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bDepartamento de Qúımica, Universidade F

52171-900, Brazil

† Electronic supplementary informa
10.1039/d0ra10523f

Cite this: RSC Adv., 2021, 11, 4221

Received 14th December 2020
Accepted 11th January 2021

DOI: 10.1039/d0ra10523f

rsc.li/rsc-advances

© 2021 The Author(s). Published by
contact ion pair containing
a hydrocarbon carbocation be formed in the
ground state?†

José R. Araújo,a Railton B. de Andrade,a Hélcio J. Batista, b Elizete Ventura a

and Silmar A. do Monte *a

So far, no conclusive evidence of a ground-state contact ion-pair containing a hydrocarbon carbocation

has been given in the gas phase. Due to the very high stability of the 1,2:4,5-dibenzotropylium (or

dibenzo[a,d]tropylium) carbocation, we suggest (supported by DFT and MP2 calculations) the formation

of a contact ion pair between this carbocation and chloride, occurring during the reaction between

1,2:4,5-dibenzotropyl (also named dibenzo[a,d]tropyl or dibenzo[a,d]cycloheptenyl) radical and chlorine

atom at very low temperatures, through the harpoon mechanism. This is the first modeling study to find

computational evidence for the possibility of a gas-phase contact ion pair (containing a hydrocarbon

carbocation) formed in the ground state. Identification of this metastable species can be carried out by

trapping it in He nanodroplets, along with infrared laser spectroscopy routinely coupled with this technique.
Introduction

Since the 1950s, the concept of ion pairs has been widely used to
explain the observed kinetic behavior of ground-state reactions
in the gas phase.1–25 Among these examples, one can highlight
two for which intimate (or contact) ion-pairs are characterized
as intermediates (that is, as stable species) through density
functional theory (DFT) calculations.22,24 In both cases, the
cation unit of the ion-pair contains at least one heteroatom.
Other examples of stable ground state contact ion-pairs in the
gas phase are found in the molecules of ionic liquids,26–46 whose
cations also contain at least one heteroatom. A common feature
of these ion pairs is the occurrence of hydrogen bond(s)
between the opposite ions.22,24,26–46 Thus, they can be named
hydrogen-bonded contact ion pairs (HBCIP).

Our group recently reported, through the use of highly
correlated multi-reference conguration interaction calcula-
tions, several examples of gas-phase contact ion pairs formed in
excited states.47–50 Three of these four examples are HBCIP,47,49,50

and two of them contain hydrocarbon carbocations, [CH3]
+ (ref.

47) and [C2H5]
+.50 According to Hunt et al.,44 the H bond in the

[CH3]
+Cl�,47 [CF3CH2]

+Cl� (ref. 49) and [C2H5]
+Cl� (ref. 50) ion

pairs should be classied as doubly ionic H-bonds.
ade Federal da Paráıba, João Pessoa, PB,
.ufpb.br

ederal Rural de Pernambuco, Recife, PE,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
From what has been said, the following question arises: is it
possible to have a ground-state HBCIP whose carbocation is
a hydrocarbon? The motivation for this possibility came from
Morton's work,9 in which the author shows hypothetical
potential energy curves for gas-phase reaction between tert-
butyl cation and bromide and for gas-phase HBr elimination
from neopentyl bromide. In these curves, the author suggests
very shallow minima corresponding to HBCIP, with very low
barriers, and in both cases, the carbocation is a hydrocarbon.

In addition to the partial recovery of the dissociative
heterolysis energy by the coulombic attraction in the HBCIP, it
is clear from the previous examples that an H bond's presence is
an essential characteristic for the stabilization of many intimate
ion pairs. Besides, from some examples studied by our group,
the C+–H/Cl� moiety is associated with high binding ener-
gies.47,49,50 Thus, if one can combine the presence of this moiety
with a very stable carbocation able to form more than one H
bond with the anion, one can have, in principle, a stable (that is,
a minimum) ground-state ion pair containing a hydrocarbon
carbocation. Good candidates are aromatic carbocations, such
as derivatives of the tropilidene unit like tropylium cation51 and
its fused-ring aromatic derivatives containing at least one
benzene ring, like the well-known benzotropylium52–57 and
dibenzotropylium52,55,58,59 cations. The main idea to be explored
is that additional benzene rings in resonance with the tropy-
lium cation should increase the carbocation stability.

In the work of Hjelmencrantz et al.,60 the NMR spectrum of
a chlorine-substituted dibenzotropilidene unit (R), namely 5-
chloro-5H-dibenzo[a,d]cycloheptene, is studied in toluene at
several temperatures, allowing identication of two covalent
isomers. Although an equilibrium between a covalent form and
RSC Adv., 2021, 11, 4221–4230 | 4221
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a contact ion pair is also possible, the authors did not identify
any signal consistent with the dibenzo[a,d]tropylium cation,
even at the lowest temperature (�80 �C) employed. One possible
explanation is that the conversion from the ion pair to the
covalent form is fast on the NMR-time scale, which precludes
the detection of the contact ion pair by this technique.60

Besides, as the free energy of the ion pair is much higher than
that of the covalent form, as will be discussed later, the equi-
librium concentration of the former is much smaller than that
of the latter, which imposes an additional difficulty for the
contact ion pair detection.

In this work, we suggest, supported by Møller–Plesset
perturbation theory to the second-order (MP2) and DFT calcu-
lations, the formation of a contact ion pair, [R+Cl�], between the
dibenzo[a,d]tropylium cation (R+) and chloride anion in the gas
phase, occurring during the reaction between 1,2:4,5-dibenzo-
tropyl (also named dibenzo[a,d]tropyl or dibenzo[a,d]cyclo-
heptenyl) radical (Rc) and chlorine atom (Clc) at very low
temperatures, through the harpoon mechanism. Furthermore,
the HBCIP channel competes with the covalent (R–Cl) one. The
HBCIP studied here corresponds to the rst modeling study to
nd computational evidence for the possibility of a stable gas-
phase ground-state ion pair containing a hydrocarbon carbo-
cation. Its possible detection through trapping in He nano-
droplets (HND) is also discussed. This technique is very well
suited to isolate and detect metastable species and also allows
pickup of open-shell species with minimum internal and
translational energies, a proper condition to yield the
mentioned HBCIP, as discussed later.
Computational details

Full geometry optimizations have been performed for the two
covalent isomers of the 5-chloro-5H-dibenzo[a,d]cycloheptene
(R–Cl, where R ¼ dibenzotropylium), named cov1 and cov2, for
the ion pair (R+Cl�) and the two transition states (TS1 and TS2),
at the DFT and MP2 levels. One transition state (TS1) connects
the ion pair to one of the covalent forms (cov1, see Fig. 1), while
the other connects the two covalent forms (TS2, see Fig. 1). The
connectivities of both TS1 and TS2 were found by moving the TS
along the imaginary frequency mode (in both directions), fol-
lowed by a visual inspection and reoptimization of the obtained
structure. The chosen functional was M05-2X,61 based on its
excellent performance for calculating ion-pair binding energies
of pyrrolidinium-based ionic liquids.62 As analytical gradients
are not available at the restricted open-shell MP2 (ROMP2) level
and as spin contamination at the spin unrestricted MP2 (UMP2)
level is considerably high for the dibenzo[a,d]tropyl radical (Rc),
optimization of Rc has only been performed at the restricted
open-shell M05-2X (ROM05-2X) level. In this case, the reported
results at the ROMP2 level correspond to single-point calcula-
tions performed on the geometry optimized at the DFT level. For
the sake of consistency, this approach has also been applied for
the dibenzo[a,d]tropylium cation (R+), but at the RMP2 level.

To compute the relative equilibrium concentrations of the
covalent and ion pair systems in toluene, calculations using the
4222 | RSC Adv., 2021, 11, 4221–4230
CPCM polarizable conductor continuum solvent model63,64 have
also been performed at the DFT level.

Normal mode analysis has been performed for all optimized
structures to conrm whether they are minima or TS. With the
exception of the CPCM calculations (for which a temperature of
193 K (�80 �C) has been used), all thermochemical calculations
have been performed at 0.4 K (the approximate temperature of
helium nanodroplets). Cs symmetry has been imposed for the
transition states and for the covalent structures, while for Rc
and R+, C2v symmetry has been used. For the HBCIP, Cs and C2v

symmetries have been used at the MP2 and DFT levels,
respectively. The basis set superposition error (BSSE) has been
taken into account for the HBCIP and for TS1 (see Fig. 1),
through the counterpoise method65 incorporated into the
geometry optimization and frequency calculations.66 6-
31++G**,67–70 the mixed 6-311++G**(Cl,H)/6-31++G**(C), and
the 6-311++G** basis sets71,72 have been used at the DFT level,
while at the MP2 level, only the rst two basis sets have been
used. All calculations have been performed with the Gaussian
09 soware using its default setup.73

In order to characterize the excited charge-transfer state
associated with the back electron transfer (step 3 of the sug-
gested mechanism, as explained below), time-dependent (TD)
CAM-B3LYP74,75 calculations have been performed with the 6-
31++G**, the mixed 6-311++G**(Cl,H)/6-31++G**(C),and the 6-
311++G** basis sets. This functional has been chosen based on
its good description of charge-transfer states in several
systems.76–78

Results and discussion

Fig. 1 shows the qualitative gas-phase relative energies between
the studied structures and dissociation channels. The assumed
reaction proles are also indicated. The ionic dissociation
channel is shown for comparison. As no TS connecting the
second covalent structure (cov2) to HBCIP has been found, it is
assumed that there is no direct pathway for the interconversion
between HBCIP and cov2. k1, k2, and k3 are the rate constants for
the Rc + Clc / cov1, Rc + Clc / HBCIP, and HBCIP / cov1
reactions, respectively.

In Table 1, the computed relative gas-phase free energies
(DG) between the studied structures are given, including the
neutral (Rc + Clc) and the ionic channels (R+ + Cl�). Although Cs

symmetry has been imposed at the MP2 level, all results ob-
tained for HBCIP at this level lead to structures with almost C2v

symmetry. The Cartesian coordinates of all optimized struc-
tures are given in the ESI.†

As can be seen from Table 1, the largest variations of the DG
values are observed for HBCIP and TS1 with BSSE, changing by
at most �14 kcal mol�1 (as the method changes, with the 6-
31++G**(H,Cl)/6-31++G**(C) basis set). The corresponding
maximum change without BSSE is �8 kcal mol�1. At a given
level (DFT or MP2), the DG values vary at most �2 kcal mol�1.
Thus, the effect of the method is more relevant than the effect of
the basis set. The BSSE effect is much larger at the MP2 level,
changing the DG values of the HBCIP by 5.68 and
6.31 kcal mol�1, and those of TS1 by 5.89 and 6.73 kcal mol�1,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Qualitative relative gas-phase energies and reaction profiles for the systems studied in this work. See Table 1 for the computed free
energies. The elementary steps are also given. All given bond distances and angles have been obtained at the M05-2X/6-311++G** level (without
BSSE). The C atom indicated by * is the one containing the unpaired electron. The Cartesian coordinates of all structures are given in the ESI.†
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for the 6-31++G** and 6-31++G**(H,Cl)/6-31++G**(C) basis set,
respectively (see Table 1).

Although signicant variations have been observed for the
free energy barriers of the cov1 / HBCIP and cov1 / cov2
reactions (given by the TS1 and TS2 values in Table 1, respec-
tively), the corresponding barrier for the HBCIP / cov1 reac-
tion is in a much sharper range, from 1.03 to 1.62 kcal mol�1

(see Table 1).
The computed CPCM free energy difference between cov1

and the HBCIP in toluene (at �80 �C) is 20.72 kcal mol�1. This
value can be used to estimate the equilibrium constant (and
Table 1 Gas-phase DG values (at 0.4 K, in kcal mol�1) of the studied str

DG

Level M05-2X

Basis set 6-31++G** 6-31++G**(H,Cl)/6-31++

Structure or channel cov1a 0.00 0.00
cov2a 0.67 0.87
HBCIPa 30.96 (31.13)b 31.00 (31.48)b

TS1a 32.19 (32.42)b 32.12 (32.70)b

TS2a 15.71 15.78
Rc +$Clc 65.06 —c

R+ +$Cl� 116.56 —c

a See Fig. 1 for the structures associated with these labels. b Values in pare
to the different basis sets used for the separated fragments.

© 2021 The Author(s). Published by the Royal Society of Chemistry
thus the [HBCIP]/[cov1] ratio) for the cov1 / HBCIP reaction,
yielding [HBCIP]/[cov1] � 10�37, which means that [HBCIP] is
negligible, as compared to [cov1]. Although this ratio can
change signicantly with the solvation method, it is expected
that it is maintained very small, and thus [HBCIP] remains
negligible. Preliminary calculations for k3 yields a value of�1011

s�1. The results obtained for k3 and [HBCIP]/[cov1] can explain
the absence of any NMR-signal due to the dibenzo[a,d]tropy-
lium cation in the NMR spectrum of 5-chloro-5H-dibenzo[a,d]
cycloheptene in toluene at �80 �C.60 As the authors suggested,
the k3 rate constant is very fast on the NMR time scale. Even if
uctures, obtained at the DFT and MP2 levels

MP2

G**(C) 6-311++G** 6-31++G** 6-31++G**(H,Cl)/6-31++G**(C)

0.00 0.00 0.00
0.79 1.28 1.55
32.62 (33.13)b 38.16 (43.84)b 39.38 (45.69)b

33.65 (34.19)b 39.57 (45.46)b 40.45 (47.18)b

16.18 19.17 19.17
66.25 71.47 —c

118.77 127.36 —c

nthesis have been computed including BSSE. c Values not computed due

RSC Adv., 2021, 11, 4221–4230 | 4223
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this were not the case, the tiny relative value of [HBCIP] would
preclude its detection by this technique. Our group just started
a study to compute the rate constants k1, k2, and k3 (of the
suggested mechanism, as discussed later) along with a kinetic
modeling which includes the time dependence of [HBCIP].

Taking the C–Cl bond dissociation energy (BDE) of benzyl
chloride as a reference value to test the accuracy of some of the
calculations performed in this work, one obtains a BDE value
between 97 and 100 kcal mol�1 (with the same methods and
basis sets given in Table 1) in good agreement with the experi-
mental value of 95 kcal mol�1.79 Thus, it is expected that the
values between �65 (DFT) and 71 (MP2) kcal mol�1 can be
considered good estimates of the C–Cl BDE of cov1 (see Table 1).
The computed DG values for the R–Cl / Rc + $Clc reaction
should be very close to BDE, as the thermal corrections are
almost null due to the very low temperature (0.4 K).

The experimental adiabatic ionization energy (AIE) of the
cycloheptatrien-1-yl radical (or tropyl) is 6.28 eV.80 The
computed values (using the same methods and basis sets given
in Table 1) vary from 5.77 to 6.17 eV. The best agreement has
been obtained at the M05-2X level, with values of 6.09 and
6.17 eV for the 6-31++G** and 6-311++G** basis sets, respec-
tively. At the MP2 level, the corresponding values are 5.77 and
5.93 eV. As in the case of the dibenzo[a,d]tropyl radical, the
results for the tropyl at the MP2 level have been obtained using
the geometries optimized at the M05-2X level. As explained
before, in the case of the radical, this choice is due to the
absence of analytical gradient at the ROMP2 level and the high
spin contamination at the UMP2 level, and for the cation, the
M05-2X geometry has been chosen for the sake of consistency. A
possible explanation for larger differences found for the MP2
AIE results is that accurate calculations at this level generally
require larger (e.g., correlation consistent with a sufficient
number of diffuse functions) basis sets. Thus, if the MP2
calculation is now performed with the aug-cc-pVTZ basis set,
one obtains 6.10 eV, in much better agreement with the exper-
imental value than those obtained with the 6-31++G** (5.77 eV)
and 6-311++G** (5.93 eV) basis sets. However, the use of the
aug-cc-pVTZ basis set for the structures studied in this work is
computationally prohibitive at the MP2 level. Besides, for
preliminary calculations performed with both aug-cc-pVDZ and
aug-cc-pVTZ basis sets for the HBCIP, all attempts to reach
convergence at the SCF level failed. Thus, the 6-31++G** and 6-
311++G** basis sets have been chosen instead.

Another important property is the electron affinity (EA) of
Clc, whose experimental value is 3.62 eV.81 The computed values
with the 6-31++G**/6-311++G** basis sets are 3.74/3.77 and 3.17/
3.18 eV at the M05-2X and MP2 levels, respectively. Therefore, the
accuracy of the M05-2X results is similar for both AIE of tropyl
radical and EA of Clc. The same holds at the MP2 level.

Based on the previously mentioned set of reference results
(for the BDE of C6H5–Cl, AIE of tropyl radical, and EA of Clc), it is
expected that the obtained results (especially at the M05-2X
level) are accurate enough to correctly describe the energetic
of the studied structures and the dissociation channels.

The computed values for the AIE of the dibenzo[a,d]tropyl
radical (Rc) with the 6-31++G**/6-311++G** basis sets are 5.98/
4224 | RSC Adv., 2021, 11, 4221–4230
6.04 and 5.59/5.74 eV at the M05-2X and MP2 levels, respec-
tively. The AIE values of Rc are slightly smaller than those of the
tropyl radical, by 0.11 to 0.19 eV. The ionization energy of the
tropyl radical is one of the lowest ever reported for a hydro-
carbon radical82 due to the very high stability of the tropylium
cation. Surprisingly, the inclusion of two ring-fused phenyl
rings to the tropyl radical leads to a small (though not negli-
gible) decrease of the AIE.

The differences between the M05-2X and MP2 results for the
AIE(Rc) are close to those obtained for the tropyl radical. The
calculated difference between ionic (R+ + Cl�) and neutral (Rc +
Clc) dissociation channels is given by the difference between the
AIE(Rc) and EA(Clc). Although results at the MP2/6-311++G**
level are absent from Table 1, one can use the AIE(Rc) and
EA(Clc) results at this level to compute the energy difference
between the ionic and neutral dissociation channels, yielding
2.57 eV (59.03 kcal mol�1). The corresponding results at the
MP2/6-31++G**, M05-2X/6-31++G** and M05-2X/6-311++G**
levels are 2.42 eV (55.89 kcal mol�1), 2.23 eV (51.50 kcal mol�1),
and 2.28 eV (52.52 kcal mol�1), respectively (see Table 1).
Characterization of the HBCIP

The structure of the HBCIP studied in this work is shown in
Fig. 1. Tests with tropylium and benzotropylium cations form-
ing HBCIP with Cl� (in planar structures similar to that of
HBCIP in Fig. 1) did not lead to a minimum. The number of
hydrogen bonds is one and two for the tropylium/Cl� and
benzotropylium/Cl� ion pairs, respectively. As in the case of the
HBCIP shown in Fig. 1, one has three hydrogen bonds; it seems
that this is the minimum number of H bonds required for
a stable (or, more appropriately, metastable) and planar HBCIP
formed between an aromatic hydrocarbon carbocation and
a chloride anion. However, conrmation of such a hypothesis
requires further studies. An additional analysis of the three H
bonds of the HBCIP is included in the ESI.†

The dipole moment of the HBCIP varies from �14.2 to 14.5
D, depending on the method and basis set. Conversely, in the
case of the covalent structures, the corresponding values are
much smaller, varying from �1.9 to 2.3 D. Thus, the HBCIP is
a highly polar structure, as for [CH3]

+Cl� (ref. 47) and
[C2H5]

+Cl�,50 the two examples of HBCIP containing hydro-
carbon carbocations studied by our group. The HBCIP studied
in this work should be more accurately represented by Rd+Cld�.
The computed NBO charges vary from�0.86 to 0.88, depending
on the computational level. On the other hand, for the covalent
structures the corresponding d values vary from �0.01 to 0.07,
indicating a much larger charge separation for the HBCIP,
which is consistent with its much larger dipole moment.

The binding energy (BE) of HBCIP is given by the difference
between the energies of the ionic channel and that of HBCIP, as
shown in eqn (1). As can be seen from Table 1, the values at the
M05-2X level (without BSSE) are 85.6 and 86.15 kcal mol�1, with
the 6-31++G** and 6-311++G** basis sets, respectively. With
BSSE, these values change slightly, to 85.43 and
85.64 kcal mol�1. On the other hand, at the MP2 level, the effect
of BSSE is much larger, changing the binding energy from 89.2
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Frontier molecular orbitals mentioned in Table 2, computed at
the M05-2X/6-31++G** level.
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to 83.52 kcal mol�1, with the 6-31++G** basis set. The set of
values obtained here are intermediate between those of the ion
pairs found for chloromethane (99.16 kcal mol�1 (ref. 47)) and
chloroethane (75.64 kcal mol�1 (ref. 50)), but with a signicant
qualitative difference: the HBCIP between dibenzo[a,d]tropylium
cation and Cl� can be formed in the ground state.

BE(HBCIP) ¼ E(R+) + E(Cl�) � E(HBCIP) (1)

As pointed out by Hunt et al.,44 in doubly ionic H bonded
systems, one should not relate the total association (or binding)
energy with the H-bond strength. For the HBCIP studied in this
work, such correlation would erroneously lead to the conclusion
that very strong H bonds are present, which is not the case.
However, if the very large attractive coulombic interaction of
�76.8 kcal mol�1 (obtained using a distance of 4.355 Å between
the ions, as explained below) is discounted from the M05-2X/6-
311++G**values of 85.64 and 86.15 kcal mol�1 (obtained with and
without BSSE, respectively), total H-bond energies of �8.8 and
9.3 kcal mol�1 are obtained. As there are three H bonds, an average
value of �3 kcal mol�1 per H bond is obtained. This value is very
close to that obtained for the HBCIP of chloroethane, a system with
a weak H bond.50 Besides, from the values shown in Fig. 1, one gets
an average H bond distance of 2.480 Å, only 0.032 Å smaller than
that obtained for the HBCIP of chloroethane.50

Due to the near degeneracy of the Cl lone pairs, the three
lowest excited singlet states (i.e., charge recombination (CR)
states) of the HBCIP are almost degenerate, and their excitation
energies and oscillator strengths (computed at the TD-CAM-B3LYP
level) are given in Table 2. 2ps(C) is the empty 2p orbital which
was singly occupied in the radical. 2ps(C) is the LUMOorbital, ands

stands for the sigma bond formed by this orbital in the covalent
structures. The calculations have been performed at each one of the
obtained geometries, with the same basis sets used for the geometry
optimizations. The frontier molecular orbitals mentioned in Table 2
are depicted in Fig. 2.

As can be seen from Table 2, the three excited states are in
the near-infrared, and among them, CR2 (dominated by the
Table 2 Computed excitation energies (DECR, in eV) and oscillator stren
stated otherwise, M05-2X geometries have been used

Basis sets

States

6-31++G** 6-311++G**(H,Cl)/6-3

CR1 CR2 CR3 CR1 CR2

f <10�4

(<10�4)a
6.2 � 10�3

(6.2 � 10�3)a
<10�4

(<10�4)a
<10�4 (<10�4)a 6.2 �

(6.1 �
(1.0 � 10�4)b (5.9 � 10�3)b (<10�4)b (2 � 10�4)b (6.1 �
(<10�4)a,b (5.4 � 10�3)a,b (<10�4)a,b (1.0 � 10�4)a,b (5.5 �

DECR 1.35 (1.34)a 1.50 (1.50)a 1.54 (1.54)a 1.35 (1.34)a 1.50 (
(1.40)b (1.56)b (1.60)b (1.43)b (1.61)
(1.33)a,b (1.44)a,b (1.49)a,b (1.35)a,b (1.48)

DCc HOMO�1 /
LUMO

HOMO /
LUMO

HOMO�2 /
LUMO

HOMO�1 /
LUMO

HOM
LUMO

a Values computed using the BSSE geometries. b Values computed using

© 2021 The Author(s). Published by the Royal Society of Chemistry
HOMO / LUMO transition) is the one that is more suitable to
be used to identify the HBCIP due to its largest f value. The
obtained results are slightly dependent on the geometry and
basis set, especially at the M05-2X level. Even at the MP2 level,
the effect is small, with the main variation obtained when one
compares the results using the geometries optimized with and
without BSSE. In this case, the DECR values change by at most
0.12 eV. It is worth mentioning that the CR band expected for
the HBCIP studied in this work is associated with a process
which is the reverse of what is commonly observed, that is,
instead of charge separation, one has charge recombination,
RþCl� !hn R�Cl�:

The energy of the CR transition can be estimated through
a modication of eq. (3.25) from ref. 83. As one has charge
recombination, the signs of the three terms on the right side of
that equation must change, yielding:

DECR ¼ EAðCl�Þ � VIEðR�Þ þ e2

RDA

; (2)
gths (f) for the CR states of HBCIP, at the TD-CAM-B3LYP level. Unless

1++G**(C) 6-311++G**

CR3 CR1 CR2 CR3

10�3

10�3)a
<10�4

(<10�4)a
<10�4

(<10�4)a
6.3 � 10�3

(6.3 � 10�3)a
<10�4

(<10�4)a

10�3)b (<10�4)b

10�3)a,b (<10�4)a,b

1.49)a 1.54 (1.53)a 1.32 (1.31)a 1.45 (1.46)a 1.50 (1.50)a
b (1.64)b
a,b (1.52)a,b

O / HOMO�2 /
LUMO

HOMO�1 /
LUMO

HOMO /
LUMO

HOMO�2 /
LUMO

the MP2 geometries. c Dominating conguration.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10523f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 3
/1

0/
20

26
 5

:4
1:

23
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
where VIE(Rc) is the vertical ionization energy of the dibenzo
[a,d]tropyl radical (Rc), and the last term refers to the coulombic
attraction energy lost due to the charge recombination. Due to
the resonance of the double bonds, the charge center is delo-
calized over all C atoms. Thus, it is assumed that the charge
center of the cation is on its center of mass. Consequently, RDA

is dened as the distance between the center of mass of Rc and
Clc. As shown in Fig. 3, the energy of the lowest-lying CR state is
slightly lower than that of the neutral channel. From the point
of view of the HBCIP, the CR states can be described as those
resulting from a “head-on” approximation between Rc and Clc,
along the C2 symmetry axis but without any charge transfer.

From the previous discussion concerning the AIE of tropyl
radical, it is expected that the M05-2X results should be more
reliable than the MP2 results also for the dibenzo[a,d]tropyl
radical. Thus, using the M05-2X/6-31++G** values of 6.00 eV,
3.74 eV, and 4.353 Å for VIE(Rc), EA(Clc), and RDA, respectively,
one obtains DECR ¼ 1.07 eV, in relatively good agreement with
the lowest DECR value (of 1.35 eV, see Table 2). The corre-
sponding M05-2X results obtained with the 6-311++G** basis
set are 6.07 eV, 3.77 eV, and 4.355 Å, yielding the same previous
DECR value (1.07 eV), which is again in relatively good agree-
ment with the computed value (of 1.32 eV). The corresponding
computed RDA values, including BSSE, are 4.355 Å, with both
basis sets. The agreement between the TD-DFT results and
those computed with eqn (2) gives us some condence in using
this equation to estimate DECR for HBCIP formed between
much larger aromatic hydrocarbon carbocations and chloride,
with a considerably lower computational cost (as the TD-DFT
calculation may not be needed).

Another essential property of the HBCIP studied in this work
is its characteristic vibrational modes. It is expected that at least
two of them maybe used to identify this species. One is in the
far-infrared region (in �160 cm�1), an intermolecular cation–
anion mode of intermediate intensity also observed for the
corresponding ion pairs of CF3–CH2Cl49 and chloroethane.50

The other is the red shied C–H mode in the C+–H/Cl�
Fig. 3 Scheme showing the lowest lying CR state, at the HBCIP
geometry. The correlation between this state and the neutral disso-
ciation channel is also shown. The energy values given have been
computed at the M05-2X/6-311++G** level (see Table 1).

4226 | RSC Adv., 2021, 11, 4221–4230
complex due to H bond formation, with an expected much-
increased intensity compared to the corresponding C–H
stretching mode observed for the covalent structures. Upon
formation of the HBCIP, this frequency decreases from �3100
to 2900 cm�1. This red shi for the C–H stretching mode is
consistent with C–H bond elongation84 (and its weakening due to
theH/X interaction). Furthermore, the uncommonly large red shi
for a C–H/X motif (where X is an electronegative element) is
probably due to the occurrence of a doubly ionic hydrogen bond.44

The computed vibrational frequencies (at the M05-2X/6-311++G**
level) of cov1, cov2, and HBCIP are given in the ESI.†
Suggested mechanism

The elementary step for the HBCIP formation, which is
assumed to be described by the harpoon mechanism, is
considered as a competing reaction for the formation of the
covalent (R–Cl) structure, cov1 (see Fig. 1). Accordingly, the
proposed mechanism (for the reaction between Rc and Clc
within the He nanodroplets) has the following steps:

Rc + Clc / cov1, k1 (atom radical association). (3)

Rc + Clc / R+Cl�, k2 (harpoon mechanism). (4)

R+Cl� / cov1, k3 (intramolecular electron transfer). (5)

cov1 / cov2 (isomerization). (6)

cov2 / cov1 (isomerization). (7)

If both conditions are satised: (i) very low temperatures (low
kinetic energies) and (ii) very efficient vibrational relaxation of
the Rc radical within the He nanodroplets, one can disregard
other reactions as, for instance, H atom abstraction, due do its
presumably high dissociation energy. Besides, due to the very large
barriers, the reverse of reactions (4) and (5) can also be disregarded.
As shown in Table 2, these two free energy barriers are
�33 kcal mol�1. Other reactions that can be neglected comprise the
radical–radical (Rc + Rc) and atom–atom (Clc + Clc) recombination,
which can be achieved through trapping one single Rc and Clc
species within He nanodroplets, as explained later.

In the rst elementary step (which is an atom-radical asso-
ciation reaction), it is expected that cov1 (see Fig. 1) were the
covalent structure formed preferentially from the neutral frag-
ments. Such an assumption is based on the pseudo-axial posi-
tion of the C–Cl bond in cov1, which is consistent with the
perpendicular orientation of the C p(p) orbital containing the
unpaired electron of the radical (see Fig. 1). This C atom is
indicated as C* in Fig. 1. Another possible reason for the
assumed preferential formation of cov1 is the lower deviation
from planarity of the central ring of cov1, as compared to that of
cov2. For cov1 and cov2, one has deviations from planarity of
47.8 (¼180 � 132.2) and 61.9 (¼180 � 118.1) degrees, respec-
tively (see Fig. 1). Aer cov1 is formed, part of the molecules can
rearrange to the less stable cov2 (see Fig. 1) and, when in
equilibrium, the [cov1]/[cov2] ratio is determined by the free
energy difference between cov1 and cov2.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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The second step can be considered an example of the
harpoon mechanism.85 Although a charge-transfer reaction can
take place at relatively large distances (as discussed below) and
at several orientations between Rc and Clc, the formation of the
HBCIP requires not only a planar encounter between the frag-
ments but also a “head-on” approach along the C2 symmetry axis
(see Fig. 1). The importance of the orientational effect for the
harpoon mechanism has been recognized in several systems.86–92

Clearly, the occurrence of H bonds is very important for the stability
of HBCIP. These bonds can be interpreted as a “lock” that holds the
opposite charged ions relatively close to each other (as can be seen
in Fig. 1, forHBCIP, the distance between theC atomwhich is in the
C2 axis and the Cl atom is�3.20 Å, at theM05-2X/6-311++G** level).
Out-of-plane vibrationalmodes can open this “lock” and leads to the
covalent structure (cov1).

One can estimate the maximum distance (d*, in Å, between
the charge centers) consistent with a favorable CT reaction
between Rc and Clc [ref. 85, p. 416] from

d* ¼ 1:44

½VIEðR�Þ � EAðCl�Þ� ; (8)

This equation includes the attractive coulombic energy of
the formed ion pair, and VIE(Rc) and EA(Cl) are in eV. The
computed values of VIE(Rc) and EA(Clc) at the M05-2X/6-
311++G** level are 6.07 and 3.77 eV, respectively, which yields
d* ¼ 6.261 Å. d* is a very important quantity for rate constant
calculations associated with the harpoon mechanism.85 This
relatively large distance between the charge centers (the C* and
Cl atoms, see Fig. 1) indicates that the charge-transfer between
the neutral fragments can take place long before the H bonds
are formed, as in the HBCIP the distance between these two
atoms is �3.20 Å (at the M05-2X/6-311++G** level, see Fig. 1).
Probing the HBCIP in He nanodroplets

Helium nanodroplets (HND) seem to be a suitable environment
for probing the HBCIP studied in this work. The experimental
setup allows excellent control of reactant incorporation into
each droplet at a molecular level.93–95 The rapid cooling inside
the HND, along with the very low temperature and the
sequential pickup technique, allow kinetic trapping of entrance
and exit 1:1 complexes corresponding to very shallow local
minima.93,95 Thus, non-equilibrium distributions can be ach-
ieved. The experimental conditions have been optimized for the
pickup of single radicals in molecule–radical reactions96–98 or
single Cl atom in the Cl + HCN99 and Cl + HCl reactions.100 One
of the lowest energy barriers able to kinetically trap metastable
species lies near 100 cm�1 (�0.3 kcal mol�1).101 Infrared spec-
troscopy has been used to probe structures of the formed
metastable species,93–96,99,101–105 in several cases including the
Stark effect to determine the permanent dipole moments of the
systems within the HNDs.93,95,99,101,102,105 In several examples, the
entrance channel is more stable than the separated reactants,
and the corresponding complex is formed barrierlessly.99,102–106

Our suggestion is to use this technique to induce formation
of HBCIP as well as to trap it and to probe its formation. If the
© 2021 The Author(s). Published by the Royal Society of Chemistry
ion pair can survive for enough time (�1 ms) before the equi-
librium distribution is achieved, in principle it could be detec-
ted by infrared spectroscopy95 due to its characteristic intense
C+–H/Cl� intermolecular vibration in the far-infrared region
(�160 cm�1), as the HND technique has already been adapted
for far-infrared spectroscopy.107 Besides, the very high dipole
moment (�14 D) of the HBCIP can be measured using the Stark
effect, as mentioned before. Its most intense CR band in the
near-infrared region (�1.50 eV) can also be used for its
detection.93,94

Although atom-radical reactions are absent from the
previous studies, they include radical96–98 and Cl atom genera-
tion.99,100 Thus, it is expected that the experience gained with
radical and Cl atom generation as well as with sequential
pickup of such species within HND can be adapted to study the
single-molecule reaction between the 1,2:4,5-dibenzotropyl
radical and the Cl atom. It would allow identifying the HBCIP
because aer pickup of this radical one expects a rapid
quenching of its internal95,102,105,108 and translational108 degrees
of freedom (due to evaporation of He atoms109). Cooling of the
translational degrees of freedom of Cl aer its pickup is also
expected.108 Consequently, the reactive encounter between
1,2:4,5-dibenzotropyl radical and the Cl atom takes place as
both fragments have minimal energies, thus preventing side
reactions as H atom abstraction by the Cl atom. It is estimated
a release of�33 kcal mol�1 (at the M05-2X/6-311++G** level, see
Table 1) upon the formation of the HBCIP from the 1,2:4,5-
dibenzotropyl radical and the Cl atom. This value is consistent
with the evaporation of �2357 He atoms.109 If this evaporation
rate is higher than that of interconversion from the HBCIP to
the covalent form, then the former species can be trapped and
thus detected.99,101

Formation of the covalent compound from the neutral
fragments is much more exothermic than the formation of the
HBCIP, leading to a release of �66 kcal mol�1 (for cov1 at the
M05-2X/6-311++G** level, see Table 1), a value which is still not
high enough to eject the molecule from the HND,98 and it is
consistent with evaporation of�4714 He atoms.109 Therefore, in
principle, it is possible to distinguish between the Rc + Clc/ R–
Cl and Rc + Clc / R+Cl� elementary reactions from a mass
measurement aer a reactive encounter between the
fragments.110

Conclusions

Formation of a ground-state hydrogen-bonded contact ion pair
(HBCIP) in the gas phase via the harpoon mechanism, through
a reaction between the 1,2:4,5-dibenzotropyl radical (Rc) and Clc
is suggested (supported by DFT and MP2 calculations). It is the
rst modeling study to nd computational evidence for the
possibility of a gas-phase ‘hydrocarbon carbocation’-containing
HBCIP (R+Cl�) in the ground state.

Formation of R+Cl� from the neutral fragments (Rc and Clc)
releases �33 kcal mol�1 of energy. It is accompanied by the
formation of three H bonds with chloride (see Fig. 1), and its
binding energy of �86 kcal mol�1 is mainly coulombic. Each H
bond contributes with �3 kcal mol�1 per H bond (results
RSC Adv., 2021, 11, 4221–4230 | 4227
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obtained at the M05-2X/6-311++G** level), a value characteristic
of weak H bonds. Though weak, these bonds can be interpreted
as a “lock”, which holds the opposite charged ions relatively
close (see Fig. 1).

The formation of R+Cl� is expected to compete with the
formation of a covalent structure, R–Cl. R+Cl� is�33 kcal mol�1

less stable than R–Cl, with a very small R+Cl� / R–Cl inter-
conversion barrier of �1 kcal mol�1 (values obtained at the
M05-2X/6-311++G** level).

R+Cl� is a highly polar system with a dipole moment of �14
D, has C2v symmetry (see Fig. 1), and two characteristic vibra-
tional modes. One is in the far-infrared region (in �160 cm�1),
an intermolecular cation–anionmode of intermediate intensity,
while the other is the red shied C–H mode in the C+–H/Cl�

complex due to H bond formation, with an expected much-
increased intensity compared to the corresponding C–H
stretching mode observed for the covalent structures.

Upon the formation of the HBCIP, this frequency decreases
from �3100 to 2900 cm�1. The uncommonly large red shi for
a C–H/X motif (where X is an electronegative element) can be
explained by the presence of a doubly ionic hydrogen bond.44

The HBCIP has three very close charge recombination tran-
sitions in the near-infrared region (at �1.3 to 1.5 eV). The most
intense transition (at�1.4–1.5 eV) has an oscillator strength of 6.3�
10�3 (values obtained at the CAM-B3LYP/6-311++G** level).

Identication of such a new kind of ion-pair using the above
mentioned properties through a highly controlled reaction (at
a molecular level) between Rc and Clc inside He nanodroplets is
very likely and it is also discussed. This likeliness is due to the
fact that this technique allows achievement of non-equilibrium
distributions and it has already been coupled to setups suited
for the described properties.
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