzene•+, phenylacetylene•+, naphthalene•+, and pyrimidine•+ radical
cations, the lowest energy hydrated ion has a bifurcated structure with H2O bond-
ing to two CH hydrogens as shown in Fig. 15.6. This structure was also found in
several ab initio studies of the benzene.+(H2O) cluster [52–57]. The MP2 corrected
binding energy of 8.5 kcal/mol (Table 15.1) matches well the experimental value of
9.0 ± 1 kcal/mol, [15] and that reported from the IR photodissociation experiment
of 9.4 ± 0.3 kcal/mol of the benzene•+(H2O) cluster [58].

For the hydrated phenylacetylene cation, C8H•+
6 (H2O), another structure where

the water molecule is attached to the hydrogen of the acetylene group is only 1
kcal/mol higher in energy than the lowest energy isomer (at the MP2//ROHF/6-
31+G** level) [17]. This indicates that the hydration of the organic ions could
involve several structures with energetically similar binding sites. Experimentally,
the observed equilibrium could involve different structural isomers depending on the
relative stability of these isomers and the temperature of the experiment. As a result,
the measured binding energy may represent an average value for water binding to
different hydrogen atoms on the ion.

For the hydrated naphthalene cation, the two lowest energy isomers (at the
B3LYP/6-311++G** level) have bifurcated structures with H2O bonding to two CH
hydrogens as shown in Fig. 15.6d [19]. The bifurcated structures have significantly
larger binding energies than the ion-dipole structure where the water molecule lies
above the plane of the naphthalene cation [19]. Also the calculated binding energies
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Fig. 15.6 Lowest energy structures of hydrated organic cations. ΔE is the calculated binding energy
in kcal/mol. The calculated structures were obtained at the MP2//ROHF/6-31+G(d, p) level for the
c-C3H+

3 , benzene•+, phenylacetylene•+, pyridine•+, distonic pyridine•+ and protonated pyridine
cations, [15–17,20] at the B3LYP/6-311++G(d, p) level for the naphthalene•+ and benzonitrile•+,
[19] and at the M06-2X/6-311++G(d, p) level for the pyrimidine•+ and protonated pyrimidine [21]

of the bifurcated structures (7.7–6.8 kcal/mol) are in good agreement with the
experimentally determined value (7.8 ± 1 kcal/mol) [19].

For the hydration of the pyridine radical cation, the measured binding energy of
the pyridine•+(H2O) cluster (15.2 kcal/mol) was similar to that of the protonated
pyridine-water cluster (C5H5NH+)(H2O) (15.6 kcal/mol) that involves a NH+··OH2

bond, and different from those of the hydrated benzene radical cation (9.0 kcal/mol)
(Table 15.2) [20]. These relationships indicated that the hydrated pyridine•+ ions
have the distonic •C5H4NH+ structure that can form NH+··OH2 bonds [20]. The
calculated CHδ+··OH2 binding energy for the conventional pyridine ion to one water
molecule is 10.2 kcal/mol, which does not agree with the experimental measured
value of 15.2 kcal/mol, while the calculated NH+··OH2 binding energy of the dis-
tonic pyridine ion to one water molecule is 15.4 kcal/mol, in excellent agreement with
the experimental measured values of 15.2 and 15.6 kcal/mol for the(C5H5N•+)(H2O)
and (C5H5NH+)(H2O) clusters, respectively [20]. However, the hydrated pyrimidine
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Fig. 15.7 Lowest energy structures of the organic cation −(HCN) clusters. ΔE is the calculated
binding energy in kcal/mol. The calculated structures were obtained at the B3LYP/6-311++G(d, p)
level for the benzene•+, phenylacetylene•+, F-benzene•+, 1,4-di F-benzene•+, benzonitrile•+, and
naphthalene•+ radical cations [45–47], and at the M06-2X/6-311++G(d, p) level for the pyridine•+,
pyrimidine•+ and protonated pyridine [48]

ions were found to have the conventional radical cation structures similar to the hy-
drated benzene cation. For the hydrated pyrimidine radical cation (C4N2H•+

4 )(H2O)n,
the lowest energy isomer has a bifurcated structure with H2O bonding to two CH
hydrogens with relatively larger distances (2.4 Å and 2.2 Å) than typical H-bonds as
shown in Fig. 15.6f. However, the lowest energy isomer of the hydrated protonated
pyrimidine has the water molecule directly attached to the NH+ center via a NH+–O
hydrogen bond of 1.67 Å (Fig. 15.6g), similar to the structure of the hydrated pro-
tonated pyridine [21]. This is mediated by the stronger interaction that involves a
NH+··OH2 bond similar to other ionic hydrogen bonds where the proton is shared
between two centers containing lone pairs of electrons.

The calculated lowest energy structures of HCN complexes with several organic
ions are shown in Fig. 15.7. The complexes of HCN with ionized aromatics are
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bonded primarily by electrostatic forces both in planar hydrogen-bonded structures
and in vertical L-shaped structures as shown in Fig. 15.7. The lowest energy isomers
of the HCN complexes with the benzene, benzonitrile, pyridine and naphthalene
radical cations calculated at the B3LYP/6-311++G(d, p) level have bifurcated struc-
tures with HCN binding to two CH hydrogen atoms as shown in Fig. 15.7. For the
C8H•+

6 (HCN) complex, the lowest energy isomer shows the N-atom of the HCN
molecule interacting with the acetylenic CH by a 2.0 Å hydrogen bond as shown in
Fig. 15.7b [46]. This indicates that the attachment of HCN to the acetylene group is
more favorable than the interaction with the phenyl ring.

The lowest energy structure of the C5H5NH+(HCN) complex shows a conven-
tional IHB between the NH+ group of the protonated pyridine and the nitrogen atom
of HCN as shown in Fig. 15.7h. The lowest energy structure of the C4H4N•+

2 (HCN)
complex has a T-shaped ion-dipole structure with the N atom of HCN pointing toward
the center of the pyrimidine cation ring [48].

The HCN molecule binds to the fluorobenzene radical cation at an angle of 87◦
to the plane of the fluorobenzene•+ ion with a bond length of 2.8 Å as shown in
Fig. 15.7c. A similar geometry is found with the difluorobenzene radical cation, with
the ion plane-to-molecule angle and bond length of 88◦ and 2.9 Å, respectively as
shown in Fig. 15.7d [47]. The atomic charges on the ions are also of interest. In
fluorobenzene•+, the electronegative F atom is significantly negative and its carbon
has a high partial positive charge (0.60) in the ion [47]. The negative N end of
the HCN neutral molecule (− 0.31) can interact attractively with the large positive
charge at this carbon. On the other hand, in hydrogen bonding to the ring hydrogens,
especially the para hydrogen, HCN interacts with a smaller positive charge (0.24),
but this interaction is not destabilized by nearby negative charges. These effects
balance out fortuitously to lead to practically equal binding energies in the planar
and vertical isomers [47]. Similar charges, interactions and binding energies apply
in 1,4-difluorobenzene•+. However, in benzonitrile•+, although the CN group is
electron withdrawing, there are no large positive charges on the ring carbons, and
a planar bifurcated hydrogen-bonded structure has the lowest energy similar to the
benzene•+(HCN) complex [47].

15.2.3 “Internally” & “Externally” Solvated Ions

It is of interest to compare “internally solvated” structures where the solvent
molecules are bonded directly to the ion with “externally solvated” structures where
the solvent molecules are bonded to each other and the ion is hydrogen bonded to
the exterior of a solvent cluster. Figure 15.8 displays the lowest energy structures of
the hydrated organic ions by two water molecules. It is interesting to note that all the
structures shown in Fig. 15.8, with the exception of the c-C3H+

3 and pyrimidine ions,
form “externally hydrated” structures where the two water molecules are bonded to
each other. This indicates that the formation of “internally hydrated” structures in
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Fig. 15.8 Lowest energy structures of the organic cation-(H2O)2 clusters. �E is the calculated bind-
ing energy in kcal/mol. The calculated structures were obtained at the MP2//ROHF/6-31+G(d, p)
level for the c-C3H+

3 , benzene•+, phenylacetylene•+, pyridine•+, distonic pyridine•+ and protonated
pyridine, [15–17,20] at the B3LYP/6-311++G(d, p) level for the naphthalene•+ and benzonitrile•+
radical cations, [19] and at the M06-2X/6-311++G(d, p) level for the pyrimidine•+ and protonated
pyrimidine [21]

which the water molecules are bonded to the organic ion may require more than two
water molecules.

Clustering of the second water molecule on the C3H+
3 (H2O) ion gives a symmetric

internally hydrated structure as shown in Fig. 15.8a [16]. A similar structure is found
for the addition of the second water molecule to the pyrimidine (C4N2H•+

4 ) ion as
shown in Fig. 15.8f [21]. However, the calculated structures of the hydrated proto-
nated pyrimidine (C4N2H+

5 )(H2O)n clusters are significantly different from those of
the hydrated radical cation [21]. The lowest energy pyrimidineH+(H2O) cluster, has
the water molecule directly attached to the NH+ center via a NH+–O hydrogen bond
of 1.67 Å (Fig. 15.6g) similar to the structure of the hydrated protonated pyridine
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Fig. 15.9 Lowest energy structures of the organic cation-(H2O)4 clusters. ΔE is the calculated
binding energy in kcal/mol. The calculated structures were obtained at the MP2//ROHF/6-31+G(d,
p) level for the c-C3H+

3 and benzene•+, [15–17,20] at the B3LYP/6-311++G(d, p) level for
the benzonitrile•+ and naphthalene•+, [19] and at the M06-2X/6-311++G(d, p) level for the
pyrimidine•+ [21]. The structure of the Naphthalene•+-(H2O)6 (Naphtalene•+-W6) is also shown

shown in Fig. 15.6i [21]. For the protonated pyrimidine, the second water molecule
binds to the first water molecule by a 1.73 Å hydrogen bond while the NH+–O bond
shortens to 1.59 Å as shown in Fig. 15.8g.

Figure 15.9 displays the lowest energy structures of the hydrated organic ions by
four water molecules. The sequential addition of four water molecules to the C3H+

3
ion results in a cyclic water tetramer bound with two long hydrogen bonds to the C3H+

3
hydrogens [16]. It is interesting that the lowest energy isomer of the C3H+

3 (H2O)3

cluster involves the formation of a cyclic water trimer [16]. This propensity of water
molecules to form cyclic structures in the presence of the c-C3H+

3 ion is consistent
with the structural behavior of neutral water clusters [49, 59].

The lowest energy structure of C6H•+
6 (H2O)4 is symmetrical with a water dimer on

each side of the ion, both forming bifurcated bonds with the ion [15]. IR spectroscopy
and ab initio calculations indicate that the first water molecule forms two IHBs with
two adjacent hydrogen atoms of the benzene cation as shown in Figs 15.6b [55, 60].
For the C6H•+

6 (H2O)n with n = 2–4 both “internally solvated” isomers where the
water molecules are bonded directly to the benzene cation and “externally solvated”
isomers where the benzene cation is attached to a cluster of water molecules have
been predicted [54, 55, 60].

The lowest energy isomers of the pyrimidine•+(H2O)4 cluster show both “inter-
nally solvated” and “externally solvated” structures with similar binding energies
[21]. However, the calculated structures of the hydrated protonated pyrimidine
(C4N2H+

5 )(H2O)n clusters are different from those of the hydrated radical cation
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[21]. The pyrimidineH+(H2O)3 shows a symmetric structure where a central water
molecule binds by 1.75 Å hydrogen bonds to two other water molecules; and to
protonated pyrimidine by a shorter NH+–O bond of 1.43 Å [21]. This structure is
consistent with a growth pattern that could lead to dissociative proton transfer within
the pyrimidineH+(H2O)4 cluster to form the closed shell solvated hydronium ion
H3O+(H2O)3 as observed experimentally [21].

Unlike the hydration of the benzene radical cation where the C6H+•
6 (H2O)n clus-

ters with n up to 4 exhibit mainly “internally” solvated structures with the water
molecules forming bifurcated hydrogen bonds with the CHδ+ groups of the benzene
cation, [15] the sequential addition of water molecules onto the naphthalene cation fa-
vors external solvation where the naphthalene cation remains exterior with respect to
the water sub-cluster [19]. The calculated structures of the naphthalene•+(H2O)4 and
naphthalene•+(H2O)6 are shown in Figs. 15.9e and 15.9f, respectively. Similar struc-
tures are also obtained for naphthalene•+(CH3OH)4 and naphthalene•+(CH3OH)6

[19].
This indicates that hydrogen bonding interactions among water molecules are

more favorable than the unconventional hydrogen bonding formed between the CHδ+
sites of the naphthalene cation and the water molecules. This observation suggests
that the solvation of larger PAH cations would also favor the “externally” solvated
structures where the large organic species remain accessible at the surface of the
water nanodroplets. This could have an important implication to the reactivity of
large PAH ions in interstellar medium since the ions can interact with incoming
small molecules under UV irradiation where both ion-molecule and photochemical
processes can lead to the formation of complex organics on the surface of the ice
grains [10, 19].

The above results and discussions indicate that unlike the hydration of metal
ions, where the ion-water interaction is significantly stronger than the water-water
interaction, water-water interaction can be very similar or even stronger than ion-
water interaction in the hydration of organic ions [1]. Therefore, it appears that the
common ion hydration picture where the ion is surrounded by 4–6 water molecules
may not be valid for the hydration of organic ions. The observed trend of a large
entropy loss with the higher order hydration steps as a result of forming cyclic or
bicyclic hydrogen bonded water clusters supports this view [15, 17]. In other words,
unless the organic ion is very small (e.g. C3H+

3 ), “internally hydrated” structures may
not form and the large organic ions remain outside the cage-like hydrogen bonded
water structures [19].

15.2.3.1 Solvation of Organic Ions by HCN Molecules

Solvation of the organic ions by HCN molecules show a tendency to form extended
HCN chains associated with the benzene and phenylacetylene radical cations and pro-
tonated pyridine. Figure 15.10 displays the calculated lowest energy structures of the
benzene•+(HCN)n, phenylacetylene•+(HCN)n and protonated pyridineH+(HCN)n

clusters with n = 2 and 4. It is clear that the addition of the second HCN molecule
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Fig. 15.10 Lowest energy structures of organic cation-(HCN)n clusters with n = 2 and 4. ΔE is the
calculated binding energy in kcal/mol. The calculated structures were obtained at the B3LYP/6-
311++G(d, p) level for the benzene•+ and phenylacetylene•+ radical cations, [45, 46] and at the
M06-2X/6-311++G(d, p) level for protonated pyridine [48]

is more likely to form HCN. . . HCN hydrogen bond than forming a second C-
Hδ. . . .NCH bond with the organic ion. The structures of the ions solvated by four
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HCN molecules represent a competition between the assembly of a linear hydrogen
bonding HCN chain and internal solvation of the cation. Interestingly, structures with
linear hydrogen bonded chains extended from the phenylacetylene cation are only 1
kcal/mol higher in energy than the lowest energy isomer. For protonated pyridine,
the extended chain structure with four HCN molecules (Fig. 15.10j) is 1.0 kcal/mol
higher in energy than the lowest energy isomer with an extended chain of three HCN
molecules shown in Fig. 15.10i. These extended structures are good models for the
design of molecular wires formed by hydrogen bonding chains that could be utilized
for low temperature molecular devices [61–63]. For example, the lengths of these
molecular wires (the distance from the carbon atom of the phenyl ring connected
to the C≡C group to the hydrogen atom of the terminal HCN molecule in the one-
sided chain structures) can vary from 0.8 to 2.1 nm depending on the number of HCN
molecules. For the two sided chain structures where the phenyl ring can be considered
as part of the wire, the distance between the hydrogen atoms of the terminal HCN
molecules on both sides of the ring can reach 2.5 nm in the C8H•+

6 (HCN)4 cluster.
These wire assemblies connected by hydrogen bonds could provide unique opportu-
nities for systematic spectroscopic and structure studies of charge distributions and
separations in these systems.

It should be noted that extended linear chain structures involving HCN and acety-
lene units are common in the solid state molecular crystals of these molecules.
For example, in the solid state, both hydrogen cyanide and cyanoacetylene
(H-C≡C-C≡N) crystals consist of extended, linear hydrogen-bonded chains [64, 65].
However, in the gas phase both linear and cyclic structures are known to exist based on
several spectroscopic and theoretical studies [66–69]. Interestingly, clusters of linear
chains have been reported to exist in superfluid helium expansion [70]. In cluster ions,
the measured thermochemistry of protonated HCN clusters [H+(HCN)n] suggests
the formation of linear hydrogen-bonded chains extended from a strongly bound core
consisting of the proton-bound HCN dimer (HCN.H+.NCH) [71, 72]. In the present
system, the core ion is the phenylacetylene cation which allows the formation of
HCN extended chains by hydrogen bonding to the acetylene hydrogen or to the hy-
drogen atoms of the phenyl ring. It appears that the formation of a one-sided chain by
hydrogen bonding of the HCN molecules to the acetylene hydrogen, and two-sided
chains by additional hydrogen bonding to the para hydrogen atom (with respect to
the acetylene group) of the phenyl ring represents the most favorable modes for the
growth of the hydrogen cyanide molecular wires attached to the phenylacetylene
cation.

The second group of organic ions which includes pyridine•+, pyrimidine•+,
F-benzene•+, 1,4-di-F-benzene•+, benzonitrile•+, and naphthalene•+ show more
tendency for internal solvation by four HCN molecules than for the formation of ex-
tended HCN chains. The calculated lowest energy structures of these solvated ions
are shown in Fig. 15.11.

The lowest energy structures of the C5H5N•+(HCN)4 and C4H4N•+
2 (HCN)4 clus-

ters show bifurcated structures involving multiple hydrogen bonding sites with the
ring hydrogen atoms as shown in Figs. 15.11a and 15.11b, respectively. However,
no chain structures involving four HCN molecules have been found in these clusters
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Fig. 15.11 Lowest energy structures of organic radical cation-(HCN)4 clusters. ΔE is the calculated
binding energy in kcal/mol. The calculated structures were obtained at the B3LYP/6-311++G(d,
p) level for the F-benzene•+, 1,4-di F-benzene•+ and benzonitrile•+, [47] and at the M06-2X/6-
311++G(d, p) level for pyridine•+ and pyrimidine•+ radical cations [48]

indicating that HCN interactions with the pyridine or pyrimidine ring cations are
more favorable than the interactions within the HCN chains.

In the C6H5F•+(HCN)4 cluster, the fourth HCN binds externally to the third bi-
furcated HCN with a bond length of 2.1 Å as shown in Fig. 15.11c. The measured
binding energy for this addition is 7.8 kcal/mol in good agreement with the DFT cal-
culated value of 7.4 kcal/mol. The fourth HCN in C6H4F•+

2 (HCN)4 binds externally
to the second meta position on the aromatic ring as shown in Fig. 15.11d, with a bond
length of 2.2 Å. The measured binding energy of 7.7 kcal/mol agrees well with the
theoretical value of 7.3 kcal/mol. In the benzonitrile cluster ion C6H5CN•+(HCN)4,
the fourth HCN ligand binds externally to the HCN at the ortho position, with a bond
length of 2.1 Å (Fig. 15.11e). The measured binding energy for this addition is 6.1
kcal/mol, which is lower than the DFT binding energy of the lowest energy isomer
(Fig. 15.11e) of 7.3 kcal/mol, but within the experimental uncertainty range of ± 1
kcal/mol for clustering equilibrium temperature studies.

The lowest energy structure of the naphthalene•+(HCN)4 is very similar to that of
the benzene•+(HCN)4 cluster where two HCN molecules are attached to the cation
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ring from two opposite sides. This structure provides efficient solvation of the organic
ion. It is interesting to note that the naphthalene cation is externally solvated by four
water molecules (Fig. 15.9e) but it can be internally solvated by four HCN molecules
(Fig. 15.11f). As in all such clusters, the binding energies, with the addition of 4–6
ligands, converge to the enthalpy of vaporization of the ligand (ΔHo

vap), which is
6.0 kcal/mol for HCN at 298 K [1, 22, 48].

15.2.4 Intracluster Proton Transfer and Deprotonation Reactions

Intracluster proton transfer (IPT) coupled with cluster’s dissociation reactions have
been observed in several solvated organic radical cations R-H•+(S)n with specific
numbers of solvent molecules (Sn). These reactions, also known as Dissociative
Proton Transfer (DPT) reactions, generate a protonated solvent cluster SnH+and
an organic radical (R•). Intracluster DPT reactions can occur within the R-H•+(S)n

clusters if the proton transfer from the radical cation to the solvent sub-cluster (S)n be-
comes exothermic and the resulting energy is sufficient to dissociate the R•· · · H+(S)n

cluster. The cluster size (n) at which the PT occurs can be predicted by comparing the
proton affinities of the organic radical (R•) and the solvent sub-cluster (S)n. These
reactions have been observed in C6H•+

6 (H2O)n, C3H+
3 (H2O)n, C4N2H•+

4 (H2O)n, and
C4N2H+

5 (H2O)n with n ≥ 4 in all cases [15, 16, 20, 21]. The IPT and DPT reactions
are represented by Eqs. (15.3) and (15.4) for the benzene•+(H2O)n clusters.

Intracluster Proton Transfer (IPT)

C6H•+
6 (H2O)n → C6H•+

5 (H2O)nH+ (15.3)

Intracluster Dissociative Proton Transfer (IDPT)

C6H•+
6 (H2O)n → (H2O)nH+ + C6H5

• (15.4)

The driving force for the deprotonation of the organic ion is the formation of strong
ionic hydrogen bonds in the solvent clusters. The solvent clusters, e.g. (H2O)nH+
can be attached to a radical carbon site through a relatively weak (H2O)nH+· · · C
hydrogen bond, or it can form a stronger (H2O)nH+· · · N bond to a basic site of the
radical such as in pyridine or pyrimidine. These are a new class of solvated clusters
where a protonated water cluster is hydrogen bonded to an organic radical. In other
words, in these clusters the deprotonated radicals are solvated externally, i.e., the
radicals remain outside, and bonded to the surface, of the solvent clusters.

The thermochemistry of the overall reaction (15.3 or 15.4) is relevant if the reaction
proceeds effectively in one step, i.e., if the cluster is assembled without stabilization,
retaining the exothermicity of all the association steps as internal energy for deproto-
nation/dissociation to form products. This may be possible in the experiments that use
neat water (solvent) vapor, where collision with every successive H2O molecule can
lead to association with the release of the binding energy into internal energy, rather
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than removing energy from the cluster. However, if a third body is present, it would
stabilize the growing cluster and no internal energy would be available for deprotona-
tion/dissociation. In fact, the third-body effect was observed in the benzene+/water
system where the addition of He buffer gas quenched the deprotonation reaction [15].

The observation of IPT reactions in the benzene•+/water system is consistent with
the IR dissociation spectra of the C6H•+

6 (H2O)n clusters which were very similar
to the spectra of (H2O)nH+ after n = 4, indicating that intracluster proton trans-
fer resulted in the formation of a protonated water cluster attached to the phenyl
radical [54]. However, H/D-exchange experiments under thermal ion mobility con-
ditions showed that C6H•+

6 (D2O)n clusters with n = 2–8 did not exchange a proton
with D2O to yield a C6H•

5(D2O)nD+ ion, although this would be expected for the
C6H•

5(D2O)nH+ structure [15]. It was, therefore, suggested that the intracluster pro-
ton transfer has an energy barrier that cannot be overcome in thermal systems below
280 K in the ion mobility experiments [15].

The deprotonation of organic ions such as C3H+
3 and C6H•+

6 requires the assem-
bly of several solvent molecules (at least 4 for H2O) which is strongly facilitated
at lower temperatures. Therefore, the rate coefficients of these reactions showed
uniquely large negative temperature coefficients, with pseudo second-order coeffi-
cients varying as k = cT−63 and k = cT−67- in the hydrated C3H+

3 and C6H•+
6 ions,

respectively [15, 16]. The large negative temperature coefficients result from a multi-
body mechanism in which five or more components need to be assembled in the
activated complex [for example, C6H•+

6 (H2O)4]∗ for the reaction to proceed. This
means that only the fraction of the total cluster population that is in the n ≥ 4 clus-
ters is reactive. Therefore, only this fraction among all the collisions of the clusters
with H2O molecules are reactive, and the small collision efficiency of 10−5–10−6

reflects this effect [15, 16]. The population of the large reactive clusters increases
rapidly with decreasing temperature, and this leads to the large negative temperature
coefficient.

IPT reactions were not observed in the naphthalene •+(H2O)n clusters because of
the higher proton affinity (PA) of the naphthalene radical (C10H•

7, 234 kcal/mol) [73]
as compared to that of the phenyl radical (C6H•

5, 212 kcal/mol) [15]. This means
that more than seven or eight water molecules will be required to associate with the
naphthalene radical cation for the IPT to occur. However, IPT reactions can occur
within the C10H•+

8 (CH3OH)n clusters if the proton transfer from the C10H•+
8 radical

cation to the methanol sub-cluster (CH3OH)n becomes exothermic and the resulting
energy is sufficient to dissociate the C10H•

7· · · H+(CH3OH)n cluster. Based on the
estimates of the PAs of the naphthalene radical (C10H•

7) [73] and the methanol clusters
[74], the PT reaction from C10H•+

8 to the methanol sub-cluster in C10H•+
8 (CH3OH)n

is expected to becomes exothermic at n > 5. This is consistent with the changes in
the mass spectra of the C10H•+

8 (CH3OH)n clusters at 238 K where the ion signal
of the naphthalene-containing ions disappeared and only the H+(CH3OH)n clusters
with n ≥ 5 were observed [19].

The calculated the structures of the clusters formed by the association of the
naphthalene radical (C10H•

7) with protonated methanol [H+(CH3OH)n] clusters with
n = 4−6 and their binding energies are shown in Fig. 15.12.
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Fig. 15.12 Structures and binding energies of the lowest energy structures of the C10H7• .
H+(CH3OH)n clusters with n = 4 − 6 obtained at the B3LYP/6-311++G(d, p) level [19]

It is clear that the binding energy of the protonated methanol cluster to the naph-
thalene radical decreases as the size of the protonated methanol cluster (n) increases.
For example, the binding energies of the H+(CH3OH)n clusters to the C10H•

7 radical
decrease from 6.5 to 5.4 to 4.5 for n = 4, 5 and 6, respectively according to the
B3LYP/6-311++G(d, p) calaculations [19]. This can be explained by the decrease
in the charge-induced dipole interaction between the protonated methanol cluster
and the naphthalene radical as the effective charge becomes more delocalized on
the methanol cluster and further away from the radical. Eventually, the effect of the
charge would disappear and the binding energy would converge to that of the neutral
system. Since both the intracluster PT from the naphthalene radical cation to the
methanol sub-cluster in the C10H•+

8 (CH3OH)n clusters becomes more exothermic as
n increases and the binding energies of the resulting C10H•

7· · · H+(CH3OH)n clusters
decrease as n increases, dissociation of the larger C10H+•

8 (CH3OH)n clusters into the
C10H•

7 radical and protonated methanol clusters is expected to be the predominant
process at low temperatures. This is consistent with the experimental observation
mentioned above [19].



466 M. S. El-Shall et al.

In general, IPT reactions are controlled by the relative PAs of the organic radical
and the cluster of solvent molecules and the extent of bonding interaction between
the organic radical and the protonated solvent cluster. The transfer of the proton
from the organic radical cation to the solvent molecules generates a protonated sol-
vent cluster such as (H2O)nH+ which can be hydrogen bonded to the radical ring
carbon site [(H2O)nH+···C] or at a basic nitrogen site [(H2O)nH+···N]. These are
a new class of solvated clusters where a protonated solvent cluster is hydrogen bonded
to an organic radical. In other words, in these clusters the deprotonated radicals are
solvated externally, i.e., the radicals remain outside, and bonded to the surface, of the
solvent clusters. Alternatively, the protonated solvent cluster can be detached from
the deprotonated radical to generate a free protonated cluster (H2O)nH+ and a free
organic radical (R•). The variation of the radical/cluster bonding energy with cluster
size is of interest, and more experimental and theoretical works are needed in order
to understand the energetics and dynamics of these solvated clusters.
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