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Abstract: Understanding molecular interactions in mechanically interlocked molecules (MIMs) is
challenging because they can be either donor–acceptor interactions or radical pairing interactions,
depending on the charge states and multiplicities in the different components of the MIMs. In
this work, for the first time, the interactions between cyclobis(paraquat-p-phenylene) (abbreviated
as CBPQTn+ (n = 0–4)) and a series of recognition units (RUs) were investigated using the energy
decomposition analysis approach (EDA). These RUs include bipyridinium radical cation (BIPY•+),
naphthalene-1,8:4,5-bis(dicarboximide) radical anion (NDI•−), their oxidized states (BIPY2+ and
NDI), neutral electron-rich tetrathiafulvalene (TTF) and neutral bis-dithiazolyl radical (BTA•). The
results of generalized Kohn–Sham energy decomposition analysis (GKS-EDA) reveal that for the
CBPQTn+···RU interactions, correlation/dispersion terms always have large contributions, while
electrostatic and desolvation terms are sensitive to the variation in charge states in CBPQTn+ and
RU. For all the CBPQTn+···RU interactions, desolvation terms always tend to overcome the repulsive
electrostatic interactions between the CBPQT cation and RU cation. Electrostatic interaction is
important when RU has the negative charge. Moreover, the different physical origins of donor–
acceptor interactions and radical pairing interactions are compared and discussed. Compared to
donor–acceptor interactions, in radical pairing interactions, the polarization term is always small,
while the correlation/dispersion term is important. With regard to donor–acceptor interactions, in
some cases, polarization terms could be quite large due to the electron transfer between the CBPQT
ring and RU, which responds to the large geometrical relaxation of the whole systems.

Keywords: radical pairing interactions; donor–acceptor interactions; mechanically interlocked
molecules; energy decomposition analysis

1. Introduction

Mechanically interlocked molecules (MIMs) have been widely used to develop vari-
ous molecular machines, including molecular switches [1–5], drug delivery systems [6,7],
artificial molecular muscles [8–10], etc. MIMs are composed of multiple mechanically
interlocked components connected by a mechanical bond, which can be described as an en-
tanglement in space that prevents two parts of a molecule from separating. By modulating
the non-covalent interactions between different components of MIMs, mechanical move-
ment could occur. Pioneered by Stoddart et al., cyclobis(paraquat-p-phenylene) (CBPQT4+)
has been widely used in MIMs because of its unique redox properties [11,12]. It is known
that different charge states of CBPQT lead to the different kinds of interactions, so under-
standing the non-covalent interactions between CBPQTn+ (n = 0–4) and recognition units
(RU) is important for the design of MIMs. In a fully oxidized state, electron-deficient tetraca-
tionic cyclophane (CBPQT4+) prefers to reside on a strong π-electron donor. Caramori and
Muñoz-Castro [13] summarized the nature of host–guest interactions between CBPQT4+
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derivatives and a variety of closed-shell guests, showing that these CBPQT4+···RU in-
teractions are dispersion interactions. They also pointed out that the variation in such
interactions with the different charge states of CBPQT have not been investigated in detail.

Most experimental and theoretical studies focus on the CBPQT4+···RU systems. Re-
cently, several works have been devoted to exploring the role of radical pairing interactions
as the driving forces in molecular switches [14–19]. For example, because of two unpaired
electrons, CBPQT2(•+) is no longer π-electron-deficient enough to undergo donor–acceptor
interactions. Thus, in CBPQT2(•+) complexes, radical pairing interactions could happen
when the RU is radical. Stoddart et al. [14] found that there was extra covalent bonding
between CBPQT2(•+) and bipyridinium radical cation (BIPY•+). Stoddart et al. [12] stated
that in the future directions for material design, the role of radical pairing interaction
should be highly anticipated. Recently, Li et al. reported that Coulombic attraction is
more important in the formation of the host–guest complex consisting of CBPQT2(•+) and
naphthalene-1,8:4,5-bis(dicarboximide) radical anion (NDI•−) [20]. Given the several spe-
cial cases mentioned above, the nature of radical pairing interactions with various CBPQT
and RU deserve further exploration.

In this work, our motivation is to investigate the nature of various interactions between
CBPQTn+ (n = 0–4) and different types of RUs. The selection of RU would take the diversity
of multiplicity and charge into account. The RUs in this work include bipyridinium radical
cation (BIPY•+), bipyridinium dication (BIPY2+), naphthalene-1,8:4,5-bis(dicarboximide)
NDI and its radical anion NDI•−, bis-dithiazolyl radical (BTA•) and tetrathiafulvalene
(TTF). Thus, these RUs can be grouped into two categories, closed-shell RUs (BIPY2+, NDI
and TTF) and open-shell RUs (BIPY•+, NDI•− and BTA•).

Energy decomposition analysis (EDA) methods are widely used to provide quan-
titative interpretation for non-covalent interactions. However, current EDA theoretical
studies for interactions in MIMs focus on CBPQT4+ and closed-shell RUs, while those for
radical–radical interactions between CBPQTn+ and open-shell RUs are quite limited. This
is because the theoretical analysis for radical–radical interactions is difficult for most of
the current EDA methods. Recently, based on broken symmetry (BS) unrestricted density
functional theory, an extension of GKS-EDA called GKS-EDA(BS) has been proposed for
intermolecular interactions in an open-shell singlet. In GKS-EDA(BS), spin projection
approximation is implemented to consider the spin contamination. When the value of
<S2> goes from 1.0 to 0.0, GKS-EDA(BS) can smoothly retreat to GKS-EDA. This means
that the GKS-EDA method is able to explore the nature of CBPQTn+···RU interactions
with the variations of charge states and multiplicities to provide panoramic insight for the
interactions in MIMs.

2. Results and Discussion
2.1. Geometries of CBPQTn+ (n = 0–4) and RU···CBPQTn+ Complexes

Figures 1–7 demonstrate the optimized geometries, the natural population analysis
(NPA) charge distributions and spin density distributions of CBPQTn+ monomers and
RU···CBPQTn+ complexes, respectively. In general, the optimized geometries accord with
those in the literature quite well. In detail, from CBPQT4+ to CBPQT0, the distances between
N and N’ atoms increase from 6.453 Å to 6.770 Å, while the dihedral angle between two rings
of each bipyridinium (BIPY) unit varies with the charge on this unit, which is consistent
with experimental results [16]. Moreover, the electronic ground states of CBPQT4+ and
CBPQT0 are the closed-shell singlet; those of CBPQT•3+ and CBPQT•+ belong to the doublet
state. In the case of diradical CBPQT2(•+), the unrestrictedωB97X-D/6-31G(d) calculations
indicate that the open-shell singlet and triplet state are degenerate (only 0.01 kcal/mol
difference). The energy degeneracy of the open-shell singlet and triplet state is because of
the long distance between two BIPY•+ units (larger than 6 Å) with one unpaired electron,
consistent with the spin density distributions.
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(b) CBPQT•3+, (c) CBPQT2(•+)(Triplet), (d) CBPQT•+, (e) CBPQT0, (f) CBPQT2(•+)(Singlet) obtained
byωB97X-D/6-31G* in MeCN solvent. The white, gray and blue spheres represent H, C and N atoms,
respectively. The red isosurface represents positive spin density and the blue isosurface is negative.
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(f) BIPY2+···CBPQT2(•+)(S) obtained byωB97X-D/6-31G* in MeCN solvent.
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(b) TTF···CBPQT•3+, (c) TTF···CBPQT2(•+)(T), (d) TTF···CBPQT•+, (e) TTF···CBPQT0,
(f) TTF···CBPQT2(•+)(S) obtained byωB97X-D/6-31G* in MeCN solvent.
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(f) BIPY•+···CBPQT2(•+)(S) obtained byωB97X-D/6-31G* in MeCN solvent.
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(b) NDI•−···CBPQT•3+, (c) NDI•−···CBPQT2(•+)(T), (d) NDI•−···CBPQT•+, (e) NDI•−···CBPQT0,
(f) NDI•−···CBPQT2(•+)(S) obtained byωB97X-D/6-31G* in MeCN solvent.
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Figure 7. Geometries, NPA charge distribution and spin density distribution of (a) BTA•···CBPQT4+,
(b) BTA•···CBPQT•3+, (c) BTA•···CBPQT2(•+)(T), (d) BTA•···CBPQT•+, (e) BTA•···CBPQT0,
(f) BTA•···CBPQT2(•+)(S) obtained byωB97X-D/6-31G* in CPCM solvent.

For BIPY2+···CBPQTn+, the torsional angle of the BIPY2+ unit decreases significantly
upon complexation with rings, except CBPQT4+, which is consistent with the results from
the literature [21,22]. In TTF···CBPQT4+, the interplanar distances from TTF to the two
BIPY2+ units on CBPQT4+ are close (3.620 Å and 3.609 Å, respectively), corresponding to the
crystal data [23]. For BIPY•+···CBPQTn+, BIPY•+ remains near-planar upon complexation
with rings in different oxidation states, which agrees with the results of Stoddart et al. [21,24].

According to the NPA results, in most of complexes, the charges of the host and the
guest molecules are close to the corresponding isolated ones. However, the NPA charges in
BIPY2+···CBPQT•+/0 and NDI···CBPQT•+/0 suggest partial electron transfer between host
and guest.

From the spin density distributions, in the closed-shell RU complexes, the unpaired
spin is mainly located at the CBPQT ring, while in the open-shell RU complexes, unpaired
spins are distributed in both the CBPQT ring and RU anti-parallelly, which indicates
that these host–guest interactions belong to radical–radical interactions with the broken
symmetry character.

2.2. Interactions between Closed-Shell Recognition Units and CBPQTn+ in Solution

With the variation in n values, the interactions between closed-shell RU (CRU) and
CBPQTn+ can be closed-shell···closed-shell or closed-shell···radical interactions.

The AIM and IGM analysis plots of CRU···CBPQTn+ complexes are shown in Figures 8 and 9,
and Figures S1–S4 in the Supplementary Materials, respectively. The BCP parameters
collected in Tables S1–S3 of the Supplementary Materials illustrate that there are various
interactions between the functional groups of the hosts and guests. The |V|/G values range
from 0.60 to 0.84, showing that the CBPQTn+ and CRUs are non-covalently connected. In
detail, for BIPY2+···CBPQTn+, there are π–π interactions and C-H···π interactions between
BIPY2+ and the ring. For NDI···CBPQTn+, aside from π–π interactions, there are lone
pair···π interactions between the O atom in NDI and p-xylylene moieties on the ring, and
C-H···π interactions between C-H and p-xylylene moieties. For TTF···CBPQTn+, aside from
π–π interactions, there are lone pair···π interactions between TTF and CBPQTn+. In general,
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the IGM analysis plots provide similar conclusions to the AIM results. Notably, the IGM
plots suggest that the interactions in BIPY2+···CBPQT0 and BIPY2+···CBPQT•+ could be
stronger than those in the other BIPY2+···CBPQTn+.
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Tables S4–S6 show the D0, ∆GTOT and ∆GZPE+GEO values of the CRU···CBPQTn+

complexes. It is noted that a large volume of CRU or electron transfer would lead to the
large ∆GZPE+GEO values. Despite BIPY2+···CBPQT4+, the dominant role of ∆GTOT in D0 is
confirmed. Next, the GKS-EDA results of ∆GTOT are discussed, which are summarized
in Tables 1–3. For BIPY2+···CBPQTn+, with the decrease in n value, the total interactions
become large, which is mainly attributed to the reduction in the repulsive electrostatic
term. It can be found that despite correlation/dispersion terms, the other EDA terms
are very sensitive to the variation in charge states in the CBPQT ring. For n ≥ 2, the
total interaction energies are dominated by desolvation term, showing the importance of
solvent effects to overcome the large repulsive electrostatic interactions between two cations.
Among these EDA terms, the values of the correlation/dispersion term are larger than
polarization and considered to be the secondary contribution. For BIPY2+···CBPQT•+/0,
the polarization makes an important contribution in agreement with the NPA analysis,
which shows the large electron transfer between BIPY2+ and CBPQT•+/0. Furthermore,
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Table 1. The GKS-EDA results of BIPY2+···CBPQTn+ complexes obtained byωB97X-D/6-31+G* in
MeCN solvent (kcal/mol).

Complexes ∆Gele ∆Gexrep ∆Gpol ∆Gdesol ∆Gdisp/corr ∆GTOT

BIPY2+···CBPQT4+ 405.32 19.49 −16.03 −373.66 −34.27 0.85
BIPY2+···CBPQT•3+ 296.62 30.41 −28.09 −270.29 −48.01 −19.37

BIPY2+···CBPQT2(•+)(T) 190.54 34.06 −22.70 −182.87 −50.13 −31.11
BIPY2+···CBPQT2(•+)(S) 189.98 36.97 −23.22 −181.52 −53.56 −31.34

BIPY2+···CBPQT•+ 70.56 57.56 −75.26 −69.95 −52.53 −69.61
BIPY2+···CBPQT0 −40.63 62.87 −51.70 22.78 −66.08 −72.77

Table 2. The GKS-EDA results of NDI···CBPQTn+ complexes obtained by ωB97X-D/6-31+G* in
MeCN solvent (kcal/mol).

Complexes ∆Gele ∆Gexrep ∆Gpol ∆Gdesol ∆Gdisp/corr ∆GTOT

NDI···CBPQT4+ −22.99 79.11 −15.30 2.71 −69.72 −26.19
NDI···CBPQT•3+ −27.04 81.93 −14.63 2.48 −70.44 −27.70

NDI···CBPQT2(•+)(T) −35.53 101.94 −14.21 0.82 −76.87 −23.85
NDI···CBPQT2(•+)(S) −28.93 82.65 −11.77 −0.01 −70.26 −28.33

NDI···CBPQT•+ −35.93 95.28 −20.63 0.29 −76.97 −37.97
NDI···CBPQT0 −37.99 95.14 −17.22 0.27 −77.22 −37.02

Table 3. The GKS-EDA results of TTF···CBPQTn+ complexes obtained by ωB97X-D/6-31+G* in
MeCN solvent (kcal/mol).

Complexes ∆Gele ∆Gexrep ∆Gpol ∆Gdesol ∆Gdisp/corr ∆GTOT

TTF···CBPQT4+ −34.31 50.09 −8.72 6.11 −44.84 −31.67
TTF···CBPQT•3+ −24.43 38.48 −7.69 5.42 −40.54 −28.77

TTF···CBPQT2(•+)(T) −26.45 56.43 −7.26 2.83 −48.45 −22.90
TTF···CBPQT2(•+)(S) −19.11 36.29 −4.86 2.98 −39.44 −24.14

TTF···CBPQT•+ −14.43 37.88 −7.12 1.35 −40.39 −22.71
TTF···CBPQT0 −10.92 35.15 −6.26 0.45 −38.11 −19.69
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Figure 10. Correlation between the variation in charge (∆q) on BIPY2+ and polarization interactions
of the BIPY2+···CBPQTn+ complexes in the solution.

For the NDI···CBPQTn+ interactions, it can be found that the correlation/dispersion
terms are largest among the EDA terms, governing the interactions, while the electrostatic
terms play the secondary role. The desolvation term shows that the influence of the
solvent effect can be negligible. The contribution of the polarization term is smaller than
the electrostatic and correlation/dispersion terms. Similar to BIPY2+···CBPQT•+/0, the
polarization terms in NDI···CBPQT•+/0 are relatively large, which suggests electron transfer
between NDI and CBPQT•+/0.

Like NDI···CBPQTn+, the TTF···CBPQTn+ interactions are also dominated by corre-
lation/dispersion terms. The contribution of the polarization term is small, denoting the
non-covalent character of the interactions. The electrostatic interaction facilitates the total
interactions, while the unfavorable desolvation term is small. It is noted that with the
decrease in the positive charge on the CBPQT ring, the total interaction energy decreases,
mainly because of the reduced electrostatic term.

2.3. Interactions between Open-Shell Recognition Units and CBPQTn+ in Solution

The interactions between open-shell RU (ORU) and CBPQTn+ can be radical···closed-
shell or radical···radical interactions, given the variation in charges and multiplicities.
According to the results in the literature [14,17,20,25], the complex of CBPQTn+ and ORU
with anti-parallel low spins is more stable than that with high spins. Our test calculations
also confirm the stability of the ORU···CBPQTn+ complex in low-spin states (2.5 kcal/mol
lower than the high-spin state of BIPY•+···CBPQT•+). Thus, in the radical pairing interac-
tions discussed below, only low-spin states are considered.

The AIM and IGM analysis results of ORU···CBPQTn+ are collected in Figures S5–S10,
while the BCP parameters from AIM results are listed in Tables S7–S9. The values of ρ,
∇2ρ and |V|/G are similar to the CRU···CBPQTn+ interactions, showing that these in-
teractions also belong to non-covalent interactions. In BIPY•+···CBPQTn+, there are π···π
interactions and C-H···π interactions between BIPY•+ and the ring. For NDI•−···CBPQTn+

and BTA•···CBPQTn+, it is clear that there are π–π interactions, lone pair···π interactions
and C-H···π interactions between NDI•−/BTA• and the ring.

The D0, ∆GTOT and ∆GZPE+GEO values of the ORU···CBPQTn+ complexes are shown
in Tables S10–S12. Compared to the CRU complexes, in the ORU complexes, ∆GTOT is
always larger than ∆GZPE+GEO, contributing the attractive interactions. Tables 4–6 collect
the GKS-EDA results for the ORU···CBPQTn+ interactions. For BIPY•+···CBPQTn+, the
total interaction energies range from −19.17 to −36.42 kcal/mol. The interaction energy
of BIPY•+···CBPQT2(•+), −33.8 kcal/mol, is close to the result of −29.6 kcal/mol in the
literature [14]. In general, the physical origin of the total interactions in BIPY•+···CBPQTn+
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is analogous to those of BIPY2+···CBPQTn+. The electrostatic and desolvation terms are
sensitive to the variation in n value. From CBPQT4+ to CBPQT0, the host–guest interactions
increase, which can be contributed to by the variation in the electrostatic term. Compared
to BIPY2+···CBPQTn+, in BIPY•+···CBPQTn+, the role of correlation/dispersion becomes
more important, while the contribution of the polarization term becomes smaller. Further-
more, it can be found that, in contrast to BIPY2+···CBPQT•+/0, the polarization term in
BIPY•+···CBPQT•+/0 is still small. This means that the orbital relaxation, which contains
the effects of charge transfer and induction, is always unimportant in BIPY•+···CBPQTn+.

Table 4. The GKS-EDA results of BIPY•+···CBPQTn+ complexes obtained byωB97X-D/6-31+G* in
MeCN solvent (kcal/mol).

Complexes ∆Gele ∆Gexrep ∆Gpol ∆Gdesol ∆Gdisp/corr ∆GTOT

BIPY•+···CBPQT4+ 187.20 31.77 −8.09 −186.23 −43.82 −19.17
BIPY•+···CBPQT•3+ 135.20 37.84 −11.37 −138.20 −51.08 −27.61

BIPY•+···CBPQT2(•+)(T) 83.16 42.48 −11.37 −93.51 −54.53 −33.77
BIPY•+···CBPQT2(•+)(S) 83.86 41.82 −10.13 −93.22 −51.00 −28.67

BIPY•+···CBPQT•+ 31.16 47.04 −14.18 −42.96 −56.91 −35.84
BIPY•+···CBPQT0 −19.77 44.44 −13.18 3.43 −51.35 −36.42

Table 5. The GKS-EDA results of NDI•−···CBPQTn+ complexes obtained byωB97X-D/6-31+G* in
MeCN solvent (kcal/mol).

Complexes ∆Gele ∆Gexrep ∆Gpol ∆Gdesol ∆Gdisp/corr ∆GTOT

NDI•−···CBPQT4+ −263.17 117.52 −23.10 207.67 −83.67 −44.75
NDI•−···CBPQT•3+ −208.11 123.56 −12.20 147.48 −86.41 −35.67

NDI•−···CBPQT2(•+)(T) −136.96 92.25 −14.36 99.68 −75.67 −35.06
NDI•−···CBPQT2(•+)(S) −136.56 90.66 −13.77 99.75 −73.19 −33.10

NDI•−···CBPQT•+ −92.29 111.79 −16.96 53.08 −80.92 −25.30
NDI•−···CBPQT0 −26.00 86.89 −12.03 0.03 −70.36 −21.46

Table 6. The GKS-EDA results of BTA•···CBPQTn+ complexes obtained by ωB97X-D/6-31+G* in
MeCN solvent (kcal/mol).

Complexes ∆Gele ∆Gexrep ∆Gpol ∆Gdesol ∆Gdisp/corr ∆GTOT

BTA•···CBPQT4+ −21.78 55.56 −10.11 4.54 −57.84 −29.64
BTA•···CBPQT•3+ −23.00 58.80 −10.75 3.83 −58.75 −29.87

BTA•···CBPQT2(•+)(T) −23.40 60.15 −8.56 1.07 −59.21 −29.94
BTA•···CBPQT2(•+)(S) −24.10 61.56 −8.51 1.34 −59.53 −29.23

BTA•···CBPQT•+ −25.95 64.72 −11.46 1.49 −59.86 −31.07
BTA•···CBPQT0 −25.03 61.80 −11.14 −0.38 −56.88 −31.63

To clarify the large differences in polarization terms in the BIPY•+ and BIPY2+ com-
plexes, the orbital diagrams of BIPY•+···CBPQTn+ and BIPY2+···CBPQTn+ (n = 0 and 3)
are displayed in Figure 11. It is shown that for the two BIPY2+ complexes, the orbital
interactions are different. In BIPY2+···CBPQT0, there is strong orbital mixing between the
LUMO of the BIPY2+ and the HOMO of the CBPQT0, while in BIPY2+···CBPQT•3+, the
orbital mixing is weak. Moreover, in the two BIPY•+ complexes, the overlaps of the SOMO
of the BIPY•+ and the HOMO of the CBPQTn+ are always weak. This is in agreement
with the small polarization terms in Table 4. Overall, the variation in BIPY•+···CBPQTn+

interaction is weaker than that of BIPY2+, indicating that BIPY2+ is more sensitive to the
charge state of the CBPQT ring than BIPY•+, while the polarization interactions between
BIPY•+ and the ring are negligible, so this may be the reason that BIPY•+ is widely used in
molecular machines.
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For NDI•−···CBPQTn+, the electrostatic term is the largest contribution, except for
NDI•−···CBPQT0. In the NDI•−···CBPQT0 interaction, the total interaction energy is dom-
inated by the correlation/dispersion term. From CBPQT0 to CBPQT4+, the electrostatic
and desolvation terms are sensitive to the variation in the charged state, while the correla-
tion/dispersion term is insensitive to this variation, playing another important stabilizing
role in the total interactions. The contribution of the polarization term is small, indicat-
ing the weak orbital variation between NDI•− and CBPQTn+. These results show that
with a large n value, the binding for such heteroradical systems is greatly enhanced by
electrostatic attraction, in agreement with the conclusion of Li et al. [20], while the corre-
lation/dispersion terms play the comparable role even with the small n value. However,
when n = 0, the correlation/dispersion term is larger than the electrostatic term, showing
the dominant contribution.

For BTA•···CBPQTn+, the GKS-EDA results in Table 6 reveal that, in contrast to the
complexes discussed above, not only the total interaction energies but also the individual
terms are insensitive to the variation in charged states in the ring. The dispersion and
correlation terms are dominant in the interactions, while the electrostatic terms are also
beneficial to the interactions. The values of the polarization and desolvation terms are
always small. In general, the BTA•···CBPQTn+ interaction is not sensitive to the change in
charge states in CBPQT.
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2.4. Interactions of Inclusion Complexes in Solution with Counterions

In the discussions above, the solvent environment is considered by the implicit sol-
vation model. It is largely different from that in a real system because in experiments,
counterions such as PF6

− are widely employed to balance the charge of the CBPQT com-
plexes. In this section, the effects of counterions on the interactions between the host
and guest in solution are explored. The PF6

− anions were added to counterbalance the
excess positive charge of CBPQT2(•+), and their relative position was extracted from the
crystal structures. The fully optimized structures of five aggregates containing different
recognition units are shown in Figure 12.
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−)3
−, (d) NDI•−···CBPQT2(•+)(PF6

−)+, and (e) BTA•···CBPQT2(•+)(PF6
−)2

obtained byωB97X-D/6-31G* in CPCM MeCN solvent.

In order to compare with the two-body interactions discussed above, the ring and
counterions are considered as the CBPQT2(•+)(PF6

−)n
m complex (n is the number of PF6

−

anions while m is the opposite charges to the guest molecule). The GKS-EDA results of the
RU···CBPQT2(•+)(PF6

−)n
m interactions are listed in Table 7.

Table 7. Host–guest interactions after the addition of counterions in BIPY2+···CBPQT2(•+),
NDI···CBPQT2(•+), BIPY•+···CBPQT2(•+),NDI•−···CBPQT2(•+), and BTA•···CBPQT2(•+) complexes
obtained byωB97X-D/6-31+G* in MeCN solvent (kcal/mol).

∆Gele ∆Gexrep ∆Gpol ∆Gdesol ∆Gdisp/corr ∆GTOT

BIPY2+···CBPQT2(•+)(PF6
−)4

2− −224.84 63.06 −28.08 179.19 −67.61 −78.28
NDI···CBPQT2(•+)(PF6

−)2 −37.99 94.10 −14.16 2.33 −80.15 −35.87
BIPY•+···CBPQT2(•+)(PF6

−)3
− −86.48 65.25 −16.72 53.83 −70.55 −54.67

NDI•−···CBPQT2(•+)(PF6
−)+ −86.84 95.94 −17.82 53.55 −80.37 −35.54

BTA•···CBPQT2(•+)(PF6
−)2 −20.39 54.86 −7.74 0.89 −59.19 −31.59



Molecules 2023, 28, 2057 13 of 18

For the neutral RUs, the introduction of counterions does not change the origin of
the interactions. According to the GKS-EDA results, compared to the corresponding
interaction without counterions, the total interactions of NDI···CBPQT2(•+)(PF6

−)2 and
BTA•···CBPQT2(•+)(PF6

−)2 are stronger because of the increase in ∆Gdisp/corr and the
decrease in ∆Gexrep. These interactions are still governed by ∆Gdisp/corr.

For the cation RUs BIPY2+ and BIPY•+, after adding counterions, the electrostatic
terms become negative (attractive), while the dispersion and correlation terms are also
enhanced, which leads to the increase in total interaction energy.

For the radical anion NDI•−, the addition of counterions weakens the electrostatic
attraction and slightly increases the exchange repulsion. Although the polarization, disper-
sion and correlation terms are enhanced, the desolvation term becomes smaller. Overall, the
total interaction energy is almost unchanged compared to the interaction between NDI•−

and CBPQT2(•+).
In general, for CBPQT2(•+), the addition of counterions mainly affects the electrostatic,

dispersion and correlation terms between the host and the guest, while it clearly does not
change the polarization term.

3. Methodology and Computational Details

Generalized Kohn–Sham energy decomposition analysis (GKS-EDA) [26] has been
widely used to investigate intra- and intermolecular interactions in both gas phase and
polarizable medium [27–32]. In GKS-EDA, the total interaction energy in gas phase can be
decomposed into the following terms:

∆ETOT = ∆Eele + ∆Eexrep + ∆Epol + ∆Ecorr + ∆Edisp (1)

where ∆Eele, ∆Eexrep, ∆Epol, ∆Ecorr and ∆Edisp are electrostatic, exchange-repulsion, po-
larization, correlation and dispersion terms, respectively. ∆Eele is Coulomb interaction
between the electrons and nucleus from different monomers. ∆Eexrep denotes the Pauli
repulsion between monomers. ∆Epol represents the contribution of the orbital relaxation in
the SCF procedure. ∆Ecorr denotes the contribution of correlation energy from EXC function-
als and KS orbitals, defined as the difference in the exchange and correlation functionals,
and the difference in exact exchange energies between the summation of monomers and
supermolecule. ∆Edisp is optional, and is only available in dispersion correction DFT be-
cause the recently developed DFT functionals, especially for hybrid meta-GGA functionals
such as M06-2X or the range-separated functionalωB97X-D, are capable of describing vdW
interactions. Thus, the correlation term in these functionals tends to mimic the contribution
of dispersion. In practice, ∆Ecorr and ∆Edisp are often combined as ∆Ecorr/disp term, called
the correlation/dispersion term, to consider the long-range and short-range dispersion
(or correlation) contribution when a dispersion correction functional such as ωB97X-D
is applied.

For intermolecular interactions in a solvent environment, GKS-EDA uses an implicit
solvation model to consider the influence of solvent effects. The solvent environment
is treated as a dielectric medium and polarized by the charge distribution of the solute
molecule. The solute molecule is inserted into a cavity (or cavities) in the dielectric medium.
The interaction between the solute charges and the polarized electric field of the solvent is
represented as a reaction field operator and then put into a self-consistent reaction field
(SCRF) procedure. Thus, instead of that in the gas phase, the GKS-EDA calculation in
the solvent environment is performed with the wave function optimized by the SCRF
procedure, denoted by ΦSOL.

Considering a supermolecule S formed by several monomers A immersed in a polariz-
able medium, the total interaction free energy ∆GTOT is expressed as:

∆GTOT = GS −∑
A

GA

= ∆Gele + ∆Gexrep + ∆Gpol + ∆Gcorr + ∆Gdisp + ∆Gdesol
(2)
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Here, GS and GA are the solvation free energies of supermolecule S and monomer
A, respectively, which are computed by the implicit solvation model. The expressions of
∆Gele, ∆Gex, ∆Grep, ∆Gpol and ∆Gcorr are the same as ∆Eele, ∆Eex, ∆Erep, ∆Epol and ∆Ecorr,
respectively. The notation ‘G’ is applied instead of ‘E’ because these interaction free energy
terms are determined by ΦSOL. ∆Gdesol reflects the influence of solvent environments
computed by an implicit solvation model such as the CPCM method [33,34]. It accounts for
the free energy penalty by the environment due to monomers’ interaction.

According to GKS-EDA(BS), the total interaction energy and the individual EDA terms
can be calculated from the corresponding values in the broken symmetry (BS) singlet state
and high-spin (HS) state:

∆Gint
GS = ∆Gele

GS + ∆Gexrep
GS + ∆Gpol

GS + ∆Gcorr/disp
GS + ∆Gdesol

GS (3)

where each energy component is obtained with the spin projection approximation proposed
by Yamaguchi et al. [35,36]:

∆GX
GS = (1 + c)∆GX

BS − c∆GX
HS (4)

where c is defined as

c =

〈
Ŝ2〉

BS〈
Ŝ2

〉
HS −

〈
Ŝ2

〉
BS

(5)

Here,
〈
Ŝ2〉

BS and
〈
Ŝ2〉

HS are the expectation values of BS and HS, respectively. When
c = 0, the GKS-EDA(BS) scheme will retreat to the normal GKS-EDA.

Finally, the intermolecular binding energy (D0) can be defined as the absolute values of
the combination of total interaction energy and ∆GZPE+GEO. ∆GZPE+GEO is the geometrical
relaxation and zero-point energy correction.

D0 = |∆GTOT + ∆GZPE+GEO| (6)

In this work, all geometry optimizations and natural population analysis were per-
formed using the Gaussian 09 program [37]. The range-separated functionalωB97X-D [38]
with 6-31G(d) basis set was used for optimizations. The calculations of open-shell systems
were carried out using broken symmetry unrestricted density functional theory. Atoms in
molecules (AIM) [39] and independent gradient model (IGM) [40] were performed using
the Multiwfn program [41] and visualized using VMD software [42].

GKS-EDA/GKS-EDA(BS) calculations were performed at the ωB97X-D/6-31+G(d)
level using the XEDA program [43], interfaced with the GAMESS program [44]. In EDA
calculations, the basis set superposition error (BSSE) was considered [45]. Solvent effect is
considered through CPCM [33,34], in which the dielectric constant ε was set as 37.5 to model
the acetonitrile solution, with reference to experimental and theoretical studies [16,17,46,47],
and the cavity radii were determined using the universal force field (UFF) radii model
scaled by a factor of 1.1 [48].

4. Conclusions

Thanks to the rapid development of MIMs, a comprehensive understanding of the
radical pairing interaction in molecular switches is highly anticipated. In this article, the
RU···CBPQTn+ (n = 0–4, RU = BIPY2+, NDI, TTF, BIPY•+, NDI•− and BTA•) interactions
in solution have been systematically investigated by means of qualitative and quantita-
tive analysis. According to the GKS-EDA results, the nature of RU···CBPQTn+ can be
summarized as follows:

1. With the variation in charges and multiplicities, in the CRU···CBPQTn+ complexes,
there are donor–acceptor interactions or radical–closed-shell interactions; in the
ORU···CBPQTn+ complexes, there are radical pairing or radical–closed-shell interac-
tions. The most important interaction term depends on the charge states in CBPQTn+
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and RU. The electrostatic term is important when the RU has a negative charge, while
desolvation terms always tend to overcome the repulsive electrostatic interactions
between the CBPQT cation and RU cation.

2. The nature of radical pairing interactions is different from that of donor–acceptor
interactions, but analogous to radical–closed-shell interactions. In radical pairing
interactions/radical–closed-shell interactions, the correlation and dispersion terms
are always important, while for donor–acceptor interactions, the polarization term is
quite large because there is electron transfer between the host and guest.

3. The influence of counterions on the total interactions is also explored, which shows
that they can enhance the electrostatic, correlation and dispersion terms while leaving
the polarization term almost unchanged.

It is hoped that the understanding of these variable interactions is useful for the design
of new recognition sites and multistable molecular switches. It can be found that radical
RU is preferred because with the variation in charge and multiplicity, the radical pairing
interactions could not result in the electron transfer between the RU and CBPQT, which
leads to the large geometrical relaxation. The findings are anticipated to provide a valuable
reference for the selection and design of MIMs.
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4. Miljanić, O.Š.; Stoddart, J.F. Dynamic donor–acceptor [2]catenanes. Proc. Natl. Acad. Sci. USA 2007, 104, 12966–12970. [CrossRef]
5. Griffiths, K.E.; Stoddart, J.F. Template-directed synthesis of donor/acceptor [2]catenanes and [2]rotaxanes. Pure Appl. Chem. 2008,

80, 485–506. [CrossRef]
6. Li, Z.; Barnes, J.C.; Bosoy, A.; Stoddart, J.F.; Zink, J.I. Mesoporous silica nanoparticles in biomedical applications. Chem. Soc. Rev.

2012, 41, 2590–2605. [CrossRef]
7. Barat, R.; Legigan, T.; Tranoy-Opalinski, I.; Renoux, B.; Peraudeau, E.; Clarhaut, J.; Poinot, P.; Fernandes, A.E.; Aucagne, V.; Leigh,

D.A.; et al. A mechanically interlocked molecular system programmed for the delivery of an anticancer drug. Chem. Sci. 2015, 6,
2608–2613. [CrossRef]

8. Liu, Y.; Flood, A.H.; Bonvallett, P.A.; Vignon, S.A.; Northrop, B.H.; Tseng, H.R.; Jeppesen, J.O.; Huang, T.J.; Brough, B.; Baller, M.; et al.
Linear artificial molecular muscles. J. Am. Chem. Soc. 2005, 127, 9745–9759. [CrossRef]

9. Juluri, B.K.; Kumar, A.S.; Liu, Y.; Ye, T.; Yang, Y.W.; Flood, A.H.; Fang, L.; Stoddart, J.F.; Weiss, P.S.; Huang, T.J. A mechanical
actuator driven electrochemically by artificial molecular muscles. ACS Nano 2009, 3, 291–300. [CrossRef]

10. Bruns, C.J.; Frasconi, M.; Iehl, J.; Hartlieb, K.J.; Schneebeli, S.T.; Cheng, C.; Stupp, S.I.; Stoddart, J.F. Redox Switchable Daisy Chain
Rotaxanes Driven by Radical–Radical Interactions. J. Am. Chem. Soc. 2014, 136, 4714–4723. [CrossRef]

11. Stoddart, J.F. Mechanically Interlocked Molecules (MIMs)—Molecular Shuttles, Switches, and Machines (Nobel Lecture). Angew.
Chem. Int. Ed. Engl. 2017, 56, 11094–11125. [CrossRef]

12. Cai, K.; Zhang, L.; Astumian, R.D.; Stoddart, J.F. Radical-pairing-induced molecular assembly and motion. Nat. Rev. Chem. 2021,
5, 447–465. [CrossRef]

13. Caramori, G.F.; Muñoz-Castro, A. Box-Shaped Hosts: Evaluation of the Interaction Nature and Host Characteristics of ExBox
Derivatives in Host-Guest Complexes from Computational Methods. In Chemical Reactivity in Confined Systems; Chattaraj, P.K.,
Chakraborty, D., Eds.; John Wiley & Sons Ltd.: West Sussex, UK, 2021.

14. Trabolsi, A.; Khashab, N.; Fahrenbach, A.C.; Friedman, D.C.; Colvin, M.T.; Coti, K.K.; Benitez, D.; Tkatchouk, E.; Olsen, J.C.;
Belowich, M.E.; et al. Radically enhanced molecular recognition. Nat. Chem. 2010, 2, 42–49. [CrossRef]

15. Zhu, Z.; Fahrenbach, A.C.; Li, H.; Barnes, J.C.; Liu, Z.; Dyar, S.M.; Zhang, H.; Lei, J.; Carmieli, R.; Sarjeant, A.A.; et al. Controlling
switching in bistable [2]catenanes by combining donor-acceptor and radical-radical interactions. J. Am. Chem. Soc. 2012, 134,
11709–11720. [CrossRef]

16. Fernando, I.R.; Frasconi, M.; Wu, Y.; Wasielewski, M.R.; Stoddart, J.F.; Frasconi, M.; Wu, Y.; Wasielewski, M.R.; Liu, W.-G.;
Goddard, W.A., 3rd; et al. Sliding-Ring Catenanes. J. Am. Chem. Soc. 2016, 138, 10214–10225. [CrossRef]

17. Fahrenbach, A.C.; Zhu, Z.; Cao, D.; Liu, W.-G.; Li, H.; Dey, S.K.; Basu, S.; Trabolsi, A.; Botros, Y.Y.; Goddard, W.A., 3rd; et al.
Radically enhanced molecular switches. J. Am. Chem. Soc. 2012, 134, 16275–16288. [CrossRef]

18. Sun, J.; Wu, Y.; Liu, Z.; Cao, D.; Wang, Y.; Cheng, C.; Chen, D.; Wasielewski, M.R.; Stoddart, J.F.; Wu, Y.; et al. Visible Light-Driven
Artificial Molecular Switch Actuated by Radical-Radical and Donor-Acceptor Interactions. J. Phys. Chem. A 2015, 119, 6317–6325.
[CrossRef]

19. Wang, Y.; Cheng, T.; Sun, J.; Liu, Z.; Frasconi, M.; Goddard, W.A., 3rd; Stoddart, J.F. Neighboring Component Effect in a Tri-stable
[2]Rotaxane. J. Am. Chem. Soc. 2018, 140, 13827–13834. [CrossRef]

20. Zheng, X.; Zhang, Y.; Cao, N.; Li, X.; Zhang, S.; Du, R.; Wang, H.; Ye, Z.; Wang, Y.; Cao, F.; et al. Coulombic-enhanced hetero
radical pairing interactions. Nat. Commun. 2018, 9, 1961. [CrossRef]

http://doi.org/10.1038/369133a0
http://doi.org/10.1002/(SICI)1521-3773(19980216)37:3&lt;333::AID-ANIE333&gt;3.0.CO;2-P
http://doi.org/10.1126/science.289.5482.1172
http://doi.org/10.1073/pnas.0704136104
http://doi.org/10.1351/pac200880030485
http://doi.org/10.1039/c1cs15246g
http://doi.org/10.1039/C5SC00648A
http://doi.org/10.1021/ja051088p
http://doi.org/10.1021/nn8002373
http://doi.org/10.1021/ja500675y
http://doi.org/10.1002/anie.201703216
http://doi.org/10.1038/s41570-021-00283-4
http://doi.org/10.1038/nchem.479
http://doi.org/10.1021/ja3037355
http://doi.org/10.1021/jacs.6b04982
http://doi.org/10.1021/ja306044r
http://doi.org/10.1021/acs.jpca.5b04570
http://doi.org/10.1021/jacs.8b08519
http://doi.org/10.1038/s41467-018-04335-0


Molecules 2023, 28, 2057 17 of 18

21. Fahrenbach, A.C.; Sampath, S.; Late, D.J.; Barnes, J.C.; Kleinman, S.L.; Valley, N.; Hartlieb, K.J.; Liu, Z.; Dravid, V.P.; Schatz, G.C.; et al.
A semiconducting organic radical cationic host-guest complex. ACS Nano 2012, 6, 9964–9971. [CrossRef]

22. Liu, Z.; Frasconi, M.; Liu, W.-G.; Zhang, Y.; Dyar, S.M.; Shen, D.; Sarjeant, A.A.; Goddard, W.A.; Wasielewski, M.R.; Stoddart, J.F.
Mixed-Valence Superstructure Assembled from a Mixed-Valence Host-Guest Complex. J. Am. Chem. Soc. 2018, 140, 9387–9391.
[CrossRef]

23. Philp, D.; Slawin, A.M.Z.; Spencer, N.; Stoddart, J.F.; Williams, D.J. The complexation of tetrathiafulvalene by cyclobis(Paraquat-
p-phenylene). J. Chem. Soc. Chem. Commun. 1991, 22, 1584–1586. [CrossRef]

24. Fahrenbach, A.C.; Barnes, J.C.; Lanfranchi, D.A.; Li, H.; Coskun, A.; Gassensmith, J.J.; Liu, Z.; Benitez, D.; Trabolsi, A.; Goddard,
W.A.; et al. Solution-Phase Mechanistic Study and Solid-State Structure of a Tris(bipyridinium radical cation) Inclusion Complex.
J. Am. Chem. Soc. 2012, 134, 3061–3072. [CrossRef]

25. Anamimoghadam, O.; Jones, L.O.; Cooper, J.A.; Beldjoudi, Y.; Nguyen, M.T.; Liu, W.; Krzyaniak, M.D.; Pezzato, C.; Stern, C.L.;
Patel, H.A.; et al. Discrete Open-Shell Tris(bipyridinium radical cationic) Inclusion Complexes in the Solid State. J. Am. Chem. Soc.
2021, 143, 163–175. [CrossRef]

26. Su, P.; Jiang, Z.; Chen, Z.; Wu, W. Energy decomposition scheme based on the generalized Kohn-Sham scheme. J. Phys. Chem. A
2014, 118, 2531–2542. [CrossRef]

27. Su, P.; Chen, Z.; Wu, W. An energy decomposition analysis study for intramolecular non-covalent interaction. Chem. Phys. Lett.
2015, 635, 250–256. [CrossRef]

28. Su, P.; Chen, H.; Wu, W. An energy decomposition analysis for intramolecular non-covalent interaction in solvated environment.
Sci. China Chem. 2016, 59, 1025–1032. [CrossRef]

29. Liu, Z.; Trindle, C.O.; Gu, Q.; Wu, W.; Su, P. Unravelling hydrogen bonding interactions of tryptamine-water dimer from neutral
to cation. Phys. Chem. Chem. Phys. 2017, 19, 25260–25269. [CrossRef]

30. Shen, D.; Su, P.; Wu, W. What kind of neutral halogen bonds can be modulated by solvent effects? Phys. Chem. Chem. Phys. 2018,
20, 26126–26139. [CrossRef]

31. Su, P.; Tang, Z.; Wu, W. Generalized Kohn-Sham energy decomposition analysis and its applications. WIREs Comput. Mol. Sci.
2020, 10, e1460. [CrossRef]

32. Wang, Y.; Su, P. Why Can Cationic Halogen Bond Donors Activate the Ritter-Type Solvolysis of Benzhydryl Bromide but Cationic
Hydrogen Bond Donors Can Not? ACS Omega 2020, 5, 21862–21872. [CrossRef]

33. Barone, V.; Cossi, M. Quantum Calculation of Molecular Energies and Energy Gradients in Solution by a Conductor Solvent
Model. J. Phys. Chem. A 1998, 102, 1995–2001. [CrossRef]

34. Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. Energies, structures, and electronic properties of molecules in solution with the
C-PCM solvation model. J. Comput. Chem. 2003, 24, 669–681. [CrossRef]

35. Yamaguchi, K.; Okumura, M.; Takada, K.; Yamanaka, S. Instability in chemical bonds. II. Theoretical studies of exchange-coupled
open-shell systems. Int. J. Quantum Chem. 1993, 48, 501–515. [CrossRef]

36. Yamanaka, S.; Kawakami, T.; Nagao, H.; Yamaguchi, K. Effective exchange integrals for open-shell species by density functional
methods. Chem. Phys. Lett. 1994, 231, 25–33. [CrossRef]

37. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H.; et al. Gaussian 09 Rev. E.01; Gaussian, Inc.: Wallingford, CT, USA, 2013.

38. Chai, J.D.; Head-Gordon, M. Long-range corrected hybrid density functionals with damped atom-atom dispersion corrections.
Phys. Chem. Chem. Phys. 2008, 10, 6615–6620. [CrossRef]

39. Bader, R.F.W. Atoms in Molecules: A Quantum Theory; Oxford University Press: Oxford, UK, 1990.
40. Lefebvre, C.; Rubez, G.; Khartabil, H.; Boisson, J.-C.; Contreras-García, J.; Hénon, E. Accurately extracting the signature of

intermolecular interactions present in the NCI plot of the reduced density gradient versus electron density. Phys. Chem. Chem.
Phys. 2017, 19, 17928–17936. [CrossRef]

41. Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 2012, 33, 580–592. [CrossRef]
42. Humphrey, W.; Dalke, A.; Schulten, K. VMD-Visual Molecular Dynamics. J. Mol. Graph. Model. 1996, 14, 33–38. [CrossRef]
43. Tang, Z.; Song, Y.; Zhang, S.; Wang, W.; Xu, Y.; Wu, D.; Wu, W.; Su, P. XEDA, a fast and multipurpose energy decomposition

analysis program. J. Comput. Chem. 2021, 42, 2341–2351. [CrossRef]
44. Schmidt, M.W.; Baldridge, K.K.; Boatz, J.A.; Elbert, S.T.; Gordon, M.S.; Jensen, J.H.; Koseki, S.; Matsunaga, N.; Nguyen, K.A.; Su,

S.; et al. General atomic and molecular electronic structure system. J. Comput. Chem. 1993, 14, 1347–1363. [CrossRef]
45. Boys, S.F.; Bernardi, F. The calculation of small molecular interactions by the differences of separate total energies. Some

procedures with reduced errors. Mol. Phys. 1970, 19, 553–566. [CrossRef]
46. Cheng, C.; Krzyaniak, M.D.; Wang, Y.; McGonigal, P.R.; Frasconi, M.; Barnes, J.C.; Fahrenbach, A.C.; Wasielewski, M.R.; Stoddart,

J.F.; Cheng, T.; et al. Influence of Constitution and Charge on Radical Pairing Interactions in Tris-radical Tricationic Complexes. J.
Am. Chem. Soc. 2016, 138, 8288–8300. [CrossRef]

http://doi.org/10.1021/nn303553z
http://doi.org/10.1021/jacs.8b05322
http://doi.org/10.1039/c39910001584
http://doi.org/10.1021/ja2089603
http://doi.org/10.1021/jacs.0c07148
http://doi.org/10.1021/jp500405s
http://doi.org/10.1016/j.cplett.2015.06.078
http://doi.org/10.1007/s11426-016-0007-2
http://doi.org/10.1039/C7CP03491A
http://doi.org/10.1039/C8CP05358H
http://doi.org/10.1002/wcms.1460
http://doi.org/10.1021/acsomega.0c03000
http://doi.org/10.1021/jp9716997
http://doi.org/10.1002/jcc.10189
http://doi.org/10.1002/qua.560480848
http://doi.org/10.1016/0009-2614(94)01221-0
http://doi.org/10.1039/b810189b
http://doi.org/10.1039/C7CP02110K
http://doi.org/10.1002/jcc.22885
http://doi.org/10.1016/0263-7855(96)00018-5
http://doi.org/10.1002/jcc.26765
http://doi.org/10.1002/jcc.540141112
http://doi.org/10.1080/00268977000101561
http://doi.org/10.1021/jacs.6b04343


Molecules 2023, 28, 2057 18 of 18

47. Hartlieb, K.J.; Liu, W.G.; Fahrenbach, A.C.; Blackburn, A.K.; Frasconi, M.; Hafezi, N.; Dey, S.K.; Sarjeant, A.A.; Stern, C.L.;
Goddard, W.A., 3rd; et al. Quantum Mechanical and Experimental Validation that Cyclobis(paraquat-p-phenylene) Forms a 1:1
Inclusion Complex with Tetrathiafulvalene. Chem. Eur. J. 2016, 22, 2736–2745. [CrossRef]

48. Rappe, A.K.; Casewit, C.J.; Colwell, K.S.; Goddard, W.A.; Skiff, W.M. UFF, a full periodic table force field for molecular mechanics
and molecular dynamics simulations. J. Am. Chem. Soc. 1992, 114, 10024–10035. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/chem.201502157
http://doi.org/10.1021/ja00051a040

	Introduction 
	Results and Discussion 
	Geometries of CBPQTn+ (n = 0–4) and RUCBPQTn+ Complexes 
	Interactions between Closed-Shell Recognition Units and CBPQTn+ in Solution 
	Interactions between Open-Shell Recognition Units and CBPQTn+ in Solution 
	Interactions of Inclusion Complexes in Solution with Counterions 

	Methodology and Computational Details 
	Conclusions 
	References

