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Abstract The interaction products of normal cucur-

bit[n]urils (n = 7, 8; Q[7] Q[8]) and a sym- tetramethyl-

substituted cucurbit[6]uril derivative (TMeQ[6]) with the

hydrochloride salts of 2,4-diaminoazobenzene (g�HCl)

were investigated in aqueous solution using 1H NMR

spectroscopy, electronic absorption spectroscopy, as well

as single crystal X-ray diffraction. The 1H NMR spectra

analysis established a basic interaction model in which

inclusion complexes with a host:guest ratio of 1:1 form for

the TMeQ[6] and Q[7] cases, while they form with a

host:guest ratio of 1:2 for the Q[8] case. Commonly, the

hosts selectively bound to the phenyl moieties of the

guests. Absorption spectrophotometric analysis in aqueous

solution defined the stability of the host–guest inclusion

complexes at pH 3.2. Quantitatively, at this pH, complexes

with a host:guest ratio of 1:1—those with smaller hosts

TMeQ[6] and Q[7]—formed with logK values between 6

and 7. That with host Q[8] and a host:guest ratio of 1:2

formed with a logK value of 10.8. Single crystal X-ray

structures of the inclusion complexes TMeQ[6]–g�HCl and

Q[8]–g�HCl showed the phenyl moiety of the guest inserted

into the host cavity. This result supports the solution-based
1H NMR spectroscopic study.

Keywords Host–guest complexes � Normal

cucurbit[n = 7,8]urils � Sym-tetramethyl-cucurbit[6]uril �
2,4-diaminoazobenzene

Introduction

The cucurbit[n]uril (Q[n]) compounds are a relatively new

receptor family with common characteristic features

including a hydrophobic cavity and polar carbonyl groups

surrounding the opening portals. Among other examples,

the structure of cucurbit[6]uril (Q[6]) was first determined

and reported by Mock and coworkers [1]. About two dec-

ades later, in 2000 homologues cucurbit[n = 5, 7, 8]urils

(Q[5], Q[7], Q[8]) were synthesized and reported almost at

the same time by two groups [2, 3]. Synthesis of cucur-

bit[10]uril (Q[10]), formed along with Q[5], was reported in

2002 [4]. In 2004, a symmetrical substituted cucurbit[n]uril,

a, a0, d, d0 tetramethylcucurbit[6]uril (TMeQ[6]) [5], which

possessed excellent water solubility, was first synthesized in

our laboratory by using the dimmer of glycoluril, which was

characterized later by our group and the Isaacs’s group at

almost the same time [6, 7] and the diether of dimethyl-

glycoluril. We also investigated the host–guest chemistry of

TMeQ[6] in neutral water [5] (Fig. 1). The varying cavity

and portal sizes available in Q[n] molecules, and particu-

larly their ability to form inclusion or exclusion complexes

with organic species or inorganic ions, have led to consid-

erable research focus on uncovering the remarkable

molecular recognition properties which can provide a

building block for supramolecular chemistry. Some of this

work has been summarized in recent reviews [8–14].

Dye contamination of water bodies in developing nations

is a serious problem. Dyes are released to the environment

from two major sources, namely the textile and dyestuff
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industries. In order to be useful, typical synthetic dyes must

be highly stable to light and washing, and resistant to

microbial attack [15]. These dyes do not, therefore, readily

degrade and are not removed from the effluent by conven-

tional wastewater treatment methods [16]. Azo dyes are the

largest class of dyes, with the greatest variety of colors [17].

They also exhibit great structural variety and therefore, as a

group, they are not uniformly susceptible to microbial

attack [15]. Azo dyes, most predominantly sulfonated azo

dyes, constitute 84% of all dyes used.

2,4-diaminoazobenzenes, which are potentially carcin-

ogenic, have been widely used in the manufacture of dyes

and pigments for cloth, paper, and leather, 2,4-diam-

inoazobenzenes are discharged by the dye industry and are

often released in effluent waste water, leading to their

presence in lakes, rivers and soils [18]. In the 1990s,

Buschmann and coworkers investigated the decolorization,

or selective removal, of different dyes from solutions,

using water-insoluble Q[6] precipitated on a carrier mate-

rial or dissolved in formic acid. Nevertheless, few struc-

tural details of the Q[n]-dyes were reported [19].

In this work, we compared a water-soluble sym-tetra-

methyl-substituted cucurbit[6]uril (TMeQ[6]), with normal

Q[7] and Q[8]. We investigated the details of their inter-

action with the hydrochloride salt of 2,4-diaminoazoben-

zene (g�HCl), by using X-ray crystal structure analysis, 1H

NMR spectroscopy and electronic absorption spectroscopy

(Fig. 1). The guest was composed of two aromatic moie-

ties̄phenyl and benzenediamine rings-both of which were

small enough to allow inclusion in the cavity of the

selected hosts or of its substituted derivatives [20–24]. Our

work demonstrated not only a 1:1 interaction model,

exemplified by the interaction of TMeQ[6] or Q[7] with the

guest, but also a 1:2 interaction model, exemplified by the

interaction of Q[8] with the guest.

Experimental

Materials

TMeQ[6], Q[7], and Q[8] were prepared and purified

according to the method developed in our laboratories [7].

Analytical grade 2,4-diaminoazobenzene hydrochloride

(g�HCl) was obtained from Shanghai Chongming Chemical

Co., Ltd., and used without further purification.

1H NMR titrations

2.0–2.5 9 10-3 mmol samples of Q[n] in 0.5–0.7 g D2O,

with guest:Q[n] ratios ranging between 0.5 and 6, were

prepared for the study of host–guest complexation between

Q[n] and the title guest. The 1H NMR spectra were

recorded at 20 �C on a Varian INOVA-400 spectrometer.

Absorption study

Aqueous solutions of HCl salts of the guest were prepared

in a concentration of 1 9 10-3 mol/L. Aqueous solutions

of the hosts were prepared in a concentration of

1 9 10-4 mol/L. These stock solutions were combined to

Fig. 1 Structures of the host

and the guest used in this work

214 J Incl Phenom Macrocycl Chem (2012) 72:213–220

123



give solutions containing a fixed guest concentration of

2.0 9 10-5 mol/L in each solution with a guest:Q[n] ratio

of 0, 0.2:1, 0.4:1, 1:1, 1.5:1, 2:1…, and each solution was

characterized by absorption spectroscopy. The pH of the

solutions was adjusted using HCl and closed to 3.2 at

which both of the free guest and the bound guest were

protonated. UV–visible (UV–Vis) absorption spectra of the

host–guest complexes were recorded on an Agilent 8453

spectrophotometer at room temperature.

X-ray crystallography

Preparation of (TMeQ[6]–g)�Cl�5(H2O) (1): A single

crystal of the TMeQ[6] adduct with g (as shown in Fig. 1)

was obtained by dissolving TMeQ[6] (0.20 g, 0.19 mmol)

in a solution of g�HCl (0.047 g, 0.20 mmol) in water

(5 mL). The final solution was mixed thoroughly and

allowed to stand at room temperature. Crystals suitable for

X-ray diffraction were formed after several days.

(FW = 1391.79) Anal. Calcd. for 1: C,44.88; H, 4.85; N,

28.10. Found: C, 43.93; H, 4.96; N, 27.68.

Preparation of (Q[8]–2g)�2Cl�14(H2O) (2): A single

crystal of the Q[8] adduct with g was obtained by dis-

solving Q[8] (0.29 g, 0.19 mmol) in a solution of g�HCl

(0.047 g, 0.20 mmol) in water (5 mL). The insoluble res-

idue was filtered, and the filtration was allowed to stand at

room temperature. Crystals suitable for X-ray diffraction

formed after several days. (FW = 2078.84) Anal. Calcd.

for 2: C,41.60; H, 4.955; N, 26.97. Found: C,40.86; H,

5.05; N; N, 26.53.

Experimental data were collected for compounds 1 and

2 on a Bruker APEX2 CCD diffractometer (graphite

monochromatized, MoKa-radiation, x and u scan mode,

10 s frame-1). The structures of compounds 1 and 2 were

solved and refined using anisotropic thermal parameters for

all non-hydrogen atoms. The hydrogen atoms belonging to

the host and guest were placed in calculated positions and

further refined using the riding model. Hydrogen atoms in

the water molecules were not located from the difference

electron density map. All the refinements were performed

using SHELXTL-Plus software. CCDC reference numbers

718845 for compound 1 and 718846 for compound 2.

Crystal data for compound 1: [(C40H44N24O12)(C12H13N2)]�
Cl�5(H2O), M = 1391.79, triclinic, a = 12.0591(8) Å,

b = 13.3323(9) Å, c = 24.3017(17) Å, a = 104.456(3)�,

b = 92.714(3)�, c = 73.900(8)�, V = 3765.7(4) Å3, T =

223.0(2) K, space group P-1 (no.2), Z = 2, k(MoKa) =

0.71073 Å, l(MoKa) = 0.128 mm-1, 12818 reflections

measured, 7204 unique (Rint = 0.0468) which were used in

all calculations. The final R1 and wR2 were 0.0813 and

0.2417 for I [ 2r(I), 0.1245 and 0.2682 for all data.

Crystal data for compound 2: [(C48H48N32O16)

(C12H13N4)2]�2Cl�14(H2O), M = 2078.84, monoclinic,

a = 14.471(7) Å, b = 22.919(11) Å, c = 16.135(8) Å, a =

90.00�, b = 105.023(7)�, c = 90.00�, V = 5169(4) Å3,

T = 223.0(2) K, space group P21/c (no. 14), Z = 2,

k(MoKa) = 0.71073 Å, l(MoKa) = 0.155 mm-1, 8679

reflections measured, 3750 unique (Rint = 0.0984) which

were used in all calculations. The final R1 and wR2 were

0.0841 and 0.2112 for I [ 2r(I), 0.1740 and 0.2498 for all

data.

Results and discussion

1H NMR spectra analysis of the interaction

between the Q[n]s with g�HCl

Figure 2 shows the 1H NMR spectra for g�HCl recorded in

the absence (a) and in the presence of TMeQ[6] with

increasing concentration (b–f). Figure 3 shows spectra for

g�HCl recorded in the absence (a) and in the presence of

Q[7] with increasing concentration (b–f). Figure 4 shows

spectra for g�HCl recorded in the absence (a) and in the

presence of Q[8] with increasing concentration (b–d).

One can see two sets of resonance signals of the bound

and unbound g�HCl, and the strengths of them change with

the increase of the concentration of the host TMeQ[6].

Meanwhile, the two sets of the resonance of methyl protons

show clearly the bound and unbound TMeQ[6] in the

equilibrium of the interaction of the TMeQ[6] and the guest

g�HCl in Fig. 2. The signals corresponding to the bound

g�HCl were present after addition of 0.60 equivalent of

TMeQ[6] (Fig. 2b). The resonances of the phenyl ring of

the guest were shifted upfield by at least d 0.79 (as indi-

cated by the red arrowhead), while the rest of ring reso-

nances (H1–H3) were shifted significantly downfield by d
0.1–0.8 (as indicated by the red arrowhead). This suggests

that the phenyl ring of the guest was in the shielding zone

in the cavity of the host, while the m-phenylenediamine

ring was in the deshielding zone at the portal of the host.

This conclusion was further verified by the crystal structure

of the inclusion complex of TMeQ[6]–g�HCl (Fig. 6).

Titration spectra show that only one set of resonance

signals of the g�HCl which underwent a gradually shift

upfield (H4–6) or downfield (H3) with increasing equiva-

lents of host Q[7], it suggests that can include g1 into its

cavity with a fast ingress and egress exchange ratio (cases

b–d in Fig. 3). In particular, at higher host:guest ratios (up

to 6.07 in Fig. 3f), resonance signals of protons (H4–6) of

the guest exhibited a upfield shift by *0.7–0.8 ppm, while

the resonance signal of proton (H3) of the guest exhibited a

upfield shift by *0.5 ppm respectively. This suggests that

the phenyl ring of the guest was included in the cavity of

the host, while the m-phenylenediamine ring was excluded

in the portal zone of the host. Although chemical shift
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changes of certain proton resonances of the guest or host

with increasing or decreasing equiv of the guest or host can

be used to study host–guest interaction, it was difficult to

read the accurate chemical shift and the integrity of the

guest for the Q[7]–g interaction system due to the broad

proton resonances of the guest.

Unlike TMeQ[6]–g or Q[7]–g interaction systems, in

which the hosts are water soluble and 1H NMR titration

experiments are performed by adding a guest solution into a

host solution gradually. For the Q[8]–g interaction system,

the titration spectra were obtained by adding solid of Q[8]

into the guest solution gradually due to the poor solubility of

the host Q[8] (Fig. 4b–d). The very broad proton resonances

of the guest, in particular at a lower NQ[8]/Ng ration

(Fig. 4b), indicate a fast exchange on the NMR time scale

so that it was difficult to read the accurate chemical shift and

the integrity of the guest for the Q[8]–g interaction system.

However, the proton resonances of the phenyl ring were

clearly shifted upfield (Fig. 4c, d), suggesting the phenyl

ring of the guest was in the cavity of the host Q[8].

Fig. 2 The 1H NMR spectra of

g�HCl recorded a in the absence

and b–e TMeQ[6]–g�HCl

system with increasing

concentration of TMeQ[6],

f TMeQ[6]

Fig. 3 The 1H NMR spectra of

g�HCl recorded a in the absence

and b–f Q[7]–g�HCl system

with increasing concentration of

Q[7]
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Spectrophotometric analysis of the interaction

between Q[n]s and g�HCl

To further quantify the interaction between the various

Q[n] and g�HCl in solution, a ratio-dependent study was

pursued by monitoring electronic absorption. In acid solu-

tion, the protonated form of the g�HCl prevails, having the

characteristic absorption peak at 456 nm. The changes in the

absorption spectra of the g�HCl as a function of pH of the

solution are shown in the Fig. 1S (see the supporting infor-

mation). Based on the ground state pKa of the g�HCl, we

adjusted the pH of related solutions near 3 to study the

complexation of the protonated form of the guest with the

hosts (Fig. 5).

Usually, the hosts Q[n] showed no absorbance for

k[ 210 nm, and the free HCl salt of the guest showed

maximum absorption at kmax = 456 nm in g�HCl. Fig. 5a–f

show the variation in the UV spectra obtained from aqueous

solutions containing a fixed concentration of g�HCl

(2.0 9 10-5 mol/L), with variable concentrations of Q[n]s

repectively. The addition of TMeQ[6] to a solution of g�HCl

at pH 3.2 results in decreasing absorption with a batho-

chromic shift from 456 to 461 nm (Fig. 5a). The relation-

ship between absorbance (A) at kmax = 456 nm and molar

ratio of host TMeQ[6] to guest (NTMeQ[6]/Ng�HCl) can be

fitted to a 1:1 binding model for the TMeQ[6]–g�HCl sys-

tems (Fig. 5b), and this stoichiometry is also confirmed by a

Job’s plot (Fig. 5b inset). The Q[7]–g�HCl system shows

similar variation of absorption bands upon addition of Q[7]

to an aqueous solution of g�HCl at pH 3.2 with a batho-

chromic shift from 456 nm to 459 nm (Fig. 5c). The data

for the Q[7]–g�HCl system can also fit to a 1:1 binding

model (Fig. 5d and inset in Fig. 5d). By contrast, The

addition of Q[8] to a solution of g�HCl at pH3.2 results in

decreases in the peaks with a violet shift from 456 to

440 nm, with an isosbestic point at *535 nm (Fig. 5e). The

differences of absorbance (DA) at the corresponding kmax

vs. molar ratio of host Q[8] and guest (NQ[8]/Ng�HCl) can be

fitted to a 1:2 binding model (Fig. 5f). The data on absor-

bance change (DA) vs. ratio of [NQ[8]/(NQ[8] ? Ng�HCl)]

also confirm that the interaction between Q[8] with the

selected guest can be fitted to a 1:2 binding model (inset in

Fig. 5e). It should be noted that there is still a dip in the

titration curve after the equivalence point. It could be

caused by the equilibration of 1:2 complex and 1:1 complex

of the host Q[8] and the guest g, in particular, with the

increase of Q[8] after the equivalence point.

The measured data for the three inclusion host–guest

systems enabled calculation of binding constants [25]. LogK

values of 7.2 ± 0.1 for TMeQ[6]–g�HCl, 6.5 ± 0.1 for

Q[7]–g�HCl and 10.7 ± 0.3 for Q[8]–g�HCl were obtained

based on the absorption spectrophotometric analysis.

Crystal structures of the inclusion complexes

of TMeQ[6]–g�HCl and Q[8]–g�HCl

Based on the studies on the interaction of the various

Q[n] with the guest in solution, one can conclude that the

hosts prefer to include the phenyl moiety rather than the m-

phenylenediamine moiety of the selected guest. Crystal

structures of the inclusion complexes can provide more

details about the interaction between the Q[n] host and the

g�HCl guest. In this work, two single crystal X-ray struc-

tures of the inclusion complexes TMeQ[6]–g�HCl and

Q[8]–g�HCl were obtained. Both structures showed the

phenyl moiety of the guest inserted into the host cavity,

supporting the 1H NMR spectroscopic study and spectro-

photometric analysis in solution.

Figure 6 illustrates the structure of the TMeQ[6]–g�HCl

adducts in the solid state. The phenyl moiety of the guest was

clearly inserted into the cavity center of the host, whereas the

m-phenylenediamine moiety lay in a portal zone of the host.

Thus, the phenyl ring in the cavity underwent a shielding

effect, and the corresponding proton resonances experienced

a significant upfield shift (as observed in the 1H NMR spectra

discussed earlier). Moreover, the interaction between the

portal hydrogen bonds of the protonated m-phenylenedi-

amine moiety of the guest, with the rimmed carbonyls of

TMeQ[6], increased the stability of the title inclusion com-

plexes. Nevertheless it is unclear which N of the m-phenyl-

enediamine moiety was protonated in solution.

Two inclusion complexes arranged in a pair and formed

a dumbbell-like host–guest assembly exhibiting p–p
stacking of two adjacent m-phenylenediamine moieties,

hydrogen-bonding and ion–dipole interactions. In addition,

the dumbbell-like host–guest assemblies were linked by

hydrogen-bonding between portal carbonyl and latticed

water molecules, to form a one-dimensional supramolec-

ular chain as shown in Fig. 6. The distances between the

amine nitrogens N27 and N28 of the guest and the portal

Fig. 4 The 1H NMR spectra of g�HCl recorded a in the absence and

b–d Q[8]–g�HCl system with increasing concentration of Q[8]
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carbonyl oxygen atoms of the host were 1.759 and 1.957 Å

respectively, and the lengths of the related hydrogen bonds

were 3.029 Å (N27_O2), 2.943 Å (N27_O3), and

2.887 Å (N28_O1), respectively. The distance between

p_p stacked m-phenylenediamine moieties in the dumb-

bell-like host–guest assembly was 3.289 Å. The bond

Fig. 5 Electronic absorption

spectra of g�HCl

(2 9 10-5 mol/L) in the

presence of Q[n] a TMeQ[6]:

1–14 (0–6.0 9 10-5 mol/L),

c Q[7]: 1–16

(0–6.0 9 10-5 mol/L) and

e Q[8]: 1–13

(0–4.4 9 10-5 mol/L) and

corresponding DA–NQ[n]/Ng

curves (Q[n](b TMeQ[6],

d Q[7] and f Q[8]) (insert: DA–

NQ[n]/(Ng ? NQ[n]) curves) in

aqueous solution (pH &3.2) at

456 nm

Fig. 6 Crystal structure of a 1D

supramolecular chain

constructed of dumbbells of

TMeQ[6]–g inclusion

complexes, through p–p
stacking, hydrogen-bonding and

ion–dipole interaction
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distances of the two pairs of hydrogen bonds connected the

‘‘dumbbell’’ were 2.735 Å (O9_O4W), 2.762 Å

(O4 W_O2W), and 2.964 Å (Q2W_O10) respectively.

Moreover, four water molecules (O1W, O4W, O7W and

O11W) combined together to form a lid that covered the

portal carbonyl oxygen atoms of the hosts, through

hydrogen bonding between these carbonyl oxygen atoms

and these water molecules.

When the Q[8]–g�HCl adduct was in the solid state, the

phenyl moiety of a guest also intruded into the cavity center

of the host, and each host Q[8] included two guests due to the

larger cavity. The two m-phenylenediamine moieties of the

two included guests in Q[8] protruded from two opening

portals of Q[8] and the inclusion complex of Q[8]–g�HCl was

symmetric. The two included phenyl moieties stacked in a

parallel configuration, and the distance between the two

aromatic rings was 3.840�. The inclusion complex with a 2:1

ratio of Q[8]:g�HCl was also linked through p-p stacking,

hydrogen-bonding and ion–dipole interaction. This resulted

in the formation of a supramolecular chain consisting of the

inclusion complexes of Q[8]–g�HCl as shown in Fig. 7. The

distance between the amine nitrogen N20 of the guest and the

portal carbonyl plane of the host was 2.310 Å, and the bond

distances of the related hydrogen bonds were 2.992 Å

(N20_O1) and 2.977 Å (N20_O1) respectively. The

spacing of p_p stacked m-phenylenediamine moieties in

the dumbbell-like host–guest assembly was 3.365 Å. At the

portals of host Q[8], a number of water molecules (O1W–

O5W) formed a molecular complex through hydrogen

bonding.

Conclusion

The interaction between TMeQ[6], Q[7], Q[8] and g�HCl in

aqueous solution was investigated using 1H NMR spec-

troscopy, electronic absorption spectroscopy, as well as

single crystal X-ray diffraction. The 1H NMR spectra

analysis established a basic interaction, in which the host

selectively bound the phenyl moiety of the guest.

Absorption spectrophotometric analysis in aqueous solu-

tion defined the stability of the host–guest inclusion com-

plexes quantitatively. At pH 3.2, logK values between 6

and 7 were obtained for the smaller hosts TMeQ[6] and

Q[7], while a logK value of 10.7 was obtained with a

host:guest ratio of 1:2 for host Q[8]. The single crystal

X-ray structures of the inclusion complexes of TMeQ[6]–

g�HCl and Q[8]–g�HCl showed that the phenyl moiety

of the guest inserted into the host cavity. This finding

supported the solution studies. The inclusion complex

assembled as identified in the solution 1H NMR studies

and existed as stacked one-dimensional supramolecular

chains.
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