
Vol.:(0123456789)1 3

Theoretical Chemistry Accounts (2019) 138:113 
https://doi.org/10.1007/s00214-019-2502-6

REGULAR ARTICLE

A density functional theory study on complexation processes 
and intermolecular interactions of triptycene‑derived oxacalixarenes

Zishang Jia1 · Hongdi Pang1 · Hui Li1 · Xueye Wang1

Received: 2 April 2019 / Accepted: 28 August 2019 / Published online: 3 September 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Triptycene-derived oxacalixarenes (TP) exhibit two different conformations: cis-isomer (TPA) and trans-isomer (TPB). The 
geometries structures were optimized by the density functional theory (DFT) based on ωB97XD and B3LYP-D3 functionals. 
The oxacalixarenes favor the inclusion complex through noncovalent interactions, such as hydrogen bonding, π···π stack-
ing, and C–H···π interactions. The formation of a inclusion complex is spontaneous and thermodynamically favorable. The 
calculated 1H nuclear magnetic resonance (1HNMR) spectrum of  MV2+@TPA  (MV2+: methyl viologen cation) showed the 
chemical shifts of its protons have changed upon complexation. The frontier molecular orbitals and the energy of band gap 
were constructed and analyzed. The interaction between host and guest was investigated and characterized by the molecu-
lar electrostatic potential (MESP), vibration frequency, the natural bond orbital (NBO), and quantum theory of atoms in 
molecules (AIM) methods. And also the reduced density gradient (RDG) isosurface map and scatter diagram reflected the 
location and intensity of the noncovalent interactions.
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1 Introduction

Supramolecular chemistry is a new discipline. It is based 
on the development of macrocyclic ligands such as crown 
ethers and cryptands, as well as the study of molecular self-
assembly and the development of organic semiconductors 
or conductors. In recent years, supramolecular chemistry 
has developed rapidly in many fields, like molecular self-
assembly, molecular recognition, host–guest chemistry, and 
dynamic covalent chemistry [1–4]. In the field of supramo-
lecular chemistry, the development of the host–guest system 
plays an important role, especially in host recognition and 
the guest complexation.

The host–guest system refers to a chemical system in 
which a host molecule and one or more guest molecules 

interact through nonvalence bonds in a controlled manner. 
The host is usually an electron-rich molecule that acts as an 
electron donor, such as a base, an anion, a nucleophile, and 
so on. The guest is an electron-deficient molecule that acts 
as an electron acceptor, such as an acid, a cation, an elec-
trophile, and so on. Normally, the formation of a host–guest 
system involves more than one type of noncovalent inter-
action, like hydrophobic association, hydrogen bonding, 
electrostatic interactions, metal coordination, van der Waals 
forces, and π–π stacking interactions. So far the macrocy-
clic compounds for mechanically interlocking molecules, 
including crown ethers [5–7], cyclophanes [8–10], and 
cyclodextrins [11–14], have been reported. The emergence 
of newer macrocyclic hosts has accelerated the expansion of 
this field with their potential applications in interdisciplinary 
areas including catalysis [15], molecular machines [16], and 
supramolecular polymers [17]. Based on these, calixarene, 
as the third generation of host molecules after crown ether 
and cyclodextrin, become more and more popular in vari-
ous areas. Similar to the macrocyclic host compounds like 
crown ethers and cyclodextrins, calixarene is recognized by 
molecules of synthetic receptors and selectively binds with 
the guest (ion or neutral molecule) to form a supramolecular 
system. Calixarene, easy to synthesize and to chemically 
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modify, has special structural properties, which creates a 
good platform for the development of molecular and ionic 
complexing agents [18, 19].

At present, a new type of calixarene is constructed by 
introducing a heteroatom to replace the methylene group 
or introducing another aromatic ring system to replace 
the phenol unit. With the consideration of small cavities 
of some heteroatom calixarene, triptycene derivatives as 
nucleophilic substrates have been used to synthesize het-
eroatom calixarene with larger cavities [20, 21]. Yang et al. 
also introduced a sulfuryl group and an amide group into 
the triptycene structure [22] and found that the intramolecu-
lar and intermolecular amide–amide hydrogen bonds, the 
folded structure of the sulfothio group, and the π–π interac-
tions from aromatic hydrocarbons on the opposite side of 
triptycene together affect the structure of the assembly. The 
triptycene-calix[6]arene [23] and the oxacalix[6]arene [24] 
form an organic tubular structure and a porous advanced 
supramolecular assembly in a solid state. Triptycene-derived 
oxacalixarene and tetraoxacalix[2]-triptycene[2]naphthyri-
dine showed highly efficient complexation abilities toward 
the fullerenes C60 and C70 [25]. In addition, Chen et al. 
used triptycene-derived oxacalixarenes as wheel to synthe-
size [2]rotaxanes and proposed a scheme for identifying dif-
ferences in different guest molecules by ion regulation or 
acid–base regulation [26].

The present work precisely focuses on supramolecular 
interactions accompanying the host–guest complexation, 
in particular the selectivity of triptycene-derived oxacalix-
arenes to the paraquat derivatives. Here, a paraquat deriva-
tive consisting of methyl viologen cation (N, N-dialkyl, 4, 
4-bipyridinium)  (MV2+) and  PF6

− is selected for the guest 
recognition. The  PF6

− of the guest molecule does not involve 
in the noncovalent interactions. Therefore, this work focuses 
on the selection and identification of cations by the host 
molecules. The density functional theory (DFT) was used 
to optimize and analyze the structures. The noncovalent 
interactions (NCI) [27] methods and the quantum theory of 
atoms in molecules (AIM) were used to analyze the weak 
interaction, and a summary of noncovalent interactions of 
such host–guest binding has been proposed.

2  Computational details

In this work, all the presented calculations have been per-
formed with the Gaussian 09 software package [28]. The 
density functionals of ωB97XD [29] and B3LYP-D3 [30, 31] 
were employed for this system. The two functionals, introduc-
ing both the long-range corrected and DFT-D schemes, are 
considered to provide reasonably accurate description of the 
noncovalent interactions. The geometric configurations were 
optimized at 6-311 + G(d, p) level. The interaction energies 

of the host and the guest molecules were carried out apply-
ing ωB97XD and B3LYP-D3 functionals, which provided the 
correction of the total electronic energy besides distinguishing 
intermolecular weak interaction. And the interaction energies 
were corrected using the basis set superposition error (BSSE) 
method [32] to make the results accurate. The initial structures 
were obtained by using the GaussView 5.0.8 program [33]. 
All of the optimized structures were at the same basis set and 
confirmed without imaginary frequency.

The energy of the frontier molecular orbital was studied to 
estimate the stability of structures. The molecule is more stable 
with greater HOMO–LUMO energy gap. The molecular elec-
trostatic potential (MESP) [34] can be used to characterize the 
charge distribution within the cavity of the host molecule. The 
nuclear magnetic resonance (NMR) spectra were investigated 
by the gauge-independent atomic orbital (GIAO) method [35], 
with TMS employed as a reference [36]. In order to simulate 
the solvent environment, the NMR calculation was carried 
out in solvent phase adopting a polarized continuum model 
(PCM) [37, 38] using  CDCl3/CD3CN(2:1) solvent [26] with 
dielectric constants of 4.71 and 35.69, respectively. Infrared 
spectra were used to analyze the vibration frequencies and 
displacements of the characteristic peaks before and after the 
complexation. Additionally, to estimate the strength of hydro-
gen bond, C–H···π and π···π stacking within the complex, the 
natural bond orbital (NBO) analysis [39] is calculated for all 
the optimized structures. Besides, a visual study of weak inter-
action was performed by calculating the reduced density gradi-
ent (RDG) and using the visual molecular dynamics (VMD) 
package [40]. The method applies a reduced density gradient 
at various points in space function and calculates the value of 
sign(λ2(r))ρ(r) function. The RDG isosurface map visually 
reveals the molecular regions associated with weak interac-
tions. Its formula is defined as follows:

where ρ(r) is the critical point of weak interaction in molec-
ular theory. There is a positive correlation between the value 
and the strength of the bond. The sign(λ2(r)) function is 
the sign of the second largest eigenvalue λ2 of the electron 
density Hessian matrix, which can be used to reflect the 
type of the bond. Further, the topological analysis of atoms 
in molecules (AIM) [41] has been calculated via Multiwfn 
program [42, 43].
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3  Results and discussions

3.1  Structure and geometry

Due to the naphthalene’s flipping, triptycene-derived 
oxacalixarenes are divided into two conformations: TPA 
and TPB, which are diastereomers of each other. The 
conformations showed not only a large cavity but also a 
fixed conformation in solution and the solid state at room 
temperature [26]. The structures composed of triptycene 
subunits and bridged naphthyridine groups (as seen in 
Fig. 1), TPA adopts a cis-isomer with a boat-like 1,3-alter-
nate conformation, and TPB adopts a trans-isomer with a 
curved boat-like conformation. The symmetrical structures 
can be clearly seen in Fig. 1, and the formed cavity can 
help to better identify the guest molecules.

To understand the complexation process, the guest 
molecules were encapsulated into the body cavity (refer 
to Fig. 2). It can be considered as a reaction: Host mol-
ecules bind with the guest to form complexes. Triptycene-
derived oxacalixarenes (TP) complex with the methyl 
viologen  (MV2+), called  MV2+@TP. When the linear axis 
 MV2+ molecule passes through the host cavity, the guest 
is encapsulated in the large cavity due to the recognition 
of the host molecule. Selected structural parameters of 
the guest and the complexes are summarized in Table 1. 
The bond length variation of the guest  MV2+ in the host 

cavity is small, and the variation range is within 0.003 Å. 
It denotes that the bond length is nearly insensitive to the 
complexation. The reduction in the bond angle of N76-
C66-N75 after complexation indicates that the size of the 
cavity is contracting. As may be noticed, the two pyridine 
rings in  MV2+@TPA and  MV2+@TPB tend to attain pla-
narity (deviation up to 27.18° and 22.99°, respectively). 
This may be ascribed to the asymmetric environment pro-
vided by the large ring. It is consistent with the inferences 
drawn from the work of Chen [26]. In fact, the nitrogen 
atoms N98 and N107 on the pyridine are not in the same 
plane, which indicates that the lone pair of nitrogen atom 
is not fully involved in π-conjugation. The addition of 
 MV2+ within the host molecule brings the contraction of 
its cavity, which illustrates the interaction between the 
molecules.

3.2  Interaction energies and thermodynamic 
properties

In order to evaluate the stability of the complex  (MV2+@
TPA and  MV2+@TPB) between the host and guest systems, 
the interaction energy ΔECP is calculated using B3LYP-D3 
and ωB97XD functionals at 6-311 + G(d, p) level. The inter-
action energy is equal to the difference between the energy 
of the host–guest complex and the sum of the energy of the 
host and the guest. Besides, the basis set superposition error 
(BSSE) corrections are also taken into account to obtain 

Fig. 1  Optimized structure 
of a TPA molecule, b TPB 
molecule and c guest molecule. 
The red and blue colors are for 
oxygen atoms, nitrogen atoms, 
respectively
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more accurate interaction energy. The interaction energy is 
obtained using the counterpoise method for the host–guest 
complexes. All the ΔE is negative, and the larger absolute 
value of ΔE means that the more stable system is going to 
be. The interaction energies and the thermodynamic prop-
erties are calculated as illustrated in Table 2. The ∆ECP 
obtained at ωB97XD/6-311 + G(d, p) level is very close to 

that of B3LYP-D3/6-311 + G(d, p) level, and the relative 
orders of the complexes at above two levels of theory are 
completely the same. Therefore, the relative stabilities of 
the complexes could be reliable. The two functionals are 
both considered to provide reasonably accurate description 
of the noncovalent interactions. However, B3LYP-D3 func-
tional has advantages on both time and cost of calculation 

Fig. 2  a Top view and b side 
view of optimized  MV2+@TPA 
complexes, c top view, and d 
side view of optimized  MV2+@
TPB complexes

Table 1  Selected geometrical 
parameters (bond distances in 
Å and angles in °) in the guest, 
host, and their complexes

MV2+ TPA TPB MV2+@TPA MV2+@TPB

R(C103–C104) 1.399 – – 1.401 1.400
R(C101–C104) 1.479 – – 1.476 1.477
R(C108–N107) 1.350 – – 1.352 1.352
R(C103–H115) 1.080 – – 1.083 1.086
R(C67=N76) – 1.306 1.305 1.309 1.305
R(C88–O93) – 1.361 1.361 1.361 1.361
θ(N76–C66–N75) – 116.3 116.4 115.8 115.8
θ(C108–N107–C103) 120.7 – – 120.6 120.9
θ(C102–C101–C104–C103) 39.25 – – 27.17 22.99
θ(C103–C108–N107–N110) 178.6 – – 179.9 177.7
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compared to ωB97XD functional; it seems that B3LYP-D3 
is more suitable for this calculation for us. By comparison, 
the BSSE-corrected interaction energy (ΔECP) of  MV2+@
TPA complex (− 28.73 kcal/mol) has a larger negative value 
compared to that of  MV2+@TPB complex (− 23.09 kcal/
mol), which means the  MV2+ forms a more stable complex 
with TPA compared to the TPB. Besides, the thermody-
namic properties under the B3LYP-D3 functional are also 
listed in Table 2. The values of ΔH and ΔG for the system 
are negative, which indicates the reaction is more likely to 
happen. The reaction enthalpy (ΔH) suggests the process is 
exothermic in nature, and the negative reaction free energy 
(ΔG) implies the thermodynamic spontaneity of the process. 
The results showed that the properties of  MV2+@TPA and 
 MV2+@TPB complexes were approximately the same, and 
 MV2+@TPA was slightly stable. Thus, the results presented 
in the following calculation and analysis will be primarily 
devoted to  MV2+@TPA system.

3.3  Molecular electrostatic potential analysis 
(MESP)

Molecular electrostatic potential (MESP) is a description 
of the interaction between nuclear charge and electrons. 
In a certain area, as the electrostatic potential on the sur-
face of the molecule becomes more negative, the molecu-
lar is more susceptible to be attacked by positively charged 
electrophiles. Conversely, when the electrostatic potential 
becomes more positive, the molecular is more susceptible 
to be attacked by negatively charged nucleophile. Since 
the nucleus and electron coexist in the molecular system, 

the positively charged nucleus and the negatively charged 
electron will affect the electrostatic potential of the mol-
ecule. Therefore, there is an electrostatic field everywhere 
in the space. The distribution diagram of MESP can visu-
ally show which areas are positively charged or negatively 
charged. Generally, red implies negative potential regions 
and blue signifies positive electrostatic potential. In this 
paper, the electrostatic potentials on the surface of TPA and 
 MV2+ are shown by the color isosurface in Fig. 3. In terms 
of TPA molecule, the negative-valued MESP is centered 
on the nitrogen and oxygen atoms, which presents a red 
area. It is attributed to the lone pair of heteroatoms around 
the naphthyridine and the delocalized π-electron cloud. It 
can be speculated that TPA molecule is electron-rich and 
capable of accommodating methyl viologen cation  MV2+ 
in its cavity.  It can also be observed that the aromatic ring 
shows a pale-yellow color and the periphery of the cavity 
shows a light-blue color. The positive electrostatic potential 
distribution appears dark-blue on the surface of the entire 
 MV2+ molecule. The electron-rich nature of the TPA cavity 
complements the electron-deficient properties exhibited by 
 MV2+, which form a stable host-guest system through the 
electrostatic interactions.

3.4  Molecular orbitals (HOMO and LUMO)

The highest occupied molecular orbital (HOMO) and the 
lowest empty molecular orbital (LUMO) are popular quan-
tum mechanical descriptors; especially, the HOMO–LUMO 
energy gap is an important parameter to study the stabil-
ity of molecular. The molecular orbital diagrams of ground 

Table 2  Interaction energy (ΔE, kcal/mol), BSSE-corrected interaction energy (ΔECP, kcal/mol), reaction free energy (ΔG, kcal/mol), reaction 
enthalpy (ΔH, kcal/mol) for the complexes

System ΔE (kcal/mol) ΔECP (kcal/mol) ΔG (kcal/mol) ΔH (kcal/mol)

B3LYP-D3 ωB97XD B3LYP-D3 ωB97XD

MV2+@TPA − 33.45 − 34.58 − 28.73 − 29.55 − 211.13 − 234.44
MV2+@TPB − 27.48 − 27.17 − 23.09 − 22.45 − 217.74 − 233.74

Fig. 3  Electrostatic potentials 
on the surface of a TPA and b 
 MV2+, isosurface is 0.01 a.u. 
and the range is − 0.06 a.u. to 
0.06 a.u. Red and blue colors 
indicate negative and positive 
regions, respectively
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state molecules are shown in Fig. 4. The HOMO of the TPA 
host mainly distributed around the benzene ring of the trip-
tycene. It indicates that the benzene ring has a strong ability 
to donate electrons. The LUMO has been mainly localized 
near the naphthalene moiety, which shows the naphthalene 
is easier to accept electrons. The penetration of the guest 
within a host cavity revealed that the HOMO was located 
on the benzene of triptycene whereas the LUMO located 
on the  MV2+ guest. This shows the transition from HOMO 
to LUMO which causes the charge to be transferred from 
the host to the guest molecule. Furthermore, the calculated 
energies of the molecular orbital are presented in Table 3. 

Fig. 4  The frontier molecular 
orbital in a TPA, b  MV2+, and c 
 MV2+@TPA

Table 3  Frontier molecular orbital energy parameter in the free TPA, 
TPB,  MV2+, and their complexes

Species MV2+ TPA TPB MV2+@TPA MV2+@TPB

EHOMO (eV) − 9.35 − 5.72 − 5.83 − 6.39 − 6.30
ELUMO (eV) − 4.10 − 1.69 − 1.82 − 3.92 − 4.06
∆ELUMO–HOMO 

(eV)
5.25 4.03 4.01 2.47 2.24
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Concerning the value of the energy gap ∆ELUMO-HOMO, 
higher values of ∆ELUMO–HOMO will provide lower reactiv-
ity to a chemical species. Lower values of the energy dif-
ference will indicate the higher reactivity of the molecules, 
because the energy to remove an electron from the last 
occupied orbital to the first unoccupied orbital will be low. 
In this system, the calculated HOMO energy of  MV2+@
TPA is − 6.39 eV and the LUMO energy is − 3.92 eV; the 
energy difference between HOMO and LUMO is 2.47 eV. It 
is larger than  MV2+@TPB (2.24 eV). This signifies that the 
stability of the  MV2+ binding with TPA is higher, consistent 
with the previous analysis.

3.5  NMR studies

The molecular structure of the host and guest was optimized 
at the DFT-D3 (B3LYP)/6-311G (2d, p) level using the 
GIAO method. The GIAO-derived δH values of the host, 
guest, and their complexes were computed with the use of 
 CDCl3/CD3CN (2:1) as solvent and the tetramethylsilane 
(TMS) as internal standard at room temperature. In order to 
compare the 1HNMR chemical shifts of different oxidation 
states of the methyl viologen guest in the TPA molecule, the 
 MV0 guest molecule has been introduced. The computed δH 
values of the host, guest, and their complexes are presented 
in Table 4. The two protons on the benzene ring of triptycene 
are recorded as  Hc,  Hd, the bridgehead protons recorded as 
 Hh and  Hi, and the proton on 1,8-naphthyridine recorded as 
 Hg. The methyl viologen protons are broadly classified as 
pyridine protons  (H1 and  H2) and methylene protons  (H3). 
Table 4 shows that when the free state TPA forms into the 
complex, the chemical shifts of  Hc,  Hd,  Hh, and  Hi on the 
macrocycle all move to the upfield (∆δ < 0). It reveals that 
the benzene ring of triptycene accumulates more negative 
charges and the shielding effect becomes larger after the 
guest was encapsulated. However, the chemical shift of pro-
ton  Hg moves to the downfield (∆δ = 0.26), which denotes 
the density of electron clouds around 1,8-naphthyridine 
decreases. When the nitrogen atom on the naphthyridine 

forms a C–H···N hydrogen bond with the guest molecule, 
the electron cloud density around the hydrogen nucleus 
decreases, causing the chemical shift to move to the down-
field. It follows the same order as observed in the experi-
mental 1HNMR spectra [26]. The chemical shifts of protons 
 H1,  H2,  H3 on the guest  MV2+ are reduced compared to the 
 MV2+@TPA. The hierarchy of the calculated δH values 
turns out to be  H1 > H2 > H3 for the isolated  MV2+. With 
the chemical shift moving to the upfield, the electron cloud 
density becomes higher, and the shielding effect becomes 
larger. By comparing the values of  H1,  H2,  H3 in the oxidized 
state  MV2+ with that of reduced state  MV0, it showed that 
 H1 (8.82 ppm),  H1 (8.77 ppm),  H3 (4.52 ppm) in  MV2+ are 
more deshielded than those of  MV0. The different oxidation 
states of the methyl viologen make the proton on the pyri-
dine ring different, resulting in different chemical shifts. In 
the process of inclusion, it can be inferred from the proton 
exhibiting upfield signal that the  MV0 and  MV2+ guests are 
completely embedded in the TPA cavity. The guest molecule 
is encapsulated in the host cavity, which is consistent with 
the previous optimization structure analysis.

3.6  Vibrational frequency and NBO analysis

As the guest molecule encapsulates into the structure 
of the host molecule, its vibration frequency changes, 
reflected in the infrared spectrum as shown in Fig.  5. 
The isolated guest molecule  MV2+ has a weak peak at 
3238 cm−1, originated from C–H on bipyridine. After 
 MV2+ complexed with the host, the vibration shifted from 
3238 to 3180 cm−1 (redshift 58 cm−1). The direction of 
C–H stretching vibration is toward the nitrogen atom on 
naphthyridine. It is conducive to promote the formation of 
C–H···N hydrogen bond in the host–guest system. In addi-
tion, the peak at 982 cm−1 was attributed to the stretch-
ing mode of the C–O bond, and a small blueshift of 3 cm 

Table 4  1HNMR chemical shifts (ppm) of free TPA,  MV2+,  MV0, 
and their complexes

δH TPA MV2+ MV0 MV2+@TPA MV0@TPA

Hc 7.69 – – 6.92 7.65
Hd 7.54 – – 7.01 7.07
Hg 8.29 – – 8.56 8.45
Hh 5.51 – – 5.25 5.00
Hi 5.39 – – 5.05 5.13
H1 – 8.82 6.58 8.32 5.78
H2 – 8.77 5.43 8.56 5.13
H3 – 4.52 2.52 4.38 2.41 Fig. 5  Vibrational spectra of  MV2+, TPA, and their complexes 

 MV2+@TPA
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occurred after the complexation. A 26 cm−1 redshift of the 
C=N stretching mode (1357 cm−1) is also observable in 
the IR spectra, verifying the existence of weak intermo-
lecular interactions (e.g., C–H···π interaction). The redshift 
or blueshift of the vibration frequency indicates a certain 
change in the structure of the host and guest before and 
after complexation. This may be due to the flipping of 
naphthyridine, which changes the structure and forms the 
intermolecular interaction between the host and the guest. 
It is consistent with the previous structural analysis. Thus, 
the vibration frequency and intensity patterns provide a 
fingerprint for typifying the noncovalent interactions of 
the host–guest system.

In order to further investigate the interaction between 
atoms in the above complexation process, NBO analysis 
was performed utilizing B3LYP-D3/6-311 + G(d, p) level 
of theory. The orbital bond and charge transfer have been 
analyzed. When the orbital symmetry of similar energy 
levels is matched, the charge transfer can occur, and the 
delocalization effect of the charge is generated; the cor-
responding system energy will also decrease. The stabili-
zation energy E(2) associated with the delocalization from 
donor (i) to acceptor (j) can be written as follows:

where qi is the donor orbit occupancy, �j and �i are the orbital 
energies, and F(i, j) is the off-diagonal NBO fock matrix ele-
ment. And the interacting stabilization energy was estimated 
by the second-order perturbation theory. As the E(2) is larger, 
the interaction becomes stronger and the corresponding sys-
tem will be more stable. The details of NBO analyses for 
 MV2+@TPA are presented in Table 5; it displays the interac-
tion orbitals and its interaction strength.

The NBO calculated results confirm that the charge 
transfer is between the orbital of the host and guest 
molecule. With more charge transfer, the interaction 

E(2) = ΔEij = qi

F2

(i,j)

�j − �i

between the host and the guest becomes more obvious. 
As shown in Table 5, LP(1)N76 → σ*(C105–H116) and LP(1)
N91 → σ*(C103–H115) have the relatively larger stabilization 
energy E(2), 3.46 kcal/mol and 3.14 kcal/mol, respectively. 
The two orbital interactions signify the existence of the 
N–H···C hydrogen bonds, which provide an important 
contribution to the construction of the host–guest system. 
The  N76–H116···C105 hydrogen bond formed as the result 
of the orbital overlapping via the  N76 atom donates lone 
pair electrons to the antibonding orbital of  C105–H116. 
Similarly, the  N91 atom donates lone pair electrons to the 
orbital of  C103–H115 to form the  N76–H116···C105 hydrogen 
bond. Besides the traditional definition of hydrogen bond-
ing, there also exists other weak interaction, for instance, 
the C–H···π bond which is relatively weaker than con-
ventional hydrogen bonds in nature. The C–C bonding 
orbitals on the benzene ring can overlap with the C–H 
bonding orbitals of the  MV2+ guest, which represents 
C–H···π hyper-conjugation. The C–H···π interaction is 
achieved by the delocalization of the π orbital. Its stabi-
lization energies are relatively small, 1.10 kcal/mol and 
0.94 kcal/mol, respectively. In addition, π–π stacking also 
affects the intermolecular interaction to a small extent. The 
orbital overlap between π(C–C) and π*(C–C) results in 
intramolecular charge transfer, which conduces to improve 
the stability of the complexes. The stabilization energy 
E(2), which is found to be 0.98 kcal/mol, is affected by 
the intermolecular hyper-conjugative interaction between 
π(C97–C102) and antibonding orbital π*(C48–C49). It is 
found that the hydrogen bonds play an essential role in 
stabilizing the conformation, and C–H···π interaction as 
well as π–π stacking also positively contributes to the sta-
bility of the system.

3.7  RDG analysis

To further illustrate the electron density characteristics of 
weak interactions in the complex, a visual approach called 
the reduced density gradient (RDG) is used to make it 

Table 5  The electron donors, 
electron acceptors, and the 
corresponding second-order 
perturbation energy of the NBO 
analysis on orbital interactions

Donor NBO (i) Acceptor NBO (j) E(2) (kcal/mol) Ej − Ei (a. u.) F(i, j) (a. u.)

BD(1)C97–H111 BD*(2)C18–C19 0.54 0.66 0.008
BD(2)C50–C51 BD*(2)C103–C108 0.31 0.25 0.008
BD*(2)C67–N76 BD*(1)C105–H116 1.10 0.78 0.027
LP(1)N75 BD*(1)C100–H113 1.33 0.79 0.030
LP(1)N76 BD*(1)C105–H116 3.46 0.80 0.048
LP(1)N91 BD*(2)C102–C114 0.45 0.79 0.017
LP(1)N91 BD*(1)C103–H115 3.14 0.80 0.046
BD*(2)C88–N91 BD*(1)C103–H115 0.94 0.78 0.025
BD*(1)C88–O93 RY*(1)H115 0.07 1.67 0.010
BD*(2)C97–C102 BD*(2)C48–C49 0.98 0.04 0.010
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more specific. The scatter diagram and the RDG isosurface 
map are shown in Fig. 6. The range of the function λ2(r) is 
defined between − 0.04 and 0.02 a.u., the surface color is 
blue-green–red, and the area of λ2(r) < 0 generally shows 
blue. As the blue becomes deeper, its attraction is stronger, 
generally including hydrogen bond, strong halogen bonds, 
and so on. The region of λ2(r) ≈ 0 displays green, which 
corresponds to the van der Waals (vdW) interaction. And 
the electron density here is small so that its sign is relatively 
unstable and could be positive or negative. The λ2(r) > 0 
region generally shows red, corresponding to the steric hin-
drance effect appearing in the ring and cage, and has strong 
mutual repulsion.

As shown in Fig. 6, two green–blue flaky regions near the 
 N76 and  N91 atoms, where oxygen and hydrogen atoms inter-
act with each other, show a strong hydrogen bond, corre-
sponding to the two hydrogen bonds of  N76–H116···C105 and 
 N91–H115···C103 analyzed in the previous NBO. It can be seen 

from the scatter plot that the peaks are located at the sym-
bols (λ2)ρ ≈ − 0.020 a.u. and − 0.013 a.u. While other weak 
interactions such as C–H···π is showed by the brown-green 
flaky area in the Fig. 6(b). The (λ2)ρ value corresponding to 
the spike peak in the scatter plot is approximately − 0.008 
a.u.~ − 0.002 a.u.n the cavity, a green area surrounds the 
guest molecule shown with broad green surfaces in the inter-
molecular spaces, indicating the van der Waals interaction 
between the complexes, corresponding to the − 0.005 a.u. 
to 0.002 a.u. And region in the RDG scatter plot, with a red 
fusiform region in the middle of each benzene ring, reflects 
a strong steric effect, the corresponding spike on the right 
side of the scatter plot. (The scatter plot corresponds to a 
spike tip x value of approximately 0.012 a.u. and 0.024 a.u., 
respectively.) A small fragment of RDG isosurface between 
the C–H bonds of the triptycene benzene ring and the nitro-
gen atom of the naphthyridine is red and green and accounts 
for half of it, indicating that there is a steric effect. Thus, it 
can be concluded that the mutual exclusion and attraction 
effects coexist between the systems.

3.8  Topological analysis of electronic density (AIM)

The topological analysis has been used to further analyze 
the weak interactions between the molecules. In this the-
ory, ρ, ∇2

� , G(r), H(r), and V(r) represent electron density, 
Laplacian of electron density, Lagrangian kinetic energy, 
energy density, and potential energy density, respectively, 
at the BCP along bond line (3, − 1) for some interactions in 
this studied complex. Specifically, ρ is used to describe the 
strength of a bond, and the larger ρ value means a stronger 
bond. ∇2

� is used to characterize the bond strength, where a 
positive value often refers to ionic bonds, hydrogen bonds, 
or van der Waals interaction, while a negative ∇2

� value 
means the interatomic bond exists as covalent characteristic. 
And the positive value of ∇2

� also implies a closed-shell 
type interaction of a bond [44]. The requirement to satisfy 
the hydrogen bond is usually that the values of ρ are in the 
range from 0.002 to 0.040 a.u. and the values of ∇2

� are 
in the range of 0.024–0.139 a.u [45]. The AIM parameters 
for the weak interaction are listed in Table 6. The values 
of ρ and ∇2

� of I, II and III are all positive, which are in 
the range of 0.0080–0.0191 a.u. and 0.0261–0.0607 a.u., 
respectively. These values are within the acceptable H-bonds 
range, which ascertains the presence of C–H···N hydrogen 
bonding. This is consistent with the previous vibration 
frequency analysis. The C–H bond on the guest molecule 
vibrates toward the nitrogen atom in the host molecule, pro-
moting the formation of C–H···N hydrogen bond. The value 
of ρ indicates that the  N76–H116···C105 and  N91–H115···C103 
hydrogen bonds are stronger than  N75–H113···C100 hydro-
gen bond. And the positive values of the energy density 
(H) indicate a dominant electrostatic contribution of these 

Fig. 6  The scatter diagram (a) and the gradient isosurfaces (b) for the 
 MV2+@TPA complex
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hydrogen bonds in the complex. It turns out that hydrogen 
bonds  N76–H116···C105 and  N91–H115···C103 play a more 
important role in this molecular system. It is also similar to 
the conclusions from the previous NBO analysis. According 
to the study of Rozas et al. [46], if ∇2

� > 0 and G + V > 0, 
the intensity of the hydrogen bond is a weak hydrogen bond. 
In this work, the values of ∇2

� and G + V were all positive, 
implying that the hydrogen bonds in the complex are weak. 
As for the IV and V, the ρ values are all within the scope of 
proposed criteria, while the ∇2

� values are beyond the lower 
limit of the range. They belong to C–H···π and π–π stacking 
interactions and play a certain role in stabilizing host and 
guest molecules.

4  Conclusions

A systematic analysis of the host–guest system between 
the triptycene-derived oxacalixarenes (TP) and paraquat 
derivatives has been carried out based on density functional 
theory. The DFT calculations were conducted to study the 
electronic and geometrical structure of these free species 
TPA, TPB,  MV2+, and their complexes. All the geometries 
structures were optimized using B3LYP-D3 and ωB97XD 
functionals with 6-311 + G(d, p) basis set. Based on the cal-
culated results of interaction energy, it turned out that the 
complexation of cis-isomer TPA host and  MV2+ guest is 
better than that of trans-isomer TPB host and  MV2+ guest. 
Thermodynamic data signify that the inclusion reaction is 
spontaneous and exothermic. The MESP shows the elec-
tron-rich region is mainly localized on the nitrogen atoms 
of naphthalene ring, whereas the electron-deficient region 
is localized around the pyridine ring of the guest molecule. 
The changes in the 1HNMR chemical shift indicate that the 
guest molecule is completely encapsulated within the host 
cavity. And the changes in vibration frequency shift ver-
ify the existence of weak intermolecular interactions. The 
host–guest system binding in such complexes is facilitated 
through hydrogen bonding, van der Waals, π···π stacking, as 
well as C–H···π interactions. Detailed analysis of molecular 
interaction through the NBO analysis combined with RDG 
and AIM methods enables distinguishing the attractive and 
repulsive interaction.
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