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Since the first reportal on decamethylcucurbit[5]uril (MeoQI5]) in 1992, substituted cucurbit[n]urils have

attracted considerable research interest. In this study, the host—guest modes between the tetramethyl

cucurbit[6]uril (TMeQl6]) as a host and 4-chloroaniline and 4,4’-diaminostilbene (G1 and G2) as guests

were investigated by single-crystal X-ray diffraction, NMR, ITC, UV-Vis spectrum, and MALDI-TOF mass
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spectrometry analyses. The experimental results showed that TMeQl[6] formed a 1:1 inclusion

compound with G1, and the carbonyl portal of TMeQl6] formed a 1: 1 self-assembly with G2. Further,
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rsc.li/rsc-advances

1. Introduction

Various porous materials, namely, inorganic porous materials"?
(such as molecular sieves), organic-inorganic hybrid porous
materials®® (such as metal-organic frameworks, MOFs), and
porous organic framework (POF) materials®” have been devel-
oped. These porous materials have been widely used in
adsorption, heterogeneous catalysis, and ion exchange
processes.* ™ Interestingly, in recent years, the use of weak
forces as the driving force to construct supramolecular frame-
works has been explored,”**> so the selection of suitable
construction units has also become crucial. Cucurbit[r]uril is
a fourth-generation supramolecular macrocyclic compound
after crown ether, cyclodextrin, and calixarene; there are two
main types: ordinary cucurbit[z]urils**™** and modified cucurbit
[n]urils  (decamethylcucurbit[5Juril,  cyclopentyl-modified
cucurbit[n]urils and so on).**** Their structure has a hydro-
phobic cavity, two carbonyl portals, and an outer surface. The
charge distribution in cucurbit[n]uril itself is not uniform,
which makes cucurbit[r]uril a permanent dipole* (the cavity of
the cucurbit[n]uril has an electrically neutral potential, the
outer surface has a positive potential, and the carbonyl portal
shows a negative potential). This is conducive to the study of the
host-guest chemistry**=® and coordination chemistry**-** of the
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multi-dimensional supramolecular frameworks were formed driven by weak interaction forces in the
system (hydrogen bonding, C—H---m interactions, ion—dipole interactions, and dipole—dipole interactions).

cucurbit[n]uril, and to the construction of good reversible
supramolecular organic frameworks***” (SOFs).

Based on A-H---B (A and B are oxygen, nitrogen or fluorine)
hydrogen bond theory.®® There was ion-dipole interaction
between [ZnCl,]>~ and [CdCl,]>” anions and positive potential
outer surface of cucurbit[n]urils, which makes them conducive to the
construction of self-assembly complexes based on cucurbit]]uril, so
considered to be known to function as effective structure directing
agents.® In this work, [ZnCl,*~ (formed from ZnCl, in an aqueous
HCl solution) was used as structure directing agents, TMeQ[6]-based
SOFs, namely, Co,H;19Cl17N50025Zn, (1) and CggH76ClgN,501,Z1, (2)
were constructed by the supramolecular collaborative assembly. The
driving force of complexes 1 and 2 was studied through single-crystal
X-ray diffraction analysis, and the host-guest interaction between
TMeQ[6] and guest molecules was studied through NMR, ITC, UV-Vis
spectrum and MALDI-TOF mass spectrometry analyses. The experi-
mental results showed that TMeQ[6]-based host-guest SOFs are
promising for several applications, eg., in selective adsorption,
heterogeneous catalysis, and ion exchange (Scheme 1).

2. Experimental
2.1 Experimental reagents

All the reagents were purchased from Aladdin Industrial
Corporation (AR, Shanghai, China). TMeQ|[6] was synthesized
according to the method reportaled in a previous paper.*

2.2 Synthesis of the complexes

TMeQ[6] (10 mg, 9.51 umol) and G1 (2.55 mg, 20 pmol) were placed
in a crystal bottle and 3 mol L ™" hydrochloric acid (5 mL) was added;
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Scheme 1 TMeQ[6] and guest molecules used in this study.

G2 H);N

the mixture was heated until dissolution. Then, a small amount of
the inducing agent ZnCl, was added, and the solution was heated
and stirred for 5-10 min in a water bath at 35 °C. Finally, the
solution was allowed to stand at room temperature for 7-10 days to
obtain single crystals of complex 1 (35% yield). Complex 2 was
synthesized (28% yield) in the same manner as complex 1.

2.3 Crystal structure determination

A crystal with the appropriate size and transparency was selected
and fixed on a glass probe with petroleum jelly. A Bruker Smart Apex
II single-crystal X-ray diffractometer, with Mo-K,, radiation (A =
0.071073 nm), was used for the characterization. The SHELX-97 (ref.
41) program packages were used for data refinement by the full-
matrix least-squares method, and the SQUEEZE routine of the
PLATON program was used to process solvent molecules in the
crystal. The X-ray crystallographic data for structures reportaled in
this study have been deposited in the Cambridge Crystallographic
Data Center under accession numbers CCDC: 2039065 (1) and
2039066 (2).T The crystal parameters, data acquisition conditions,
and parameters of the complexes 1 and 2 are listed in Table 1.

Table 1 Crystallographic data for complexes 1 and 2¢

1 2

Empirical formula CooH110Cl17N50055Zn, CegH76ClgN,504,Zn,

Formula weight 3228.42 1891.90
Crystal system Triclinic Triclinic
Space group P1 P1

a[A] 18.070(3) 11.664(5)

b [A] 21.050(3) 14.379(7)
c[A] 21.095(5) 15.558(7)
a[] 105.503(9) 101.417(14)
B[] 104.705(8) 100.443(15)
v [°] 104.621(5) 107.344(14)
VA% 7023(2) 2359.4(19)
z 2 1

Deated. [g cm ™3] 1.527 1.331

T [K] 273.15 273.15

w [mm™"] 1.082 0.802
Parameters 1730 536

Rint 0.0444 0.1199
R[I>2a(D] 0.0531 0.1182

WR [I> 20(D)]° 0.1542 0.3377

R (all data) 0.0783 0.2050

wR (all data) 0.1702 0.3755
GOF on F* 1.051 1.110

¢ Note: [a] Conventional R on Fhkl: Y ||Fo| — |Fel|l/>-|Fol; [b] weighted R
on |FRkl|*: S[w(Fo” — F)P ) [w(Fs) ]
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2.4 Determination by "H NMR

G1, G2, and TMeQ[6] were each dissolved in neutral D,O. The
guest solution concentration was fixed at 0.1 mM in all analyses.
The TMeQ[6] solution was added dropwise until it was in excess
of the guest solution, and the "H NMR spectra were recorded at
appropriate intervals using a JEOL JNM-ECZ400s spectrometer
at 25 °C. D,O was used as a field-frequency lock, and the
observed chemical shifts are reportaled in parts per million
(ppm) relative to D,O as an internal standard (6 = 4.67 ppm).

2.5 Determination by isothermal titration calorimetry

The neutral aqueous solution of TMeQ[6] (1.0 x 10~* mol L™,
1.00 mL) was placed in the sample cell, and a 1.00 x
10> mol L' G1 solution was drawn into a 250 mL syringe. The
temperature was set at 25 °C, and the titration was conducted by
adding 30 aliquots (8 uL) of the G1 solution at intervals of 300 s.
The same method was used for TMeQ[6] and G2. The thermo-
dynamic parameters of each system were determined on a nano
ITC isothermal calorimeter. After deleting the first one
unwanted data points, the data were analyzed with Launch
NanoAnalyze software using an independent model.

2.6 Determination by UV-Vis spectrum

The neutral aqueous solution of TMeQ[6] (1.0 x 10™* mol L)
and G1 (1.0 x 10> mol L") were prepared as stock solutions,
and the UV-Vis absorption spectrum of each substance was
measured by the molar ratio. Add 300 pL of G1 stock solution to
eleven 10 mL volumetric bottles, then add corresponding
volume of TMeQ[6] stock solution to these volumetric bottles,
and maintain molar ratios of 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6,
1.8 and 2.0 after volume determination with doubly-distilled
water. The measurements were performed at room tempera-
ture with an UV-2700 external spectrometer. The same method
was used for TMeQ[6] and G2.

2.7 Determination by mass spectrometry

The neutral aqueous solution of TMeQ[6] (1.0 x 10~ * mol L") was
prepared, and 1 mL was pipetted into a centrifuge tube. Then, 100
puL of the G1 aqueous solution with a concentration of 1 X
1072 mol L ™" was added. The solution was filtered into a chro-
matographic sample bottle using aqueous 0.22 pm syringe filters.
Mass spectra were recorded on an Agilent 6545 Q-TOF mass
spectrometer. The same method was used for TMeQ[6] and G2.

3. Results and discussion
3.1 Description of the crystal structures of complexes 1 and 2

3.1.1 Description of the crystal structure of complex 1.
Complex 1 exhibits the triclinic P1 space group. As shown in
Fig. 1a, TMeQ[6] and protonated 4-chloroaniline formed a 1 : 1
inclusion compound. In this system, hydrogen bonds are one of
the main forces. N49 forms three hydrogen bonds with 02, O4,
and 06, and N50 forms three hydrogen bonds with 016, 018,
and 020; the N-H--O hydrogen bond length is 2.760-2.834 A.
In addition, hydrogen bonds form between O1 and O2 and
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Fig. 1 Structure of complex 1: (a) 1: 1 inclusion compound of TMeQ
[6] and G1, (b) hydrogen bond interaction, (c) ion—dipole interaction,
and (d) dipole—dipole interaction.

between O15 and 016 (02-H2A:--O1 and O16-H16A---015), with
the bond lengths being 2.859 and 2.855 A, respectively (Fig. 1b).
One counterion [ZnClL,]>~ connects with three adjacent outer
surfaces of TMeQ[6]s via ion-dipole interactions (Fig. 1c). A
negatively potential TMeQ[6] portal is connected to another posi-
tively potential outer surface of TMeQ[6] by the dipole-dipole
interaction (Fig. 1d). In summary, these weak interactions

)

&\\\\\\\\ - )
P =

Fig. 2 Supramolecular framework of complex 1: (a) two-dimensional
framework structure viewed along the b-axis, (b and c) three-
dimensional supramolecular framework structure viewed along b-axis
and c-axis, respectively, and (d) three-dimensional layered framework.
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(hydrogen bonding, ion-dipole interaction, and dipole-dipole
interaction) caused complex 1 to form an ordered multi-
dimensional layered supramolecular framework (Fig. 2a-d).

3.1.2 Description of the crystal structure of complex 2.
Complex 2 exhibits the triclinic P1 space group. The asymmetric
unit contains half of TMeQ[6], one counterion [ZnCl,]*~, and
two half of protonated 4,4’-diaminostilbenes, as shown in
Fig. 3a. Counterions [ZnCl,]*~ connects with adjacent TMeQ[6]s
by ion-dipole interactions (Fig. 3b). In fact, protonated 4,4'-
diaminostilbene also connects with the methylene hydrogen
(-CH) and bridging “waist” methylene (-CH,) of TMeQ[6]s by C-
H-- 1 interactions (Fig. 3c). Further, TMeQ[6] and protonated
4,4-diaminostilbene form a 1 : 1 assembly via hydrogen bonds,
where N1 of protonated 4,4-diaminostilbene forms two
hydrogen bonds with O1 and 02 of TMeQ[6], and N14 of
protonated 4,4-diaminostilbene forms a hydrogen bond with
Cl2 of counterions [ZnCl,]*". These hydrogen bonds—i.e., N1-
H1A---O1, N1-H1B---O2, and N14-H14A---Cl2—have bond
lengths of 2.789, 2.734, and 3.277 A, respectively (Fig. 3d).
Hydrogen bonding, C-H---m, and ion-dipole interactions were
the driving forces in the construction of the supramolecular
assembly. As shown in Fig. 3e, the extension of supramolecular
assembly at different angles can result in different shapes. By
taking the angle of view along the b-axis as an example and by
only considering the hydrogen bond between the portal of
TMeQ[6] and 4,4’-diaminostilbene, a one-dimensional supra-
molecular chain is formed (Fig. 4a). Interestingly, when
multiple forces coexist, 4,4-diaminostilbene forms a “walled”
supramolecular framework enclosing TMeQ[6]s, eventually
forming the two-dimensional supramolecular framework
(Fig. 4b) and the three-dimensional framework (Fig. 4c).

Fig. 3 Structure of complex 2: (a) asymmetric unit, (b) ion—dipole
interaction, (c) C—H---7t interaction, (d) hydrogen bond interaction,
and (e) assembly of unit cell.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Supramolecular framework of complex 1: (a) one-dimensional
framework chain, (b) two-dimensional supramolecular framework
structure viewed along b-axis, and (c) three-dimensional framework
along b-axis.

3.2 'H NMR, ITC, UV-Vis spectrum, and MALDI-TOF mass
spectrometric analysis of cucurbiturils and guests

3.2.1 'H NMR spectra of TMeQ[6] and guests. The cavity of
TMeQ[6] has a shielding effect on proton signals, whereas
outside of the portals, in the vicinity of the carbonyl oxygen
atoms, the proton signals are subjected to a deshielding effect.
Therefore, nuclear magnetic resonance (NMR) is one of the
most commonly used techniques to investigate host-guest
interactions. Fig. 5 and 6 show the "H NMR results of interac-
tions of G1 and G2 with TMeQ[6] in D,0, respectively.

Fig. 5a shows the 'H NMR spectrum of G1; Fig. 5b, c, and
d show the "H NMR spectra of TMeQ[6]-G1 with an equivalent
ratio of 0.51, 1.08, and 1.36, respectively; and Fig. 5e shows the
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Fig. 6 Titration *H NMR spectra of G2 (0.1 mM) with (a) 0.00, (b) 0.71,
and (c) 1.39 equiv. of TMeQl6], and of (d) neat TMeQ]l6].

'H NMR spectrum of TMeQ[6]. When TMeQ[6] was added to the
system, the chemical shift of H, and Hg protons of G1 moved
upfield by about é 0.175 and 0.449 ppm, respectively. This indi-
cates that G1 penetrated into the cavity of TMeQ[6] and was
shielded by TMeQ[6]. Moreover, when TMeQ[6] was greater than 1
equiv., the chemical shift of protons H, and Hg remained
unchanged, indicating that TMeQ[6] and G1 formed a 1 : 1 inclu-
sion compound, and the existence of the amino group and Cl atom
in G1 resulted in the splitting of proton peaks of TMeQ[6].

Further, Fig. 6a shows the "H NMR spectrum of G2; Fig. 6b
and c show the "H NMR spectra of TMeQ[6]-G2 with an equiv-
alent ratio of 0.71 and 1.39, respectively; and Fig. 6d shows the
"H NMR spectrum of TMeQ[6]. When TMeQ[6] was added to the
system, the chemical shifts of the protons H,, Hg, and H, of the
guest G2 moved downfield, indicating that G2 was at the portal
of TMeQ[6] and was subject to the deshielding effect of TMeQ
[6]. The proton peaks of TMeQ[6] did not split, indicating that
the protons of TMeQ[6] were in a symmetrical environment. By
comparing Fig. 6b and c¢, when the amount of TMeQ[6]
increased, the protons H,, Hg and H,, of the guest G2 moved up
to the downfield, indicating that TMeQ[6] and G2 was an
unstable reversible dynamic interaction.”

3.2.2 Isothermal titration calorimetry. Isothermal titration
calorimetry (ITC) experiments (Fig. 7) were performed to
determine the thermodynamic parameters of the above two
guests and TMeQ[6] in water, providing insight into the thermal
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Fig. 5 Titration *H NMR spectra of G1 (0.1 mM) with (a) 0.00, (b) 0.51,
(c) 1.08, and (d) 1.36 equiv. of TMeQ[6], and of (e) neat TMeQ[6].
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Fig. 7 Titration diagram of isothermal titration calorimetry: (a) TMeQ
[6l@G1, (b) TMeQl6]l@G2.
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Table 2 Thermodynamic parameters of the interactions of TMeQ[6]
with G1 and G2

TAS
Experiment K, (M) AH(KJmol™) (kfmol™") AG
G1-TMeQ[6]  1.484 x 10°  —80.89 ~51.37 ~29.52
G2-TMeQ[6] 5.194 x 10° —100.00 —78.79 —-21.21

stability and driving force of the interactions. The enthalpies
and entropies of the interactions of the two guests and TMeQ[6]
are both negative (Table 2). From the contributions of these two
thermodynamic parameters to the Gibbs free energy (AG =
—RT In K, = AH — TAS), it can be seen that the two systems are
enthalpy-driven, and the driving force is determined by the
hydrogen bond interaction and the hydrophobic effect. By
comparing the binding constants of G1-TMeQ[6] and G2-TMeQ
[6], the stability of G1 entering the cavity of TMeQ[6] is greater
than that of G2 at the portals of TMeQ[6]. G2-TMeQ[6] has
a weak binding affinity, resulting in a reversible dynamic
interaction of G2-TMeQ[6] (Table 2).

3.2.3 UV-Vis spectrum analysis. The binding behaviors of
TMeQ[6]@G1 and TMeQ[6]@G2 were studied by employing UV-
Vis absorption in deionized water (Fig. 8). The wavelengths of
the one strong absorption peak for G1 was observed at 238 nm,
and TMeQ[6] exhibited no absorption at these wavelengths. The
absorbance of G1 shows a gradually downward trend upon
increasing the ratio of n(TMeQ[6])/n(G1). When the ratio of
n(TMeQ[6])/n(G1) reaches 1, the absorbance becomes stable as the
ratio increases. Therefore, the absorbance (4) vs. the molar ratio of
the TMeQ[6] and G1 {n(TMeQ[6])/n(G1)} data can be fitted toa 1 : 1
binding (Fig. 8a). In addition, the wavelengths of the one strong
absorption peak for G2 was observed at 306 nm, and TMeQ[6]
exhibited no absorption at these wavelengths. The absorbance of
G2 shows a gradually downward trend upon increasing the ratio of
n(TMeQ[6])/n(G2). According to the tangent intersection, the
absorbance (4) vs. the molar ratio of the TMeQ[6] and G2 {n(TMeQ
[6])/n(G2)} data can be fitted to a 1 : 1 binding (Fig. 8b).

3.2.4 Mass spectrometry. In order to further investigate the
host-guest interaction modes, as shown in Fig. 9, matrix-
assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry was used to characterize the complex
structures. The molecular ion peaks are visible at 7/z 1180.3840
and 1263.4626, and these could correspond to [TMeQ[6] + G1 +
H]" and [TMeQ[6] + G2 + H]', respectively (calculated m/z values
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Fig. 8 UV-Vis spectrum of (a) TMeQl[6]@G1, and (b) TMeQ[6]@G2.
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Fig. 9 Mass spectrometry of (a) TMeQ[6]@G1, and (b) TMeQ[6]@G2.

were 1180.3832 and 1263.4811, respectively). Therefore, TMeQ
[6] and guests interacted at a ratio of 1 : 1, which is consistent
with the above analysis results.

4. Conclusions

In this study, the interaction modes of TMeQ[6] with G1 and G2
were investigated by performing single-crystal X-ray diffraction,
NMR, ITC, UV-Vis spectrum, and MALDI-TOF mass spectrom-
etry analyses. The experimental results showed that TMeQ[6]
and G1 formed a 1:1 inclusion complex, and the carbonyl
portal of TMeQ[6] formed a 1:1 self-assembly with G2. The
single crystal structures of complexes 1 and 2 exhibited the ion-
dipole interaction, dipole-dipole interaction, C-H---7 interac-
tion, and hydrogen bonds. These weak interaction forces
caused complexes 1 and 2 to form ordered multi-dimensional
supramolecular frameworks. They are expected to have a wide
range of applications in nanotechnology, molecular sieves,
sensors, gas adsorption and separation, ion or molecular
transportal, and heterogeneous catalysis.
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