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ABSTRACT: A highly water-soluble crown ether bearing four
sulfonate groups (1) was synthesized by sulfonation of neutral
bis(m-phenylene)-26-crown-8. The complexation behavior of
1 with two bispyridinium-based guests, methyl viologen
(MV2+) and 1,2-bis(pyridinium)ethane (BPE2+), was system-
atically investigated in both aqueous solution and the solid
state by 1H NMR spectroscopy, crystallography, and micro-
calorimetry. The crystallographic studies of superstructures
MV2+⊂1 and BPE2+⊂1 show that MV2+ forms an inter-
penetrated complex with 1, and conversely, BPE2+ is bound
outside the cavity of 1 as an electrostatic complex.
Furthermore, microcalorimetric titration reveals the thermodynamic origins of this different binding process; that is, MV2+

threads through the cavity of 1 with a significant enthalpy change, while BPE2+ mainly associates with the sulfonate groups of 1,
accompanied by a dominant entropy change. The obtained results demonstrate a structure-dependent binding process in
complexes MV2+⊂1 and BPE2+⊂1, depending on the relative locations of positive charges on nitrogen atoms and the bridge
linkers between two pyridinium moieties in the guest molecules.

■ INTRODUCTION
The rational design and construction of multidimensional
nanoarchitectures based on crown ether derivatives have
recently stimulated an upsurge of interest, mainly due to their
obvious advantages to form the sophisticated topological
features1 of mechanically interlocked complexes with photo-
and electroactive functionalities.2 Up to now, great progress has
been made in exploring crown ether-based artificial systems,
including chiral recognition, molecular switches, chemical
sensors, and ion channels,3 by using their selective complex-
ation behaviors toward inorganic/organic cations, such as metal
ions,4 alkyl ammonium,5 and viologen.6 However, despite the
fact that crown ethers as a class of synthetic receptors have
been known and developed for several decades, the inventive
applications of its water-soluble derivatives have thus far been
essentially ignored and limited. The modified crown ethers with
high water solubility are scarcely exploited as a building block
to fabricate the tailor-made multicomponent assemblies in
supramolecular chemistry. To the best of our knowledge, only a
few examples of stability constants and binding behaviors
involving the complexation of crown ethers and organic cations
have been experimentally studied in aqueous media.7 For
instance, Tiburcio and Loeb et al. have devised a [2]-
pseudorotaxane system comprised of negatively charged
dibenzo[24]-crown-8 with sulfonate groups as a wheel and
positively charged 1,2-bis(pyridinium)ethane as an axle,
implementing the cooperative ion−ion interactions in the

formation of stable threaded inclusions.8 Moreover, with the
introduction of anionic substituents into bis-p-phenylene-34-
crown-10, a series of electroneutral zwitterion-like host−guest
complexes were successfully constructed, exhibiting bispyridi-
nium-based [2]pseudorotaxanes and [2]rotaxanes in various
solvents.9

In the wake of these fascinating results and inspired by our
ongoing interest concerning the molecular recognition and
thermodynamic investigation on water-soluble macrocycles of
cyclodextrin,10 p-sulfonatocalixarene,11 and cucurbituril,12 here-
in we would like to report a novel tetrasulfonated crown ether
(1) capable of effectively binding two bispyridinium derivatives,
methyl viologen (MV2+) and 1,2-bis(pyridinium)ethane
(BPE2+), through noncovalent multiple interactions in water,
which is strikingly distinctive from the reported results in
organic solution. The crystallographic studies and micro-
calorimetric titrations reveal that the combination of ion−
dipole, hydrogen-bonding interconnection, and π−π stacking
interactions jointly stabilize the electrically interpenetrated
structure of MV2+⊂1, and the strongly entropy-driven process
indicates that electrostatic attraction between the negatively
charged crown ether and positively charged bispyridinium units
is the decisive driving force in the electrostatic complex of
BPE2+⊂1. This unexpected binding process in the present
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research will serve to promote our understanding of this
important, but less investigated, area of functionalized supra-
molecular assemblies.

■ RESULTS AND DISCUSSION

Synthesis of Anionic Crown Ether 1. The synthetic route
of tetrasulfonated crown ether 1 is depicted in Scheme 1.
Bis(m-phenylene)-26-crown-8 (BMP26C8) was prepared by a
modified literature procedure.13 Then, the precursor BMP26C8
was reacted with chlorosulfonic acid and neutralized with a
tetraethylammonium hydroxide solution in mild condition to
afford tetraethylammonium salt (2).14 Followed by the
counterion exchange in acetonitrile, sodium salt 1 has a
satisfactory solubility up to 100 mM in water (i.e., 85.6 mg/
mL). Moreover, two of the most commonly employed model
guests with different positively charged positions, methyl
viologen (MV2+) and 1,2-bis(pyridinium)ethane (BPE2+),6,15

were chosen to comprehensively study the significance of
cooperative noncovalent interactions in supramolecular archi-
tectures.
NMR Titration. The quantitative investigation of inter-

molecular complexation of water-soluble crown ether 1 with
two bispyridinium derivatives, MV2+ and BPE2+, was conducted
by means of 1H NMR titration in D2O. The chemical shift
changes (Δδ) of guests MV2+ and BPE2+ upon their
complexation with host 1 are listed in Table S1 of the
Supporting Information. As discerned from Figure 1, the
chemical shifts of two complexes (MV2+⊂1 and BPE2+⊂1) are
consistent with the formation of “fast exchange” equilibrium.
The corresponding Δδ values take on similar characteristics in
the complexes MV2+⊂1 and BPE2+⊂1; that is, all of the
aromatic protons of both 1 (Ha and Hb) and two guests (Hα,
Hβ, and Hε) underwent a small complex-induced upfield shift,
and the ones of ethylene glycol chains of 1 (Hd and He)
exhibited a slight downfield shift in the presence of guest

molecules. These changes of chemical shifts may be ascribable
to the mutual diamagnetic shielding effect between guests and
crown ether aromatic systems. Particularly, the proton signals
of He on 1 gave a moderate downfield shift upon complexation
with MV2+ (Δδ = 0.06 ppm, Figure 1b),16 but the chemical
shift of the same proton was almost unchanged for BPE2+ (Δδ
= 0.01 ppm, Figure 1f). These observations are mainly
attributed to the inductive effects of intermolecular C−H···O
hydrogen bonds, which provides further evidence for the
existence of hydrogen-bonding interactions between MV2+ and

Scheme 1. Syntheses of 1 and the Molecular Structure of Guests

Figure 1. Partial 1H NMR spectra (400 MHz, D2O, 25 °C) of (a)
BPE2+ (5.0 mM), (b) 1 (2.0 mM) in the presence of 10.0 equiv of
BPE2+, (c) 1 (5.0 mM) in the presence of 1.0 equiv of BPE2+, (d) 1
(5.0 mM), (e) MV2+ (5.0 mM) in the presence of 1.0 equiv of 1, (f) 1
(2.0 mM) in the presence of 10.0 equiv of MV2+, and (g) MV2+ (5.0
mM).
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polyether chains of 1. Moreover, as compared to that induced
by complex BPE2+⊂1, it is noteworthy that the Δδ value
induced by complex MV2+⊂1 was larger to some extent,
indicative of a greater affinity in the complexation of 1 and
MV2+, which was further confirmed by their association
constants (Ka) as described below. In addition, although it is
well documented that MV2+ could form a supramolecular
complex with precursor BMP26C8 in organic solution,17

BMP26C8 could not interact with BPE2+ in acetonitrile due
to the negligible complexation-induced chemical shifts in the
1H NMR titration (Figure S11 of the Supporting Information).
This result indicates that the introduction of negative charges
can dramatically improve the binding abilities of crown ether 1
with BPE2+ in water.
Furthermore, Job’s plot was performed to explore the

binding stoichiometry of MV2+ and BPE2+ with 1, in which
the chemical shift of Ha on 1 versus the molar ratio showed an
inflection point at a molar fraction of 0.5, revealing a 1:1
complexation stoichiometry in complexes MV2+⊂1 and
BPE2+⊂1 (Figures S8 and S9 of the Supporting Information).
After validation of the binding stoichiometry, the Ka values
were calculated as 1.0 × 103 and 5.8 × 102 M−1 for MV2+⊂1
and BPE2+⊂1, respectively, by analyzing the sequential changes
in the chemical shift (Δδ) of 1 upon the gradual addition of
guest molecules, using a nonlinear least-squares curve-fitting
method (Figure 2, inset).
Structure of Complexes. More direct evidence for the

different binding behaviors was obtained from their single
crystal in the solid state by the use of a vapor diffusion method,
where each complex consists of one host and two guest
molecules as their chemical formula to balance the intrinsic
charge numbers, suggesting that the charge-matching molar
ratio is the optimal condition in the formation of noncovalently
constructed aggregates.
There are extensive intermolecular C−H···O hydrogen-

bonding networks observed in the oxygen atoms of ethylene
glycol chains on 1 and nitrogen atoms of MV2+ to stabilize the
formation of the inclusion complex (Figure 3a). Moreover, as
seen in Figure 3b, there are two original species of MV2+ in the
packing structure of MV2+⊂1; that is, one guest intermolecu-
larly penetrates into the cavity of crown ether straight along the
vertical direction to form [2]pseudorotaxane, whereas the other
one is embedded in the crystal lattices as a counterion. The
wheel 1 in the topologically interpenetrated structure adopts a
Z-shape conformation, and two pyridinium rings in the axle
MV2+ are approximately coplanar with an inclination angle of
8.9°. Furthermore, the centroid−centroid distances of aromatic
rings in [2]pseudorotaxane were measured as 3.39 and 3.44 Å,
respectively, ultimately resulting in π−π stacking between the
electron-rich sulfonated resorcinol rings of host 1 and the
electron-deficient guest MV2+. Aside from the π−π stacking and
hydrogen-bonding interaction, the ionic electrostatic attractions
between the nitrogen atoms of pyridinium and the oxygen
atoms of the sulfonate group (dN1···O10 = 4.16 Å, dN1···O12 = 3.48
Å, dN2···O15 = 3.88 Å, and dN2···O20 = 3.95 Å) jointly fix the
geometric configurations of superstructure MV2+⊂1.
Surprisingly, the complex BPE2+⊂1 exhibits different

molecular binding and assembly behaviors in the solid state
(Figure 4). Although the macrocycle of tetrasulfonated crown
ether maintains a circular shape, there is no guest encapsulated
in the cavity of the host, and four sulfonate units in 1 are
surrounded by two BPE2+ molecules to form a tightly packed
electrostatic complex, which is strikingly distinctive from the

Figure 2. 1H NMR spectral changes of 1 upon addition of (a) MV2+

and (b) BPE2+ in D2O at 25 °C ([1] = 2.0 mM, [MV2+] = [BPE2+] =
0, 0.4, 0.8, 1.2, 1.6, 2.0, 3.0, 4.0, 5.0, 6.0, and 8.0 M, from a to k,
respectively). Inset: The nonlinear least-squares analysis of the
differential chemical shifts (Δδ) to calculate the association constant
(Ka) for MV2+⊂1 and BPE2+⊂1.

Figure 3. Crystal structures of (a) [2]pseudorotaxane and (b) the
packing representation of MV2+⊂1. Hydrogen-bond parameters are
shown as follows: H···O distance (Å), C−H···O angle (deg), C···O
distance (Å): 2.34, 158.1, 3.25; 2.95, 137.9, 3.71; 2.62, 152.2, 3.49;
2.45, 139.3, 3.23; 2.50, 147.9, 3.34; 2.47, 144.3, 3.32; 2.55, 136.2, 3.30;
2.83, 148.4, 3.70.
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interpenetrated structures of MV2+⊂1. The accurate measure-
ment further demonstrates that the symmetrical distances
between a pyridinium nitrogen atom and a sulfonate oxygen
atom in BPE2+⊂1 are dN1···O2 = 3.24 Å and dN1···O4 = 3.69 Å,
which are much closer than those in crystal MV2+⊂1. These
strong ion−ion electrostatic attractions of the positively
charged pyridinium units with the negatively charged benzene
ring and few hydrogen-bonding interactions of C−H···O
emerge to be the predominant forces in the formation of
superstructure BPE2+⊂1. It should be noted that, in comparison
to MV2+⊂1, one water molecule is constrained by four weak
C−H···O hydrogen bonds in the cavity of 1. This unexpected
phenomenon indicates that BPE2+ has a weaker molecular
complementarity toward the crown ether cavity.
Taking all the discussions into account, we reasonably infer

that there are three principle aspects to illuminate the large
disparities in these supramolecular arrays. As shown in Figure 5,

the intramolecular H−H width of MV2+ and BPE2+ is 3.97 and
2.88 Å, respectively, whereas the O−O distance of the unfolded
ring 1 is 7.82 Å. As a result, the complex MV2+⊂1 may give a
relatively greater size-fit efficiency, as compared with BPE2+⊂1,
to form close contact of the C−H···O hydrogen bonds with the
crown ether cavity. The conjugation of guest molecules is the
second structural aspect responsible for the threading geometry
of MV2+⊂1. Different from the flexible structure of BPE2+, two
pyridinium moieties in MV2+ are a cyclic π-aromatic system that
increase its rigidity and delocalize the spin density on an atomic
center. This π-conjugation makes MV2+ more electron deficient
and, thus, leads to a stronger π−π stacking interaction and less
effective conformational loss upon the host−guest binding.
Finally, the charge distribution can dramatically influence the
complexation of 1 with guests. The N+−N+ interatomic
distance of BPE2+ is 3.74 Å, which is much shorter than that
of MV2+ (7.02 Å). The intensive positive charge on BPE2+

facilitates the close location between oppositely charged ionic
components, while the diffusion of positive charges on MV2+ is
unfavorable in the formation of an electrostatic complex with
tetrasulfonated crown ether 1.

Microcalorimetric Titration and Thermodynamics.
Moreover, the molecular recognition process and thermody-
namics of tetrasulfonated crown ether 1 with substrates were
comparatively investigated in aqueous media by the method of
isothermal titration calorimetry (ITC) measurements. The
thermodynamic parameters are listed in Table S2 of the
Supporting Information, in which Ka values are well-consistent
with the ones obtained by 1H NMR titrations. In the case of
MV2+⊂1, the binding process is governed in a thermodynami-
cally favorable way with negative enthalpy and positive entropy
change, giving the following reliable thermodynamic parameters
with reasonable errors: ΔG° = −18.62 ± 0.01 kJ mol−1, ΔH° =
−10.18 ± 0.08 kJ mol−1, and TΔS° = 7.80 ± 0.07 kJ mol−1

(Figure 6). In contrast, as for the complexation of BPE2+ with 1,
it convincingly demonstrates that this binding process is
strongly entropy driven, accompanied with a minimal enthalpic
contribution (ΔG° = −14.47 ± 0.09 kJ mol−1, ΔH° = −3.03 ±
0.03 kJ mol−1, and TΔS° = 11.46 ± 0.14 kJ mol−1, Figure 6).
Meanwhile, for the purpose of comparison, the molecular
binding behaviors between 1 and a bispyridinium salt with
more flexible spacer, namely 1,4-bis(pyridinium)butane
(BPB2+), were further studied, and it is interesting to note
that the corresponding chemical shift changes underwent the
same tendency for BPE2+ and BPB2+ upon complexation with 1
(Figure S10 of the Supporting Information). Microcalorimetric
experiments also showed that the thermodynamic behavior of
complex BPB2+⊂1 was similar with that of BPE2+⊂1 in a
favorably entropy-driven pathway (Table S2 and Figure S11 of
the Supporting Information). The combined results demon-
strate that the spacer flexibility in guest molecules can affect the
binding mode of water-soluble crown ether 1 with bispyr-
idinium cations.
These ITC data give more detailed information of the

noncovalent interaction of 1 with guests and reinforce the
aforementioned binding modes in the X-ray diffraction
analyses. It is generally accepted that the noncovalent driving
forces, such as hydrogen-bonding interconnection, π−π
stacking, and ion-dipole interactions in supramolecular
assemblies, always lead to a positive contribution to enthalpy
changes (ΔH° < 0), whereas the association process arising
from ion−ion electrostatic attraction, conformational freedom,
and the desolvation effect is entropically favored (TΔS° > 0) in

Figure 4. Crystal structures of (a) the electrostatic complex and (b)
the packing representation of BPE2+⊂1. Hydrogen-bond parameters
are shown as follows: H···O distance (Å), C−H···O angle (deg), C···O
distance (Å): 2.77, 118.7, 3.36; 2.37, 129.6, 3.10; 2.67, 146.3, 3.60;
2.47, 135.2, 3.52.

Figure 5. Molecular sizes measured from their corresponding crystal
structures. (Macrocycle 1 was reproduced from the structure of
MV2+⊂1, in which 1 has an unfolded ring.)
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aqueous media.18 In our case, the dominant enthalpy change
indicates that the N+···Oδ− ion−dipole and the C−H···O
hydrogen-bonding interconnection working at pyridinium
moieties and ethylene glycol chains, as well as π−π stacking
interactions of aromatic rings in [2]pseudorotaxane, play crucial
roles for host−guest complexation of MV2+⊂1. Although the
incorporation of guest molecules makes the accommodated
MV2+ structure more immovable in the crown ether cavity, the
electrostatic and desolvation effect contribute to a large
entropic gain, which overwhelm the entropic loss originating
from the change of conformational freedom upon host−guest
complexation. On the contrary, the entropy-controlled
complexation indicates that the flexible guest BPE2+ mainly
interacts with sulfonate groups on 1 to maximize the
electrostatic attractions. Instead of ion−dipole, hydrogen

bonds, and π−π stacking interactions in MV2+⊂1, it can be
rationalized that the electrostatic attraction and solvent
reorganization are two major driving forces that govern the
superstructure of BPE2+⊂1. Combining the 1H NMR experi-
ment, crystallographic data, and ITC results, we can
undoubtedly deduce that these two complexes could bind in
a very different mode, as illustrated in Scheme 2.

■ CONCLUSION
In summary, a new tetrasulfonated crown ether 1 was
synthesized and its thermodynamics−structure relationship
with two organic cations, MV2+ and BPE2+, was fully
investigated in aqueous media and the solid state, producing
the electrically interpenetrated structure and electrostatic
complex for MV2+⊂1 and BPE2+⊂1, respectively. The

Figure 6. Calorimetric titrations of host 1 with MV2+ (a) and BPE2+ (b) in H2O at 25 °C. Top: Raw data for sequential 10 μL injections of the guest
solution (22.44 mM for MV2+ and 70.04 mM for BPE2+) into the crown ether 1 solution (0.9055 mM for MV2+ and 4.033 mM for BPE2+). Bottom:
Heats of reaction as obtained from the integration of the calorimetric traces.

Scheme 2. Schematic Illustration of the Complexation of 1 with Guests To Form [2]Pseudorotaxane and the Electrostatic
Complex
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introduction of four sulfonate groups onto the backbone of
crown ether and the flexibility of linkers in guest molecules can
profoundly affect the binding geometry and thus lead to the
internal or external binding toward different cationic substrates.
This structure-dependent complexation emphasizes that the
utilization of electrostatic attraction in conjunction with other
noncovalent interactions is highly desirable for the effective
binding process in aqueous media. We also envision that the
extension of our results may endow a variety of known crown
ether derivatives with biocompatible properties and make
water-soluble crown ether a promising candidate for
applications in advanced functional nanodevices.

■ EXPERIMENTAL SECTION
Tetraethylammonium Bis(m-3,5-disulfonatepheny-

lene)-26-crown-8 (2). A solution of chlorosulfonic acid
(2.60 g, 22.30 mmol) in dry CHCl3 (30 mL) was added
dropwise to a stirred solution of bis(m-phenylene)-26-crown-8
(1.00 g, 2.23 mmol) in dry CHCl3 (70 mL) at −5 °C over a
period of 2 h. Then, the mixture was kept at −5 °C for an
additional 4 h to give a white precipitate. The precipitate was
carefully collected by filtration and washed at once with dry
CHCl3 (50 mL). The residue was taken up into H2O (80 mL),
and a NEt4OH solution was added until the pH reached 7. The
crude product was collected and dried in vacuo. After
recrystallization three times from the acetonitrile−acetone
mixtures and drying under a vacuum, the target compound was
obtained as a white solid (2.14 g, 74.5%). Compound 2 has a
tendency to absorb moisture from the humid air. 1H NMR
(400 MHz, D2O): δ 8.24 (s, 2H, Ha), 7.05 (s, 2H, Hb), 4.51−
4.42 (m, 8H, Hc), 4.03−3.95 (m, 8H, Hd), 3.83 (s, 8H, He),
3.29 (q, J = 7.3 Hz, 32H, −NCH2), 1.38−1.20 (m, 48H,
−CH3).

13C NMR (100 MHz, D2O): δ 159.6, 128.9, 122.6,
100.6, 70.3, 69.4, 51.8, 6.5. HRMS (ESI): m/z calcd for
C40H68N2O20S4 [M − 2NEt4 + H]−, 1025.3325; found,
1025.3318. HRMS (ESI): m/z calcd for C32H49O22S4 [M −
3NEt4 + 2H]−, 896.1808; found, 896.1804.
Sodium Bis(m-3,5-disulfonatephenylene)-26-crown-8

(1). Compound 2 (1.00 g, 0.78 mmol) was dissolved in
CH3CN (30 mL), and a solution of NaClO4 (1.31 g, 9.33
mmol) in CH3CN (60 mL) was slowly added with stirring. The
precipitate was filtered and washed three times with CH3CN.
After drying in vacuo, the anionic crown ether 1 was obtained
as a white solid (0.65 g, 97.2%). 1H NMR (400 MHz, D2O): δ
8.19 (s, 2H, Ha), 6.98 (s, 2H, Hb), 4.40 (s, 8H, Hc), 3.93 (s, 8H,
Hd), 3.77 (s, 8H, He).

13C NMR (100 MHz, D2O): δ 159.5,
128.9, 122.1, 100.2, 70.1, 69.1. HRMS (ESI): m/z calcd for
C24H29O20Na4S4 [M + H]+, 856.9727; found, 856.9726. HRMS
(ESI): m/z calcd for C24H31O22S4 [M − 4Na + 3H]−,
767.0291; found, 767.0289.
Inclusion Complex of 1 with MV2+ (MV2+⊂1). 1,1′-

Dimethyl-[4,4′]-bispyridinium hexafluorophosphate in CH3CN
was added to a solution of 2 in CH3CN, and a precipitate of
MV2+⊂1 was formed at once. After filtration, a single crystal of
MV2+⊂1 was grown by vapor diffusion of acetone into an
aqueous solution of MV2+⊂1. Crystal data for MV2+⊂1:
C48H80.8N4O32.40S4, M = 1360.61, monoclinic, space group
P121/n1, a = 14.825(2) Å, b = 19.659(3) Å, c = 21.761(4) Å, α
= 90°, β = 95.970(4)°, γ = 90°, V = 6307.7(17) Å3, F(000) =
2880, Z = 4, Dc = 1.433 g cm−3, μ = 0.245 mm−1, and
approximate crystal dimensions, 0.22 × 0.16 × 0.14 mm3, θ
range = 1.40−27.28°, 49613 measured reflections, of which
13983 (Rint = 0.0950) were unique. Final R indices [I > 2σ(I)]:

R1 = 0.1186, wR2 = 0.3113. R indices (all data): R1 = 0.1467,
wR2 = 0.3352, goodness of fit on F2 = 1.095.

Electrostatic Complex of 1 with BPE2 (BPE2+⊂1). The
crystal of BPE2+⊂1 was prepared via a procedure similar to that
of MV2+⊂1. Crystal data for BPE2+⊂1: C48H58N4O21S4, M =
1155.22, triclinic, space group P1 ̅, a = 8.063(2) Å, b =
12.420(3) Å, c = 12.585(4) Å, α = 89.910(8)°, β =
86.228(10)°, γ = 82.075(10)°, V = 1245.5(6) Å3, F(000) =
606, Z = 1, Dc = 1.540 g cm−3, μ = 0.279 mm−1, approximate
crystal dimensions, 0.20 × 0.18 × 0.12 mm3, θ range =1.62−
29.16°, and 13938 measured reflections, of which 6540 (Rint =
0.0281) were unique. Final R indices [I > 2σ(I)]: R1 = 0.0402
and wR2 = 0.1198. R indices (all data): R1 = 0.0516, wR2 =
0.1284, and goodness of fit on F2 = 1.103.
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