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19 Abstract

3(1) The binding energy of the naphthalene™(benzene) heterodimer cation has been determined as 7.9+1
29 kcal/mol for CioHg™(CeHs) and 8.1+1 kcal/mol for CioHs™(CsDs) by equilibrium thermochemical
23 measurements using the mass-selected drift cell technique. A second benzene molecule binds to the
24 C1oHs™(CsDs) dimer with essentially the same energy (8.4+1 kcal/mol) suggesting that the two benzene
25 molecules are stacked on opposite sides of the naphthalene cation in the (CgDs)CioHs"(CsDs)
26 heterotrimer. The lowest energy isomers of the CioHs™(CsDs) and (CsDs)CioHs™(CsDs) dimer and
27 trimer calculated using the M11/cc-pVTZ method have parallel stacked structures with enthalpies of
28 binding (-AH®°) of 8.4 and 9.0 kcal/mol, respectively in excellent agreement with the experimental
29 values. The stacked face-to-face class of isomers is calculated to have substantial charge-transfer
30 stabilization of about 45% of the total interaction energy in spite of the large difference between the
g; ionization energies of benzene and naphthalene. Similarly, significant delocalization of the positive
33 charge is found among all three fragments of the (CsDs)C10Hs™(CsDs) heterotrimer thus leaving only
34 46% of the total charge on the central naphthalene moiety. This unexpectedly high charge-transfer
35 component results in activating two benzene molecules in the naphthalene™(benzene), heterotrimer
36 cation to associate with a third benzene molecule at 219 K to form a benzene trimer cation and a neutral
37 naphthalene molecule. The global minimum of the CioHs"(CsHs)2 heterotrimer is found to be the one
38 where the naphthalene cation is sandwiched between two benzene molecules. It is remarkable, and
39 rather unusual, that the binding energy of the second benzene molecule slightly exceeds that of the first.
40 This is attributed to the enhanced charge transfer interaction in the stacked trimer radical cation.
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Dimer radical cations of aromatic and polycyclic aromatic molecules are of
fundamental importance in chemistry, biochemistry and materials science since they constitute
the smallest intermolecular units that carry a delocalized positive charge and thus provide the
basis for photoconductivity and ferromagnetism in organic materials.'® These interactions play
critical roles in other diverse areas such as protein structures, base pair stacking in DNA, drug
design, and crystal packing of aromatic molecules.”° Dimer cations of polycyclic aromatics
may also play important roles in astrochemistry, where they may be responsible for much of
the interstellar extended red emission at 450-899 nm. !4

In homodimer radical cations such as benzene and naphthalene dimers ((Bz.Bz)™ and
(Naph.Naph)™, respectively) the unpaired electron is considered to be equally distributed
between the two moieties providing extra charge resonance stabilization in addition to the ion-
induced dipole and dispersion interactions.® The binding energy of a mass-selected and isomer
specific (Bz.Bz)™ has been recently measured as 17.6+1 and 17.4+1 kcal/mol, for the (CsHs)2"
and (CsDg)2""systems, respectively.’® These values are similar to the value (17.0 kcal/mol)
reported earlier by Meot-Ner et al using pulsed high pressure mass spectrometry.*® The large
binding energy of the (Bz.Bz)™ dimer suggests a significant contribution from a charge
resonance interaction which is at a maximum in sandwich-like structures.'®>*° Therefore, the
benzene dimer cation is considered to adopt a parallel sandwich configuration on the basis of
maximizing the charge transfer resonance interaction CsHgs".CsHs = CsHs.CsHs™.1>® Density
functional theory calculations, at an all-electron level and without any symmetry constraint,
predicts that the dimer cation has two nearly degenerate ground state structures with the
sandwich configuration more stable than the T-configuration by only 1.6 kcal/mol.?° The ion
mobility experiment indicates that only one structure is observed for the mass-selected dimer
cation with a measured collision cross section in helium of 71 A? at room temperature in good

agreement (within 2.4%) with the calculated cross section for the sandwich dimer.?°

Knowledge of the structure and binding energy of the naphthalene™.benzene
heterodimer radical cation is essential in order to understand the effect of charge delocalization
in the larger naphthalene cation, as compared to the benzene cation, on the bonding to the
neutral benzene molecule and on the contribution of charge transfer interaction to the binding
energy of the heterodimer. It has been shown that the dissociation energies of the heterodimer
radical cations decrease with increasing the difference in the IE’s of the component molecules

(AIE).*%18 This correlation was reported in several series of dimers containing benzene, aniline
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and methylnaphthalene radical cations and different neutral molecules.'®® Based on this
correlation, charge transfer interaction in the naphthalene™.benzene heterodimer is expected to
be very small due to the large difference in the IEs between benzene and naphthalene (1.1
eV).2! However, unambiguous determination of the charge transfer contribution to the overall
binding energy of the heterodimer may not be possible without knowing the most likely
structure of the heterodimer. This is mostly due to the presence of different structural isomers
of the heterodimer with essentially similar binding energies but with different contributions
from the interaction energy components such as dispersion, polarization, charge transfer, and
charge resonance interactions. Here, we report the first experimental binding energy
measurements of the [Naph.Bz]™ and [Naph.(Bz)2]™ heterodimer and trimer, respectively
using the mass-selected drift cell technique. In addition we report high level theoretical
calculations to characterize the potential energy surface of the interaction, identify the main
minima, and quantify the nature of the interaction in the [Naph.Bz]™ and [Naph.(Bz).]™
heterodimer and trimer radical cations, respectively. The results provide direct evidence for
significant charge transfer interactions between the naphthalene radical cation and benzene
molecules in the stacked dimer and trimer in spite the large difference in the ionization energies
of naphthalene and benzene. This unexpected charge transfer interaction is shown to drive an
exchange reaction with a benzene molecule to convert the [Naph.(Bz)2]™ heterodimer into the
more stable benzene homotrimer (Bz)s™ where charge resonance interaction can provide

additional stabilization energy.

The experiments were performed using the VCU mass-selected ion mobility
spectrometer (Schematic is given in Figure S1, Supporting Information). The details of the
instrument can be found in several publications®™?22® and only a brief description of the
experimental procedure is given here. Mass-selected CioHs™ ions (generated by electron
impact ionization of naphthalene vapor) are injected (in 20 —30 usec pulses) into the drift cell
containing 1.0 Torr helium and 0.10 - 0.35 Torr of benzene (CeHes or CeDe) vapor. The
temperature of the drift cell can be controlled to better than +1K using six temperature
controllers. The reaction products can be identified by scanning a second quadrupole mass
filter located coaxially after the drift cell. The injection energies used in the experiments (10—
12 eV laboratory frame, depending on the pressure in the drift cell) are slightly above the
minimum energies required to introduce the naphthalene ions against the counter flow of the
gas escaping from the cell. Most of the ion thermalization occurs outside the cell entrance by

collisions with the helium atoms and benzene molecules escaping from the cell entrance orifice.
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At a cell pressure of 0.2 Torr, the number of collisions that the naphthalene ion encounters
within the 1.5 millisecond residence time inside the cell is about 10* collisions, which is
sufficient to ensure efficient thermalization of the ions. The ion intensity ratio
C10Hs"(CeHe)/C10Hs™ is measured from the ion intensity peaks as a function of decreasing cell
drift field corresponding to increasing reaction time, and equilibrium is achieved when a
constant ratio is obtained. Equilibrium constants are then calculated from K =
[1(C10Hs™"(CeHe))/1(C10Hs™) P(benzene)] where | is the ion intensity taken from the mass
spectrum and P(benzene) is the partial pressure of benzene in the drift cell. All the equilibrium
experiments at different temperatures are conducted at correspondingly low drift fields and
long residence times. The measured equilibrium constant is independent of the applied field
across the drift cell in the low field region. The equilibrium constant measured as a function of
temperature yields AH® and AS® from the van’t Hoff equation [In K = - AH®/RT + AS°/R].

Figure 1 displays the mass spectra obtained following the injection of the mass-selected
naphthalene cation (CioHs™) into the drift cell pure helium or helium-benzene (CsDs) gas
mixtures. Similar results were obtained for injecting the naphthalene cation into helium-Ce¢Hs
gas mixtures (Figure S2, Supporting Information). In the presence of 0.35 Torr CsDs vapor in
the drift cell at 269 K, the naphthalene*.benzene heterodimer ((Naph.Bz) = C1oHs"(CsDs)),
along with the (benzene)," homodimer ((Bz)2 = (CsDs)2) are observed as shown in Fig. 1(b).
Although no dissociation products of the naphthalene ion are observed (Fig. 1(a)) consistent
with the low injection energy used, the observation of the small ion intensity of the
(benzene), “suggests direct ionization of a small amount of the benzene molecules in the cell
by the injection energy. As the temperature decreases the ion intensity of the (Naph™.Bz) dimer
increases (Fig. 1(c)), and at 229 K small peaks corresponding to the Naph™(Bz). heterotrimer
and the benzene homotrimer (Bz)s™ are formed as shown in Fig. 1(d). At the lowest possible
temperature in the drift cell of 219 K (just before the benzene vapor freezes out), a significant
decrease in the intensity of the Naph™(Bz) ion and a large increase in the intensities of the

Naph*™(Bz), and (Bz)3" ions are observed as shown in Fig. 1(e).
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Figure 1. Mass spectra resulting from the injection of the mass-selected naphthalene radical
54 cation (CioHg"™, Naph) into helium gas or helium-benzene (CsDs) vapor mixture at different
55 temperatures and pressures as indicated. Peaks labelled a (m/z 234 = (CeHs)3), b (m/z 246 =
56 (CsDe6)2(CeHs)™), and ¢ (m/z 290 = (Ci0Hs™(CeDs)(CeHs)) in panel (e) are due to isotope
S7 contamination (CsHg) in the Ce¢Ds sample. The m/z peaks 138, 184 and 272 in panel (e) are due
to pump oil impurities that tend to be observed in the drift cell at high pressures and low
60 temperatures.
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The observed association reactions of benzene with the naphthalene cation are

represented by equations (1) and (2):
CioHg™ + C¢Ds = Ci1oHg"(CsDe) 1)
Ci1oHs™*(CsDg) + CsDs = CioHs™(CsDs):2 (2)

The equilibrium constants for reaction (1) measured at different temperatures for both
CesHs and CsDs yield the van’t Hoff plots for the formation of the CioHs™(CsHs) and
C10Hs"™(CeDe) dimers, respectively as shown in Figures 2(a) and 2(b), respectively. The
measured equilibrium constants and van’t Hoff plots are duplicated at least three times, and the
estimated errors in AH® and AS° values are obtained from standard deviations of van’t Hoff
plots and from typical uncertainties in thermochemical equilibrium studies. The resulting -AH®
and -AS° values for the formation of C1oHs™(CeHe) are 7.9 +1 kcal/mol and 18.7 +2 cal/mol K,
respectively as shown in Fig. 2(a). The corresponding -AH® and -AS° values for the formation
of C1oHs™(CeDe) are 8.1 +1 kcal/mol and 20.2 +2 cal/mol K, respectively as shown in Fig.
2(b). It is clear that the isotope effects on the enthalpy and entropy changes are smaller than
the usual experimental uncertainties of +1 kcal mol™ and +2 cal/mol K, respectively for such

measurements.

. . J o+ . -+
15 Naeh T+ CgH, = Naph™C.H, 14| Naph™ + CgDg = Naph"-.CgDg
| —AH°=7.9 kcal/mol | -AH° =8.1 kcal/mol
14 —AS® = 18.7 cal/mol-K 134 -AS°=20.2 cal/mol-K
£ 13- x 121
—_ 5 ]
o] TR
124 |
] 10
114 |
] 9.
104 ]
T T T T T T T T T T T T T T T 8 T T T T T T T T T T T
36 37 38 39 40 41 42 43 44 360 375 390 405 420
1000/T 1000/T

Figure 2. van’t Hoff plots for formation of CioHg™(CsHs) (Left) and C10Hs™(CsDs) (Right)
heterodimer cations. Error estimates are +1 kcal/mol and +2 cal/mol K for AH® and AS°,
respectively.
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Because of the very small temperature range where the CioHs™(CsDs)2 could be
observed (215-219 K), it was not possible to measure a van’t Hoff plot for the formation of the
CioHs™*(CesDe)2 heterotrimer. Alternatively, we measured AG® the association reaction (2) at
219 K as -4.2 kcal/mol, and assuming a AS° of -19 cal/mol K, we can estimate -AH° for
association of the second benzene molecule to the CioHg™(CsDs) dimer as 8.4 kcal/mol.
Interestingly, this value is similar to the binding energy of benzene to the naphthalene cation
in the Naph**(Bz) heterodimer, and it suggests that the second benzene molecule has a similar
interaction with the naphthalene cation as the first benzene molecule. A possible structure that
could explain this binding behavior is the one where the naphthalene cation is sandwiched
between two benzene molecules. This structure will be tested by the theoretical calculations

below.

The mass spectrum at 219 K shown in Fig. 1(e) suggests the simultaneous formation of
the benzene homotrimer (Bz)s™ with the formation of the Naph™(Bz). heterotrimer. The

formation of the benzene trimer cation (Bz)s™ can be explained by the exchange reaction (3).
Ci1oHs™*(CsDeg)2 + CéDs = (CsDs)s™" + C1oHs (3)

Because of the higher IE of benzene (9.2 eV) relative to that of naphthalene (8.1 eV)%*,
charge transfer (CT) within the C10Hs"*(CsDs) heterodimer is energetically unfavorable. Also,
charge transfer from CioHs™ to the benzene dimer (CsDsg)2 is unlikely since the IE of the
benzene dimer (8.4 - 8.5 eV) 3% is still higher than that of naphthalene (8.1 eV). However, the
generation of the benzene trimer cation (CsDe)s™ at 219 K could be explained by Associative
Charge Transfer (ACT) reactions observed previously in the benzene™*/propene system at room
temperature®’ and in the benzene™/acetylene system at low temperatures.?> In the present
system, partial charge transfer from the naphthalene ion to the two benzene molecules in
C10Hs"(CsDe)2 drives the exchange reaction (3) to form a benzene trimer cation, whose binding
energy (7.8 kcal/mol)®® is higher than the binding of benzene to CioHs™(CsDs)2 to form
Ci0Hs"(CsDe)s. Also, because the IE of benzene trimer is lower than that of the benzene
dimer,*%4 CT from CioHs™ to the benzene trimer in CioHs"(CeDs)s could become
thermoneutral or even exothermic. In fact, using the measured binding energy of the third
benzene molecule to the benzene dimer cation (7.8 kcal/mol)*®® the hypothetical reaction:
[C1oHg™ + 3 CsDs — (CsDs)3 ™ + C1oHg] is calculated to be an exothermic by about 3 kcal/mol.

This suggests that reaction (3) could occur at low temperature such as 219 K to generate the
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(Bz)3™, and then some of the (Bz)s™ product may dissociate to form (Bz)."™ as observed in Fig.
1(e).

The measured enthalpy of binding of the naphthalene® .benzene heterodimer (8
kcal/mol) is significantly smaller than that of the (benzene),™ homodimer (17 kcal/mol)*>1®
and also of the (naphthalene),™ homodimer (17.8 kcal/mol)*®. This could be explained by two
factors: (1) the delocalization of the charge on the larger naphthalene cation as compared to the
benzene cation, could lead to weaker charge-induced dipole interactions with the neutral
benzene molecule, and (2) the lack of charge resonance interaction in the
naphthalene™.benzene heterodimer as a result of the large difference in the IEs between
benzene and naphthalene (1.1 eV).2! To understand the nature of bonding in the
naphthalene™.benzene heterodimer and characterize the potential energy surface of the
interaction, we carried out DFT calculations using the cc-pVTZ basis set and the results are
discussed below.

For the identification of structural minima we used a methodology that combines
quenching ab-initio molecular dynamics (QAIMD) starting from random initial orientations,
followed by gradient-based local optimizations with density functional theory (DFT) using the
cc-pVTZ basis set. The accuracy of the basis set was checked by calculations with the larger
aug-cc-pVTZ basis set. The DFT results with the M06-2X,%* M11,%® and ®B97X-V?
exchange-correlation functionals were also compared to more advanced wave function
techniques such as Maller-Plesset perturbation theory (MP2),%” spin-component-scaled MP2
(SCS-MP2),%¢ and orbital-optimized opposite spin MP2 (02)?° using single point energy
calculations. To study the nature of the bonds we also used the absolutely-localized molecular
orbitals energy decomposition and charge-transfer analyses, ALMO-EDA and ALMO-CTA 3"
32 Al calculations were performed with the Q-Chem 4 quantum chemistry code.®

The potential energy surface for the interaction is relatively shallow, with many local
minima and low transition barriers. We identified a total of 15 minima, which may be divided
into three categories, according to the angle between the planes of the naphthalene and benzene
molecules as shown Figure 3. In Table S1 (Supporting Information), we report the 15
identified isomers, ordered according to their interaction energy within each group (electronic
energies at OK), along with the inter-plane angle and the closest contact distance for each
isomer. The coordinates of the atoms for each structure are also reported in the Tables of

Coordinates in the Supporting Information.
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16 .
17 (a) (b) (c)

20 Figure 3. The three classes of isomers of the naphthalene®.benzene heterodimer: (a) face-to-
21 face, (b) V-shaped and (c) face-to-side. In each case, the lowest energy isomer is depicted.

28 The analysis of the calculations shows good qualitative agreement between the recently
developed range-separated functionals, M11 and ®B97X-V, and the wave function methods,
31 while in terms of the basis set, the results with the cc-pVTZ basis are essentially identical to
33 the results with the more expensive aug-cc-pVTZ basis (the largest difference is 0.06 kcal/mol).
35 For these reasons we base our discussion on the M11/cc-pVTZ results, though we report results
37 for all methodologies used in Table S2 (Supporting Information). The calculations predict a
38 face-to-face isomer to be the global minimum, with a V-shaped isomer very close in energy,
40 only 0.3 kcal/mol higher than the global minimum. These nearly identical relative energies of
42 the local minima indicate a very flat potential energy surface for encounter of Bz and Naph™.
a4 If we consider all structures within the chemically significant margin of 1 kcal/mol from the
lowest energy structure, we have at least five face-to-face structures and all six V-shaped
a7 structures. A slightly more significant margin is found for the face-to-side class, whose lowest
49 energy isomer is 1.2 kcal/mol higher than the global minimum. Because the potential energy
51 surface is very flat, we expect the transition barriers between these minima to be very small,

and the system will be able to explore multiple minima under experimental conditions.

55 To compare the calculated binding energies to the experiment, we estimated the
57 thermochemical corrections and calculated the enthalpies of reaction at 298K. The agreement
between the M11/cc-pVTZ calculated binding energy of 8.4 kcal/mol for the predicted global
60 minimum FO of the C10Hg™(CsHs) heterodimer and the experimental value of 7.9+1 kcal/mol

is excellent.
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More detailed results on the physical nature of the CioHs™(CsHs) interaction can be
obtained using ALMO-EDA and ALMO-CTA, which partition the interaction energies into
four components: a frozen orbital component (FRZ), the polarization (POL), the charge transfer
(CT) and the geometric distortion (GEOM). In Figure 4 we report the fractional contribution
of each of these components for the lowest energy member of each class of isomers, as
compared to the face-to-face structures of the benzene dimer cation, (CsHs)2", and the benzene
cyclohexane dimer cation, (CeH12)(CsHs)"™ (optimized and calculated at the same level of
theory). The numerical values of each contribution are given in Table 1, along with calculated
values for the number of electrons transferred. Note that because the ALMO-EDA approach
is known to yield lower bounds for the magnitude of charge transfer, conclusions regarding its

importance should be robust.*®

120.0
-18.2
> -11.6 - i -149
0 1000 —— =3 i -k
e 215 : 33.0
) 50.7
= 800
-§ a0ie 92.1 “GEOM
<
S 600 38.1 n CT
] -
= 352 — 75.5 “POL
@ 400 .
= S FRZ
& [R— e
= :
20.0 43.4
2
e 25.7 273
- B N B B e

FO Vo SO (CgHg)3" (CeHy2)(CgHg)t*

Figure 4. Decomposition of the interaction energies according to ALMO-EDA and ALMO-
CTA analyses for the lowest energy isomer of each of the 3 classes identified for
C10Hg"(CeHe), as well as results for the benzene dimer cation, and the benzene-cyclohexane
cation. Frozen orbital (FRZ), polarization (POL), charge transfer (CT) and geometric distortion
(GEOM) components are reported as a percentage of the total interaction energy. A negative
percentage thus indicates a repulsive interaction.

10
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Table 1. ALMO-EDA and ALMO-CTA results (M11/cc-pVTZ, in kcal/mol for interaction
energy contributions, AE, and in me for charge transferred, AQ(CT)) for the minimum energy
structure within each class for benzene naphthalene dimer cation, compared to the face-to-face
structures of the benzene dimer cation, and the benzene cyclohexane dimer cation. The sign
convention for AE is that positive values are binding.

FO VO S0 (CsHe)2™  (CsH12)(CsHe)™
AE(FRZ) 2.3 3.8 4.1 -3.0 0.6
AE(POL) 3.2 3.3 2.9 4.5 7.1
AE(CT) 4.6 1.8 1.3 15.2 3.1
AE(GEOM) -1.0 -0.3 -04 -0.2 -1.4
AE(TOT) 9.0 8.7 7.8 16.5 94
AQ(CT) 63 10 3 420 24

The trends in EDA contributions between isomers can be understood as follows. The
frozen orbital term (encompassing dispersion, permanent electrostatics and exchange
repulsion) is largest for the face-to-side isomer because of the charge-quadrupole interaction,
and smallest for face-to-face. The polarization component, reflecting electron reorganization
on the fragments, is quite similar for each class, because of the similar intermolecular spacings.
The face-to-face isomers have a very large charge-transfer component that contributes around
50% of the interaction energy, due to the more favorable tHomo(CsHs)-tsomo(C10Hs ™) overlap.
Its value is about twice as big as for the V-shaped isomer and over three times larger than for
the face-to-side isomer. However, the less favorable frozen interaction means that the overall

energy ordering is very close, as discussed already.

In absolute terms, the charge-transfer component is 4.6 kcal/mol for the isomer FO,
while it is only 1.8 kcal/mol for VO and 1.1 kcal/mol for SO (Table 1). To put the quite large
CT contribution of 4.6 kcal/mol for the predicted global minimum FO in perspective, it is useful
to compare to other related systems (Table 1). As a first comparison, the CT contribution to
(CeHe)2"" was calculated as 15 kcal/mol for the face-to-face geometry (notice that the frozen
orbital term for this system is repulsive). This much larger value reflects the far greater role of
CT in a system with zero IP difference between the two components. As a second point of
comparison, consider the (CsH12)(CsHs)** dimer, whose interaction energy was characterized
experimentally as AH% = -9.9 kcal/mol.** The CT contribution to this interaction energy was
calculated as 3.1 kcal/mol, which is noticeably smaller than for C1oHs"*(CsHs), as a result of a
greater IP difference, and poorer HOMO-SOMO overlap. Nonetheless, the contribution of CT

11
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to (CsH12)(CsHe)™ is larger than for the VO and SO isomers of CioHs™(CsHs), where the
HOMO-SOMO overlap is even poorer.

The charge transferred between the neutral and the cation is also reported in Table 1,
using the ALMO-CTA, which is performed in direct analogy to the ALMO-EDA, rather than
being a conventional population analysis. The complementary occupied-virtual orbital pair
(COVP) that is responsible for the majority of the CT from the neutral fragment (CsHs) to the
cation fragment (C1oHg) in the minimum energy structure for FO is also reported in Figure 5,
and shows the favorable overlap which is responsible for the relatively large charge transfer
contribution. The donor occupied level is one of the two tHomo(CsHe) levels whilst the acceptor
virtual level (related to rsomo(C10Hs ™)) has adapted to achieve significant overlap. The nature

of these orbitals dictates the slipped nature of the FO structure, as is clear in Figure 5.

60% of AEST[C H, — C, H]

87% of AQ“T[C H, — C, H]

Figure 5. The most significant complementary occupied-virtual pair (COVP) in FO (isovalue
surface of 0.1 a.u.). The donor occupied orbital of the neutral benzene fragment is represented
with saturated colors, while the complementary virtual acceptor orbital of the cation fragment
is represented in faint colors.

The calculations of the local minima of the CioHs"(CesHs)2 heterotrimer (the
coordinates for the minima are reported in the Supporting Information) show that the global
minimum corresponds to the structure where the naphthalene cation is sandwiched between
two benzene molecules as shown in Figure 6(a). The planes of the molecules are at a slight
angle to each other (the angle of intersection between the planes of the benzene molecules and

the central naphthalene cation are 8° and 6° respectively), but the structure is essentially
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analogous to the face-to-face isomer of the CioHgs™(CeHs) heterodimer, with the second
benzene stacked on the naphthalene side, slightly displaced from the naphthalene cation. Two
higher energy structures of the naphthalene™(benzene). trimer were also identified as shown
in Figures 6 (b) and 6(c). In structure (b), about 3.5 kcal/mol higher energy than (a), the second
benzene molecule attaches to the side of the face-to-face naphthalene™(benzene) dimer
forming a slanted U-shaped structure. In structure (c), 4.7 kcal/mol higher energy than (a), the
second benzene molecule is attached to the benzene side of the naphthalene™(benzene) dimer
forming a parallel benzene dimer stacked to the naphthalene cation. There are undoubtedly
numerous other minima, however our unbiased optimization strategy and the experimental

findings both suggest that the sandwich structure is likely the global minimum.

=
o@& % é‘%%

Figure 6. Three isomers of the naphthalene™(benzene). heterotrimer: (a) sandwich, (b) slanted
U-shaped and (c) parallel stack.

™
[

o

At the most stable geometry, the calculated binding energy of the second benzene
molecule to the naphthalene™(benzene) dimer is 9.6 kcal/mol (at 0 K). After thermochemical
correction the formation energy is calculated at 9.0 kcal/mol, a value that is 0.6 kcal/mol higher
than the calculated binding energy for the first benzene molecule, and is in very good
agreement with the 8.4 kcal/mol experimental value obtained from the measured AG® of the
association reaction (2). The difference between the binding energies of the first and second
benzene molecules is within both experimental and computational uncertainties, but the fact
that they are essentially similar is surprising and relatively unusual. One can see this by
comparing the formation of (Bz)s"* from (Bz)." and Bz, where the binding energy of the third

13
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benzene molecule in the homotrimer is only 6 kcal/mol vs 17 kcal/mol for the binding energy

in the homodimer (M11/cc-pVTZ calculations).

What is the origin of the qualitative difference in the binding of the benzene molecule
to (Bz)2" in the (Bz)s™ homotrimer versus the binding to Naph™(Bz) in the Naph™(Bz).
heterotrimer? ALMO-EDA and ALMO-CTA calculations for the two trimer cations (Table
2), based on adding the last benzene molecule reveal the origin of the difference. In the
Naph™(Bz)., heterotrimer, CT is the largest contribution to the interaction energy, and the CTA
shows a nearly symmetric transfer of charge to each Bz molecule, leaving 87% of the partial
charge on the central Naph™ which is significantly reduced as compared to 97.5% in the dimer.
The higher CT from Naph™ to the two benzene molecules in the heterotrimer indicates a strong
cooperative effect. By contrast, the ALMO-CTA on the (Bz)sz™ homotrimer reveals that the
charge delocalization in this system is much less symmetric. There is a strong CT-dominated
interaction between the first two benzenes, and a much weaker interaction with the third
benzene molecule, which is polarization-dominated. The polarization effect causes the charge
on the central benzene in the (Bz)3™ homotrimer to increase relative to the dimer, the opposite
of the case for the Naph™(Bz)., heterotrimer.

We calculated the energy for the formation of (Bz)s™ by the exchange reaction (3) as -
18.5 kcal/mol. Of course this route most likely involves an activation barrier, since the neutral
benzene has to attack the heterotrimer from the equatorial position to replace the naphthalene
moiety sandwiched between the two benzene molecules. Alternatively, the benzene trimer
cation (Bz)s™ could be formed by an exchange reaction involving a higher energy Naph™(Bz)2
heterotrimer such as 6(c) where two benzene molecules are stacked above the naphthalene
cation. A more detailed analysis of the Naph™(Bz). heterotrimers as compared to the benzene
homotrimer cations (Bz)s™ and their possible formation routes are very interesting problems

for potential future investigation.
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Table 2. ALMO-EDA and ALMO-CTA results (M11/cc-pVTZ, AE in kcal/mol, no ZPE
corrections, and Q in &) for the addition of the last benzene molecule to the dimer, to form the
benzene naphthalene heterotrimer cation 6(a), and the benzene trimer cation (CeHe)s"".

CioHs™(CeHg)2 (CeHe)s™

AE(FRZ) 2.7 1.0
AE(POL) 3.1 3.6
AE(CT) 4.1 1.1
AE(GEOM) -0.4 -0.6
Q on the central fragment 0.87 0.71
Q on the left fragment 0.07 0.24
Q on the right fragment 0.06 0.05

In conclusion, the binding energy of the naphthalene™(benzene) heterodimer cation has
been determined as 7.9+1 kcal/mol for C1oHs™(CsHs) and 8.1+1 kcal/mol for C10Hs™(CeDs)
by equilibrium thermochemical measurements using the mass-selected drift cell technique.
Using modern wave function and density functional theory calculations we were able to
identify the structures of the minima in the interaction between naphthalene and benzene in the
cationic state, and to classify them into three classes: the face-to-face, the VV-shaped and the
face-to-side isomers. The best method (M11/cc-pVTZ) predicts the lowest energy isomer to
have a parallel, face-to-face structure with formation energy of 8.4 kcal/mol in excellent
agreement with the experimental results of 7.9-8.1 £1 kcal/mol. We performed a detailed
energetic analysis to understand the nature of the interactions, and to compare the results to the
experiment. The stacked face-to-face class of isomers is calculated to have a substantial charge-
transfer stabilization (4.6 kcal/mol, about 45% of the total interaction energy) that allows these
isomers to have binding energies that are similar, and in many cases higher, than the V-shaped
isomers, which have more favorable frozen orbital interaction energies. This unexpectedly high
charge-transfer stabilization activates the stacked naphthalene™(benzene), heterotrimer to
undergo an exchange reaction with a benzene molecule at 219 K to generate the more stable

stacked benzene ™ (benzene), homotrimer and a neutral naphthalene molecule.

ASSOCIATED CONTENT
Supporting Information

The experimental setup of the MSIM system (Figure S1), mass spectra for the
C1oHs"/CsHs association experiments (Figure S2), interaction energies of the 34 identified
isomers of the naphthalene™(benzene) heterodimer cation calculated using the M11/cc-pVTZ
method (Table S1), interaction energies of the 15 identified isomers of the
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naphthalene™(benzene) heterodimer cation calculated at the M06-2X, M11, ®B97X-V, MP2,
SCS-MP2 and O2 levels of theory using the cc-pVTZ basis set and at the M11 and ®B97X-V
levels using the aug-cc-pVTZ basis set (Table S2), and coordinates for each of the 15 isomers
of the naphthalene™(benzene) heterodimer cation, and for the three minima of the
naphthalene™(benzene), heterotrimer, calculated using the M11l/cc-pVTZ method. This
material is available free of charge via the Internet at http://pubs.acs.org.
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