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The binding interaction between 4-cyanophenol (4-CY) and cucurbit[7]uril has been studied using
"H NMR spectroscopy, UV-vis absorption spectroscopy, fluorescence spectroscopy and X-ray
crystallography. The corresponding absorption and emission spectra obtained in aqueous solution
revealed that Q[7] and 4-CY formed a 1:1 host-guest type complex. A single crystal structure was
obtained by introducing [ZnCls]*>" and Ca®" as structural inducers, which revealed that 4-CY was

connected to Q[7] or [ZnCl4]?>" anion via weak interactions such as hydrogen bonding, C-H--*m,
ion-dipole, to afford a Q[7]-based supramolecular framework. Interestingly, the framework
exhibited a Chinese knot-like structure.

1. Introduction

Recently, host-guest complexation has gained increasing
attention [}, Cucurbit[n]urils (Q[x]s, n=5-8, 10 and 13—15), are
a family of organic macrocyclic hosts that are derived from the
condensation of glycoluril and formaldehyde . They possess
glycoluril units bridged by methylene groups, a hydrophobic
pumpkin-shaped cavity, two ports filled with numerous carbonyl
oxygen groups, and a positively charged outer surface ¥ On
account of these structural features, Q[n]s are most commonly
used in supramolecular chemistry, and advances have been made
in host-guest chemistry P! and coordination chemistry [13-13],
Remarkable aqueous host-guest chemistry is possible because of
their selectivity and excellent capacity to include specific guests in
solution "1, The Q[x]s hydrophobic cavities contribute to their
host-guest complexation, which can bond positively charged guest
molecules to form host-guest complexes via non-covalent
interactions 222, There are macrocyclic confinement effects due
to differing degrees of polymerization having cavities of different
confined sizes. Meanwhile, the negatively charged Q[#]s carbonyl
portals promote the coordination of metal cations to form
coordination complexes through ion-dipole interactions *-24, In
addition, the outer surface of Q[#n]s can bond guest molecules to
form Q[n]-outer-surface complexes by hydrogen bondings, C-
H:--m, n---w, and ion-dipole interactions ?°1. Therefore, the use of
Q[n]s as building blocks can provide a variety of Q[n]-based
supramolecular frameworks (QSFs) 22, The construction mode
for the QSFs can be divided into self-induced, anion-induced or
aromatic-induced *3%. The construction of QSFs with novel
structures and specific functional properties may establish a new
research direction in Q[#n] chemistry.

4-Hydroxylbenzenitrile is an organic aromatic compound,
commonly known as 4-cyanophenol (4-CY), which is an
important fine organic chemical/raw material and a useful
synthetic intermediate 132, Its molecular structure contains an
aromatic ring, a hydroxyl group and a cyano group, which can
serve as C-H--'m, ©--'m, interaction sites. The hydroxyl group is
the hydrogen bond donor, and the cyano group is the hydrogen
bond acceptor. It is an ideal guest molecule for host-guest
complexation.

In this paper, one host-guest supramolecular structure
comprising Q[7] and 4-cyanophenol was constructed. The binding
interaction between 4-cyanophenol and Q[7] has been explored
using '"H NMR spectroscopy, UV-vis absorption spectroscopy,
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fluorescence spectroscopy and X-ray crystallography. Meanwhile,
a Q[7]-based supramolecular framework was constructed by
introducing [ZnCl4]* and Ca®" as structural inducers in HCI
solution. The structural characteristics are discussed in the crystal
structure description.

2. Experimental section

2.1 Materials and methods

Q[7] was synthesized and purified in our laboratory as
previously described 3. The guest 4-cyanophenol and deuterium
reagents were purchased from commercial suppliers and were used
without further purification. Doubly-distilled water was always
used in the experiments.

2.2 'H NMR spectroscopic measurement

The 'H NMR spectra, including those for the titration
experiments, were recorded on a JEOL JNM-ECZ400S 400 MHz
NMR spectrometer at 298.15 K. Q[7] was incrementally added to
a 50 mmol/L solution of 4-CY in D20. D2O was used as a field-
frequency lock, and chemical shifts were reported in ppm.

2.3 UV spectra and fluorescence measurements

To explore the interactions of Q[7]@4-CY complex, all UV-vis
absorption was recorded with doubly-distilled water as the solvent
on an Agilent 8453 UV-vis spectrophotometer (Hewlett Packard,
California, USA). Fluorescence emission spectra were recorded on
a VARIAN Cary Eclipse spectrofluorometer (Varian, Inc., Palo
Alto, CA, USA). Stock solutions of Q[7] (1.0 x 1073 M) were
prepared using doubly-distilled water. The optimal UV-vis
absorption concentration of 4-CY (3.0 x 105 M) and the optimal
fluorescence emission concentration of 4-CY (5.0 x 1075 M) were
prepared by diluting the stock solutions. Then the concentration of
4-CY was fixed and the concentrations of Q[7] was constantly
changed to maintain the molar ratio of Nqi7/Nacy (0, 0.1, 0.2, ...).
UV-vis spectra and fluorescence emission spectra were measured
by the molar ratio method at 298.15 K. The Jobs plot method was
used to further measure the inclusion ratio of the Q[7]@4-CY
complex, a series of solutions to be measured satisfying Nai.
cy/N7+4cy) =0, 0.1, 0.2, 0.3 . . .1.0. The total concentration is
constant ([Q[7] + [4-CY]=3.0 x 10 M or 5.0 x 1075 M).

2.4 Crystallization and structure determination



High-quality single crystals of Q[7]@4-CY suitable for X-ray
diffraction were grown by slow evaporation. The structure was
determined unambiguously by mean of X-ray diffraction analysis.
A crystal with the appropriate transparency and size was picked
under the microscope and mounted on the Bruker D8 VENTURE
diffractometer, using graphite-monochromated Mo-Ka radiation
(A =0.71073 A) at 273(2) K, with ¢ and ® scan techniques. An
empirical absorption correction was applied using the SADABS
program B4, The structure was solved with SHELXT, completed
by subsequent difference Fourier syntheses, and refined on F?
using all reflections with ShelXL-2018 B (full-matrix least-
squares techniques) in the Olex2 package P°. All non-hydrogen
atoms in the whole structure were refined SQUEEZE routine of
Platon was employed for complex because of the disordered
solvent water molecules 7). The detailed crystallographic data of
the Q[7]@4-CY is listed in Table 1. The crystal data has been
deposited in the Cambridge Crystal Data Center under accession
number CCDC: 2211656. These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/data request/cif.

2.5 Preparation of Q[7]@4-CY complex

The inclusion complex Q[7]@4-CY was prepared as follows:
Q[7] powder (21.47 mg, 0.016 mmol) was put in a small vial where
5 mL of the HCI solution (5.0 mL, 6 mol/L) of 4-CY (7.60 mg,
0.064 mmol) and ZnCl'4H.O (14.10 mg, 0.064 mmol),
CaCl2'6H20 (13.05 mg, 0.059 mmol) were added. Then the
mixture was stirred for 5 min and filtered. The mixture was stirred
and heated until completely dissolved. The solution was placed in
a ventilation area for slow evaporation over a period of about two
weeks producing colorless crystals of complex Q[7]@4-CY.

3. Results and discussion

The interaction of 4-cyanophenol and Q[7] was explored using
'"H NMR spectroscopy, UV-vis spectroscopy, fluorescence
spectroscopy and X-ray diffraction. 'H NMR titration experiments
were initially performed to monitor the host-guest binding
behavior between 4-CY and Q[7]. As shown in Fig. 1, on gradual
addition of Q[7] from O to 1.25 equivalents into the aqueous
solution of 4-CY, both the signals of the two aromatic protons (Ha
and Hp) underwent a gradual upfield shift on account of the
shielding from the Q[7] cavity, indicating that 4-CY was
completely encapsulated into the cavity of Q[7].

b ab
J NC—@—OH

.J

iii

N
v Il J\__,‘—\J..‘...__JL*

Fig. 1. "H NMR spectra of 4-CY (i) in the absence of Q[7]; (ii) in the
presence of 0.10, (iii) 0.41, (iv) 1.10 equiv. of Q[7] and (v) neat Q[7]
in D20 at 20 °C

Next, the optical properties of the host-guest inclusion complex
Q[7]@4-CY were explored using UV-vis spectroscopy and
fluorescence spectroscopy. As shown in Fig. 2a, the major
absorption peak of 4-CY decreased upon stepwise addition of Q[7]
into aqueous solution of 4-CY, which is likely due to the 4-CY
being in a different environment, that is, in the Q[7] cavity,
compared with the unbound 4-CY. There is an inflection point for
the absorbance intensity changes at 246 nm, which was
approximately located at the amount of 1.0 equivalents Q[7] (Fig.

2b). A stoichiometric analysis (Jobs plot) also revealed a 1:1
binding stoichiometry for Q[7] and 4-CY (Fig. 2c¢).
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Fig. 2. (a) Changes in the UV-vis absorption spectra of 4-CY (3.0 x
107> M) in aqueous solution upon gradual of Q[7] (0~2.0 equiv); (b)
changes in absorbance at 246 nm with various molar ratios of Nq71/N4-
cy; (¢) Jobs plot of Q[7] and 4-CY ([Q[7]] + [4-CY] = 3.0 x 1075 M).

The fluorescence emission of 4-CY displays an emission
peak at 308 nm in an aqueous solution when excited at 242 nm. As
shown in Fig. 3a, the emission enhanced significantly upon
stepwise addition of 0~2.0 equivalents Q[7] in the aqueous
solution of 4-CY, which was attributed to the suppression of
rotation and vibration of 4-CY when included in the finite cavity
of the Q[7]"%. It is worth noting that there is an obvious inflection
point for the emission intensity changes at 308 nm, which was
approximately located at the amount of 1.0 equivalents Q[7] (Fig.
3b). A Jobs plot further verified the stoichiometry of the host-guest
inclusion complex (Fig. 3c). As a result, in the case of Q[7]@4-
CY, the inclusion ability was confirmed by the corresponding
absorption and emission spectra obtained in the aqueous solution
of 4-CY. The binding constant value (Ka) calculated by the
intensity-concentration fitting curve was (1.0224 + 0.1980) x 10*
M- (Fig. S1).
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Fig. 3. (a) Changes in the fluorescence emission spectra of 4-CY
(5.0 x 107 M) in aqueous solution upon gradual of Q[7] (0~2.0
equiv); (b) changes in emission at 308 nm with various molar ratios
of Nq71/Na-cy; (c) Jobs plot of Q[7] and 4-CY ([Q[7]] + [4-CY] =
5.0 x 10 M).

In order to further obtain direct information about the
binding interactions of 4-CY with Q[7], we also attempted to
obtain single crystals by slow evaporation of the HCI solutions of
Q[7] and 4-CY. By virtue of Q[#n]s structural characteristics, Q[#]s
have provided a focus for the development in research aimed at
constructing various QSFs, including Q[#n]-based supramolecular
organic frameworks. As mentioned above, the QSF assembly
process can be classified by three types: self-induced, anion-
induced, or aromatic-induced. In view of this, we constructed a
Q[7]-based QSF by using the aromatic ring properties of 4-CY and
introducing [ZnCls]*~ and Ca®" as structural inducers in HCI
solution. The structure and characteristics are discussed below.

The complex crystallizes in the tetragonal space group P-
42;c and the asymmetric unit contains one Ca*" and one Q[7]@4-
CY molecule, two coordinated water molecules and two
protonated water molecules, along with two 4-CY molecules
located outside the Q[7] host cavity and two [ZnCl4]*” anions (Fig.
4a). As shown in Fig. 4b, the encapsulated 4-CY molecule runs
through the cavity of the Q[7] host, and the angle between the
plane where it is located and the plane established by the seven
carbonyl oxygen atoms of the Q[7] host is 72.81°, and the N, O
atoms of the 4-CY molecule are each in the plane established by
the port carbonyl oxygen at both ends of the Q[7]. The Ca?'
coordinates with six oxygen atoms and two nitrogen atoms, with
four oxygen atoms (O1, 02, O1’, 02°) which are derived from the
carbonyl oxygen atoms at the ports of Q[7] in two adjacent
Q[7]@4-CY, and the other two oxygen atoms (018, O18') derived



from the coordinated water molecules. The two nitrogen atoms
(N29, N29') are derived from the cyanogroup nitrogen atoms on
the 4-CY molecules in the two adjacent Q[7] cavities (Fig. 4c).
Hydrogen bonding between the encapsulated 4-CY molecule and
the host Q[7] is evident: the carbon atoms on the benzene ring
(C46, C48) form a hydrogen bond with the carbonyl atoms (C37,
012, O14) of the Q[7] host with a C(46)-H---O(14) distance of
2.850(5) A, C(48)-H---O(12) distance of 2.801(5) A and a C(48)—
H---C(37) distance of 2.765(7) A. Moreover, the hydrogen-
bonding interactions between the oxygen atom (O15) of the
hydroxyl group with the portal carbonyl oxygen atom (O12) of
Q[7] exhibit distances of O(15)-H---0O(12) 1.929(5) A. Two 4-CY
molecules are located outside the Q[6] cavity and form O(C)—
H---Cl contacts with [ZnCl4]*" anions via ion-dipole interactions
or interact with the outer surface of the Q[7] via hydrogen bonding
Fig. 4d).

Fig. 4. (a) Asymmetric unit of the complex; (b) the positional
relationship between 4-CY and Q[7] host; (c¢) showing the
coordination about Cal; (d) hydrogen-bonding interactions between
the guest molecule and Q[7] host.

Further analysis of the crystal structure of the complex
reveals extensive hydrogen bonding between the different
complexes. In Fig. 5a, the methine or methylene groups at the
outer surface of the Q[7] host form numerous C—H---O hydrogen
bonds with carbonyl oxygens of the neighboring Q[7] host, the
bond lengths of these hydrogen bonds are between 2.384 (6) and
2.698 (6) A. Meanwhile, the water molecule O19 is linked with
the neighboring Q[7] host through hydrogen bonds, these
hydrogen bonds, namely O(19)-H---O(13), O(19)-H---O(14),
O(19)-H---C(41)!, have bond lengths of 1.802(6), 1.825(5),
2.818(7) A, respectively, where i = 1—x, +y, 1—z. In addition, the
two 4-CY molecules that are located outside the Q[7] cavity
interact with the outer surface of the Q[7] via hydrogen bonding,
or via ion-dipole with the [ZnCls]*~ anion (Fig. 5b). It is worth
mentioning that in the complex, the [ZnCls]*~ anions form C(O)—
H---Cl contacts with Q[7], 4-CY molecules or water molecules
through ion-dipole interactions (Fig. 5¢). Each inclusion complex
Q[7]@4-CY is surrounded by five tetrahedral [ZnCls]*
counterions (Fig. 6b). As a result, driven by these weak
interactions (hydrogen bonding and ion-dipole interactions), the
complex constructs a new Q[7]-based QSF framework material
(Q[7]-(4-CY)-[ZnCls]*-Ca®"), which exhibits a supramolecular
structure due to its rich building units. Fig. 6a shows that the
complex forms a layered supramolecular structure along the a-
axis, in which [ZnCls]*" anions and 4-CY molecules are arranged
regularly between layers. Interestingly, a Chinese knot-like two-
dimensional supramolecular structure is observed in the crystal
stacking diagram of the parallel cell ab-plane of the complex (Fig.
6¢).

® " @

Fig. 5. (a) Hydrogen-bonding interactions between the Q[7]@4-CY;
(b) detailed weak interactions of 4-CY molecules; (c) ion-dipole
interaction between the [ZnCl4]* and Q[7].

Fig. 6. (a) Two-dimensional structure of complex viewed down the a
axis; (b) detailed ion-dipole interaction between Q[7]@4-CY and
[ZnCl4]*" anions; (c) two-dimensional structure of complex viewed
down the c axis.

The density function theory (DFT) calculations are based on
Gaussian 16 software package. Under the dispersion-corrected
B3lyp-D3 function, the 6-311G(d,p) basis set is used for geometric
optimization and energy of the model. The calculation of the
composite structure was carried out under the solvation model
based on density (SMD) model. Fig. 7 present the simulated UV
spectrum, which is consistent with the experimental results.
According to DFT calculations, for the synthesized complex, the
highest occupied molecular orbital (HOMO) was -6.39 eV (Fig.
8a), the lowest unoccupied molecular orbital (LUMO) was -
1.22eV (Fig. 8b). The electrostatic surface potential (ESP)
distribution was calculated as shown in Fig. S2. The calculated
dipole moment was 6.37 Debye (Fig. S3).
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Fig. 7. Simulated UV spectrum of complex.



(a) HOMO (-6.3866 eV) (b)
Fig. 8. Frontier orbitals of the complex: (a) HOMO, (b) LUMO.

LUMO (-1.2169 eV)

5. Conclusion

In summary, we have investigated the binding interaction
between 4-cyanophenol and Q[7] both in the solid state and in
aqueous solution. Characterization methods including by '"H NMR
spectroscopy, UV-vis absorption spectroscopy, fluorescence
spectroscopy and X-ray crystallography, which indicated that Q[7]
and 4-CY formed a 1:1 host and guest type complex in solution.
Moreover, the crystal structure in the solid state was constructed
by Q[7] and 4-CY in the presence of [ZnCls]*" and Ca®" as the
structure-directing agent in aqueous HCI solutions. The resulting
complex forms a stable Q[7]-based supramolecular framework
under multiple driving forces, including hydrogen bonding, C-
H---7, n---7 and ion-dipole interactions.

Table 1. Crystallographic data for complex.

Complex Q[7]@4-CY

Formula
FW (g-mol™)
Crystal system
Space group
T(K)

A (A)
a(A)

b (A)
c(A)

o (%)
B
Y (®)

V (A%

V4
Deated (g/cm?®)
p (mm™)
F(000)

6 range (°)
Reflections collected/unique
Rint
Data/restraints/parameters
Goodness-of-fit on F2
Ri, wRa [1>20(])]

Ri1, wR> (all data)
Largest diff. Peak and hole(e.A™)

Ci26H126CaCli6N62010Zn4
4017.64
tetragonal
P-42:c
273.15
0.71073
24.077
24.077
32.472
90
90
90
18824.8
4
1.418
0.842
8192.0
2.27-25.027
539902/16630
0.1808
16630/340/1120
1.028
0.0557, 0.1388
0.0889, 0.1619
0.42/-0.29
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