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Gemini guests with spacers of various length drive the self-assembling of supramolecular 
capsules in water at neutral pH differently 

Carmelo Sgarlata, Giuseppe Arena, Domenico Sciotto and Carmela Bonaccorso* 

Dipartimento di Scienze Chimiche, Università degli Studi di Catania, Viale A. Doria 6, 95125 Catania, Italy 

(Received 22 May 2013; final version received 10 July 2013) 

Water-soluble homodimeric capsules resulting from the electrostatic and hydrophobic interactions between a tetracationic 
calixarene receptor and gemini guests having the negatively charged ends separated by a (ZCH2Z)n (n ¼ 2–6) spacer are 
reported. The formation of the supramolecular capsules occurs through concerted hydrophobic and electrostatic interactions 

between the charged and aromatic groups of the guests and the host as indicated by 1H NMR  and DOSY NMR  data.  The  

different size of the guests may strongly affect the stability of the capsule. The surprising features of these host–guest systems 

disclose new paths for the design of more efficient anion-templated capsules in highly competitive media such as water. 

Keywords: calixarenes; gemini guest; supramolecular capsules; water chemistry; self-assembly 

1. Introduction 

The comprehension of the molecular properties of entities 
that are confined in small spaces is of crucial interest in 
chemistry, since confined molecules have properties that 
may be quite different from those of molecules that move 
freely in solution (1). Considerable efforts have been 
devoted to the synthesis of molecular containers posses

sing a confined environment that may stabilise reactive 

intermediates (2) or may catalyse reactions (3). Self-

assembled nanocapsules are containers obtained through 

the rational design of the molecular scaffold as well as of 

the building block (4). 

Non-covalent, weak interactions have been widely 
exploited to drive the assembly of molecules into 
nanometre-sized supramolecular structures in solution (5). 
In organic media, a variety of strategies have been used to 

build molecular containers that assemble through non

covalent interactions, such as hydrogen bonds (6) or metal–  

ligand interactions (7). On the other hand, the design of 

water-compatible dynamic non-covalent containers is a 

great challenge, and methods to obtain an active control on 

the encapsulation or transport of drugs or other relevant 

molecules are topics of interest. 

Anionic components able to drive the self-assembly of 
molecules have been recently used in supramolecular 
chemistry to obtain non-covalently linked molecular 
architectures (8). Molecular capsules may find applications 

in the (a) removal and extraction of toxic species, (b) drug 

delivery and (c) molecular catalysis. 

With the aim of building up supramolecular anion 
receptors by using simple building blocks, we resorted to 

the positively charged calix[4]arene host TAC4 (Scheme 1), 

which has been successfully used for both the recognition of 

organic anions and the formation of homodimeric capsules 

in water (9, 10). We have recently shown that a gemini 

guest, having both aromatic units and negative charges, 

triggers the self-assembling of a homodimeric capsule in the 

presence of TAC4 in aqueous solution. We also found that 

the inclusionprocess is due to concerted electrostatic,CH– p 
and p– p interactions between the guest and host functional 
groups, as well as to the spatial arrangement of the host 

scaffold (9). 

Although host–guest interactions play a significant role 
in capsule formation, they are not the only relevant factors, 
as guest size and shape may largely affect the assembly of 
the supramolecular structure. We have designed anionic 
gemini guests of variable size (BSCn, n ¼ 2–6,  Scheme 1) 

to explore their ability to act as templating agents for the 

self-assembling of capsules. Here, we report on supramo

lecular entities resulting from the interaction of these guests 

with TAC4 in neutral aqueous solution and show that they 
may form capsules the stability of which depends on the 

length of the (ZCH2Z)n (where n ¼ 2–6)  spacer.  

2. Results and discussion 

The dianionic guests BSCn (n ¼ 3–5) were synthesised 
by following the two-step procedure reported in Scheme 1, 

while BSC2 and BSC6 were synthesised as reported 
previously (10). 4-Methyl-phenol was first alkylated with 

terminal dibromoalkanes of variable length, then the BCn 

phenylethers were sulphonated with H2SO4 (when n is 2, 3 
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697 Supramolecular Chemistry 

Scheme 1. The investigated host and guest. 

and 6) or with ClSO3H (for n ¼ 4 and 5). All the 
intermediates and final compounds were characterised by 
1 13H and  C NMR spectroscopies and ESI mass 

spectrometry (see Supplementary Information, available 

online) (Scheme 2). 

Standard 1H NMR titrations (11) were carried out to 
determine both the stereochemistry of inclusion and the 

binding affinities of BSCn (n ¼ 3–5)  for  TAC4 in 
water at neutral pH. Due to the fast exchange between 

the free and the complexed species on the NMR 

timescale, the guest signals were detected as single 

resonances. When the host concentration increases, all 

the guest signals shift upfield and the complexation-

induced shifts (CIS) follow the order Me . ArH q 
CH2 (Figure 1). The trend reported in Figure 1 has 

already been observed for the analogous BSC2–TAC4 
and BSC6–TAC4  systems (10). 

The selective inclusion of the aromatic moiety of the 
guest is supported by the large upfield shift of both the 
signals of the methyl groups and the two neighbouring 
aromatic protons, indicating that the above groups are 
included into the host cavity and experience the magnetic 
shielding of the aromatic rings of TAC4. Such an 

arrangement maximises the CH – p and p– p interactions 
between the host and the guest and somewhat keeps the 

lipophilic moieties of BSCn away from the polar aqueous 

environment. Negligible shifts are observed for the other 

guest signals suggesting that the sulphonate groups are 

located near the portal of the host, to take full advantage of 

the electrostatic interactions with the ammonium groups at 

Scheme 2. Synthesis of the BSCn guests. 

the upper rim of the calixarene, while the alkyl chains are 

located outside the cavity. 

TAC4 self-assembles to give capsular structures in 

which the included guest is reversibly bound to the host; 

moreover, the ad hoc tailored functionalisation of both the 

calixarenic cavity and BSCn allows for the control of the 
orientation and location of encapsulated guests. 

The refinement of the NMR titration data yields the 
binding constants for the different BSCn– TAC4 systems 

in buffered D2O (pD 7.1) at 278C (12). A good fit of the 

experimental data was obtained only by considering the 

simultaneous formation of complex species having both 

1:1 and 2:1 host – guest stoichiometry. The association 

constants (logb) for these species, the host –guest 
equilibria and the distribution diagrams are shown in 

Table 1 and Figures 2 and 3, respectively. 

The species distribution diagrams indicate that BSC4 
forms a supramolecular capsule (i.e. both HG and H2G 

species are successfully refined) with a stability comparable 

to that observed for BSC2 and BSC6 (10) while  BSC5 
assembles into a less stable capsular entity. Surprisingly, 

BSC3 seems poorly suitable for capsule formation; the HG 

species is by far the most relevant in this system. 

The formation of the homodimeric structure does not 
imply any stabilising linkage between the two 
calixarenic scaffolds; concerted electrostatic and hydro
phobic interactions between TAC4 and the guests are the 
attractive forces holding together the supramolecular 

assemblies. However, the different length and number of 

methylene groups on the alkyl chain of the guests seem 

to affect the efficiency of the capsule templation 

process. 

The assemblieswith an odd number of CH2 units are less 
stable than BSC4, probably owing to an unsuitable 
arrangement of the two calixarenic scaffolds around BSC3 

D
ow

nl
oa

de
d 

by
 [

U
N

A
M

 C
iu

da
d 

U
ni

ve
rs

ita
ri

a]
 a

t 0
0:

18
 2

5 
D

ec
em

be
r 

20
14

 



698 C. Sgarlata et al. 

Figure 1. (Colour online) CIS diagrams for the BSCn– TAC4 
systems (n ¼ 3, 4, 5 for (a), (b) and (c), respectively) in D2O, pD 
7.1, 278C. CBSCn ¼ 2.5 £ 1024 mol dm23. 

(Figure 4). Probably, the alkyl chain conformation and its low 

degree of conformational freedom keep the second negative 

charge of BSC3 at longer distance from the upper rim of the 

host, which would determine the slightly lower value 

observed also for the first equilibrium. The relatively longer 

and more flexible BSC5 alkylic chain partially accounts for 
the larger stability of the structure with the longer spacer 

Table 1. Binding constants (log b)a for the BSCn– TAC4 
systems (n ¼ 2–6)  in D2O at pD 7.1, 278C. 

Guest log b1 log b2 

BSC2b 4.54 7.85 
BSC3 
BSC4 
BSC5 
BSC6c 

4.22 (1) 
4.52 (3) 
4.45 (3) 
4.34 

6.43 (2) 
7.69 (3) 
7.20 (3) 
7.40 

a s in parentheses. 
b From Ref. (10b). 
c From Ref. (10a). 

(7.20 vs. 6.43), though the BSC5 assembly is less stable than 

those formed by the BSCn (n ¼ 2, 4, 6) homologues. 

Diffusion-ordered NMR spectroscopy (DOSY) pro
vides further evidence that supports the unexpected 
behaviour of the BSC3– TAC4 system. As the free and 

bound guest exchange fast on the NMR timescale, the 

observed diffusion coefficients are the weighted average of 

the values of the free and bound guest. The addition of 

increasing amounts of TAC4 affects the motion of BSC3 
while it causes a small effect on the TAC4 diffusion 
coefficient (Figure 5); the guest diffuses more slowly than 

in its free form, which is consistent with an increase of its 

effective size due to host–guest interactions (13). 

Only the model (HG þ H2G) nicely fits the exper
imental self-diffusion coefficients, thus pointing out that 
the two species coexist in neutral solution. However, both 
NMR titration and DOSY data indicate that the amount of 
(TAC4)2– BSC3 assembly forming in solution is relatively 

small (,30%, Figure 3(a)) even in the presence of a large 

excess of TAC4 (Figure 5). Most of the experimental 

diffusion coefficients values lie above the value expected 

for 1:1 species (blue line), supporting that HG is the main 

species in solution. 

The diffusion coefficients extrapolated from the exper
imental data (Dextr, Table 2) for the HG and H2G complexes 

(3.05 £ 10210m2 s 21 and 2.52 £ 10210m2 s 21, respectively) 

are lower than those of the free components (DTAC4 ¼ 3.10 
£ 10210m2 s 21, DBSC3 ¼ 4.04 £ 10210m2 s 21) and nicely 

match the theoretical values (Dcalcd). 

The diffusion coefficient extrapolated for (TAC4)2– 
BSC3 is somewhat comparable to that of the capsule 

formed by BSC2 (10b) and is significantly larger than that 
formed by BSC6 (10a), which corroborates the compact 

capsular assembly. These findings support the formation of 

the self-assembled structure involving BSC3, although the 

amount of capsule is the lowest observed for the series of 

guests reported here. 

3. Conclusions 

Dianionic gemini guests having different size can be 
successfully used as templating agents for the assembly of 
nanoscale homodimeric capsules in aqueous solution at 
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699 Supramolecular Chemistry 

Figure 2. (Colour online) Schematic of the host–guest equilibria for the TAC4 – BSCn systems. 

neutral pH. Capsules are formed by concerted hydro
phobic and electrostatic interactions between the aromatic 
and charged moieties at both ends of the BSCn guests and 
the tetracationic calix[4]arene host. 

DOSY experiments and the accurate determination of 
the species existing in solution reveal that the amount of 
dimeric capsule that forms strongly depends on the 
number of methylene groups on the alkyl chain of the 
guest. This paves the way to new strategies for the design 
of more efficient supramolecular containers that could be 
used as molecular reactors or shuttles for the delivery of 
biologically relevant molecules. Isothermal titration 
calorimetry measurements and theoretical calculations 
are currently underway to single out the forces that drive 
the capsule formation processes. 

4. Experimental 

4.1 General 

TAC4 was obtained according to the procedure described 
by Gutsche et al. (14). The concentration of BSCn and 
TAC4 was obtained by correcting for the water content 
determined via TGA. All the chemicals were obtained 

from Sigma Aldrich (St. Louis, MO, USA) and used as 

received, after drying. Thin layer chromatography was 

carried out on silica gel plates (Merck 60, F254, Merck, 

Darmstadt, Germany). All reactions were carried out under 

nitrogen atmosphere unless otherwise stated. High-purity 

water (Millipore, Milli-Q Element A 10 ultrapure water, 

Billerica, MA, USA) and A-grade glassware were used 

throughout. The distribution diagram and the mole fraction 

values were obtained with HySS (15). 

4.2 NMR experiments 

NMR experiments were carried out at 278C using  a  
500 MHz spectrometer (1H NMR at 499.88 MHz, 13C NMR  
at 125.7 MHz) equipped with a pulse field gradient module 
(Z-axis) and a tunable 5mm Varian inverse detection probe 

(ID-PFG); chemical shifts (d) are expressed in ppm and are 

referenced to residual deuterated solvent. NMR data were 

processed using the MestReC software. 

NMR titrations were carried out by mixing BSCn 
and TAC4 in the appropriate ratios in NMR tubes 

in D2O (BSCn concentration was kept constant at 2.5 £ 
1024 moldm23; phosphate buffer 2.5 £ 1022 mol dm23). 

The chemical shifts corresponding to all BSCn resonances 
collected in the 1 –8 host –guest range were simultaneously 

fit using HyperNMR (12); the above ratio ensured that the 

amount of complex formed ranged from 20% to 80% of the 

total guest concentration. 

NMR diffusion measurements were carried out using 
the bipolar-pulsed gradient-stimulated echo (due to the 
long eddy-current delay) Varian pulse sequences (16) and 
were processed by the Varian DOSY software incorpor

ated in VNMR. 

Data were acquired with a 75 ms diffusion delay in all 
experiments, with a bipolar gradient pulse duration of 
2 ms. For all experiments, 25 different gradient amplitudes 
were used, until a 90% decrease in the resonance intensity 
was achieved. A constant concentration of BSCn 
(0.25 mmol dm23) was used while the concentration of 

TAC4 ranged from 0.25 to 2.50 mmol dm23. 

The diffusion coefficients were obtained by the 
following equation: 

� �  � �2� � 
I 2 D 2 d 

ln ¼ 2g 2d2G2 D ¼ 2bD;
I0 p 4 

where I and I0 are the echo intensities in the presence and 
absence of gradient pulse, respectively, g is the 

gyromagnetic ratio, G is the pulse gradient strength, 2/p 
is a geometrical connection factor due to the sine-shape of 

the pulse gradients used, d is the length of the pulse 
gradient, D is the time interval between the leading edges 

of the pulse gradient used and D is the diffusion 

coefficient. 

4.3 Synthesis 

4.3.1 General procedure for the synthesis of BCn 

Terminal dibromoalkane (5.0 mmol) was added to a stirred 
suspension of 4-methyl-phenol (1.04 ml, 10.0 mmol) and 
K2CO3 (1.38 g, 10.0 mmol) in acetonitrile (50 ml). The 
mixture was refluxed overnight and then allowed to cool 
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700 C. Sgarlata et al. 

Figure 3. (Colour online) Species distribution diagrams for the 
TAC4 – BSCn systems (n ¼ 3, 4 and 5 for (a), (b) and (c) 
respectively). CBSCn ¼ 2.5 £ 1024 mol dm23 . 

down to room temperature (r.t.). After solvent removal, the 
residue was dissolved in CH2Cl2 and washed with water. 
The organic layer was evaporated to dryness and the 

Figure 4. (Colour online) Schematic of the (TAC4)2 – BSC3 
assembly. 

Figure 5. (Colour online) BSC3 self-diffusion coefficients in 
D2O at pD 7.1, 278C. Blue full circles; experimental data points; 
black line; curve predicted for the HG model; red line; curve 
predicted for the HG þ H2G model. Blue lines indicate the 
expected diffusion value for HG and H2G, respectively. 
CBSCn ¼ 2.5 £ 1024 mol dm23 . 

resulting precipitate was purified by re-crystallisation from 
methanol. 

BC3: (Yield 84%) NMR: dH (500 MHz, CDCl3, 278C) 
7.08 (d, 3J(H,H) ¼ 8.6 Hz, 4H; ArH); 6.82 (d, 3J(H, 

H) ¼ 8.6 Hz, 4H; ArH); 4.14 (t, 3J(H,H) ¼ 6.1 Hz, 4H; 
OCH2); 2.29 (s, 6H; CH3); 2.24 (m, 2H; CH2); dC 
(125 MHz, CDCl3, 278C) 156.76, 129.89, 129.85, 114.39, 
64.61, 29.42, 20.44 ppm. ESI-MS m/z: 279.23 (100%) 

[M þ Naþ]. 
BC4: (Yield 81%) NMR: dH (500 MHz, CDCl3, 278C) 

7.08 (d, 3J(H,H) ¼ 8.5 Hz, 4H; ArH); 6.81 (d, 3J(H, 

H) ¼ 8.5 Hz, 4H; ArH); 4.01 (m, 4H; OCH2); 2.30 (s, 6H; 

CH3); 1.97 (m, 4H; CH2); dC (125 MHz, CDCl3, 278C) 
156.86, 129.85, 129.78, 114.37, 67.54, 26.06, 20.44 ppm. 

ESI-MS m/z: 293.27 (100%) [M þ Naþ]. 
BC5: (Yield 93%) NMR: dH (500 MHz, CDCl3, 278C) 

7.10 (d, 3J(H,H) ¼ 8.7 Hz, 4H; ArH); 6.83 (d, 3J(H, 

H) ¼ 8.7 Hz, 4H; ArH); 3.98 (t, 3J(H,H) ¼ 6.6 Hz, 4H; 
OCH2); 2.31 (s, 6H; ArH); 1.87 (m, 2H; CH2); 1.77 (m, 

2H; CH2); dC (125 MHz, CDCl3, 278C) 156.94, 129.86, 
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701 Supramolecular Chemistry 

Table 2. Self-diffusion coefficients for the BSC3–TAC4  
system in D2O at pD 7.1, 278C. 

Dcalcd Dextr
a


MW ( £ 10210m2 s 21) ( £ 10210m2 s 21)


BSC3 414 4.04 4.04 (2) 
TAC4 656 3.10 3.10 (1) 
TAC4:BSC3 (1:1) 1070 2.92 3.05 (2) 
TAC42:BSC3 (2:1) 1726 2.51 2.52 (2) 

a s in parentheses. 

129.73, 114.40, 67.85, 29.12, 22.75, 20.46 ppm. ESI-MS 

m/z: 307.30 (100%) [M þ Naþ]. 

4.3.2 General procedure for the synthesis of BSCn 

4.3.2.1 Method A. BCn (4.0 mmol) was added to 2.5 ml 

of H2SO4 (96%) kept at 08C. The suspension was stirred at 
r.t. for 0.5 h. The solvent was removed by vacuum 

filtration, and the residue was washed with ethyl acetate. 

The orange solid was purified by re-crystallisation from 

methanol. 

BSC3: (Yield 86%) NMR: dH (500 MHz, CDCl3, 

278C) 7.46 (s, 2H; ArH); 7.18 (d, 2H; ArH); 6.90 (d, 2H; 
ArH); 3.99 (t, 4H; OCH2) 2.16 (s, 6H; ArH) 1.70 (m, 4H; 

CH2) 1.40 ppm (m, 4H; CH2); dC (125 MHz, CDCl3, 

278C) 153.36, 133.55, 129.95, 129.65, 128.28, 113.64, 
65.25, 28.40, 19.41 ppm ESI-MS m/z: 208.17 (100%) 

[M 22]. 

4.3.2.2 Method B. BCn (2mmol) was solubilised in 

anhydrous CHCl3 (5ml) at r.t. and then chlorosulphonic 

acid (0.31 ml) was added slowly. The mixture was stirred 

at r.t. overnight and the solid was filtered off under 

vacuum. The residue was solubilised with water (6ml) and 

washed three times with CHCl3 (4ml). HCl 37% was then 

added to the aqueous phase; the resulting precipitate was 

removed by vacuum filtration and purified by re-crystal

lisation from ethanol. 

BSC4 (Yield 46%) NMR: dH (500 MHz, D2O, 278C): 
7.49 (d, 3J(H,H) ¼ 2.2 Hz, 2H; ArH); 7.23 (dd, 3J(H, 
H) ¼ 2.2 Hz, 3J(H,H) ¼ 8.5 Hz, 2H; ArH); 6.96 (d, 3J(H, 
H) ¼ 8.5 Hz, 2H; ArH); 4.10 (m, 4H; OCH2); 2.20 (s, 

6H; CH3); 1.92 (m, 4H; CH2); dC (125 MHz, CDCl3, 

278C) 153.41, 133.53, 129.85, 129.71, 128.35, 113.74, 
68.46, 24.91, 19.43 ppm. ESI-MS m/z: 217.19 (100%) 

[M 22]. 
BSC5 (Yield 54%) NMR: dH (500 MHz, D2O, 278C): 

7.50 (s, 2H; ArH); 7.23 (d, 2H; ArH); 6.95 (d, 2H; ArH); 4.04 

(t, 4H; OCH2) 2.19 (s, 6H; ArH) 1.78 (m, 4H; CH2) 1.55 ppm 

(m, 4H; CH2); dC (125 MHz, CDCl3, 278C) 153.51, 133.52, 
129.87, 129.79, 128.36, 113.79, 68.88, 27.88, 21.48, 19.42 

ppm ESI-MS m/z: 221.22 (100%) [M 22]. 

Supporting Information 

Supplementary information (available online): 1H and 13C 
NMR spectra of BCn and BSCn. 
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