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Experimental details 
 
Tetraurea calixpyrrole 11, calixpyrrole model 102 , urea model 93 and betaine 124 were 
prepared according to known procedures. Other chemicals and solvents were purchased 
from Aldrich and used without further purification.  

1H NMR spectra were recorded on a Bruker Avance 400 (400.1 MHz for 1H-NMR) and 
Bruker Avance 500 (500.1 MHz for 1H-NMR) ultrashield spectrometer. The deuterated 
solvents (Aldrich) used are indicated in the experimental part; chemical shifts are given in 
ppm, relative to residual solvent. 
 
DOSY NMR experiments were performed using precision Micro NMR tubes from New 
Era Enterprises (Ref NE-H5/2.5) for the solutions containing the supramolecular 
assemblies. Regular 5 mm NMR tubes were used for the DOSY experiments of the free 
guests. In all cases, the spectra were acquired at 298K using a big delta (d20) = 150 ms and 
a little delta (p30) = 1000 µs on a Bruker Avance 500 MHz equipped with a cryoprobe. The 
fit of the decay data was achieved using the Dynamics Center software, version 2.3, 
provided by Bruker BioSpin GmbH.  
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In non-polar solvents the tetraurea derivative aggregates and produces ill-defined spectra 
(Figure S1a). However in polar solvents, like dimethylsulphoxide, the 1H NMR of 1 shows 
sharp and well-defined signals (Figure S1c). The tetraurea derivative 1 does not produce a 
single and well-defined species upon the addition of 1.2 equivalents of 
methyltrioctylammonium chloride (Figure S1b).  

The addition of 1 equivalent of pyridine N-oxide 5 to a d-chloroform solution of 1 produces 
the precipitation of the urea and the NMR spectrum shows no proton signals for 1 or 5 (See 
spectrum in Figure S9). 

 

 

 

Figure S2. 1H NMR spectrum in d-chloroform of an equimolar mixture of tetraurea 1, 
pyridine N-oxide 5 and MTOACl 6. *Residual water. 
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Figure S7. ROESY experiment of a d2-dichloromethane equimolar solution of tetraurea 1, 
pyridine N-oxide 5 and MTOACl showing cross-peaks indicating close-contact between the 
beta-pyrrolic protons of 1 and the cation protons evidencing the location of the cation in the 
shallow cavity of the calixpyrrole. Mixing time (d8 = 300 ms). 
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Figure S8. 1H NMR titration of a d-chloroform solution of tetraurea 1 with increasing 
amounts of MTOACl. The number of equivalents of salt added is at the right margin.  

The ion-pair does not break the aggregation between the urea groups to form discrete 
species even with an excess of salt.  
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Figure S11. a) 1H NMR spectrum of a d-chloroform solution of an equimolar mixture of 
1,3,5-trimethoxybenzene (internal standard) and MTOACl b) addition of 1 equivalent of 
pyridine N-oxide to the previous mixture and c) addition of  0.5 equivalent of tetraurea 1 to 
the previous mixture. Integrals of selected peaks are displayed below the proton peak. See 
Figure S2 for proton assignment.  
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Figure S14. Fit of the chemical shift changes, experienced by the signals of NH protons of 
9 during the titration with TBACl, using a 1:1 binding model (line) implemented in the 
HypNMR2008 software. 

The association constant obtained by the fit of the chemical shift changes was:  

K9•7 = 797 ± 131 M-1 
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Figure S16. Fit of the chemical shift changes, experienced by the signals of NH protons of 
9 during the titration with MTOACl, using a simple 1:1 binding model (line) and the 
HypNMR2008 software. 

The association constant obtained by the fit of the chemical shift changes was:  

K9•6 = 710 ± 128 M-1 

A CDCl3 solution of urea 9 was titrated with increasing amounts of a stock solution of 
MTOACl (Figure S15) or TBACl (Figure S13). In both cases the urea NHs are gradually 
downfield shifted, as a result of the hydrogen-bonding. The formation of the complex 
presents fast exchange kinetics on the NMR time scale. The mathematical analysis of the 
NMR data fitted to a 1:1 binding model with association constant of ca. K = 800 M-1 for the 
formation of both complexes 9·7 and 9·6. These data reveals that the interaction between a 
urea group and an ion-pair is practically not cation-dependent. 
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Figure S18. Fit of the chemical shift changes, experienced by the signals of NH protons of 
10 during the titration with TBACl, using a 1:1 binding model (line) implemented in the 
HypNMR2008 software. 

The association constant obtained by the fit of the chemical shift changes was:  

K10•7 = 17.0 ± 1.4 M-1 
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the calixpyrrole.5 This translates into higher association constants in the recognition of ion-
pairs by calixpyrroles when MTOA is used as countercation instead of TBA.  

 

 

 

Figure S20. Normalized integration heat vs molar ratio obtained in the ITC experiment of a 
chloroform solution of tetraphenyl calixpyrrole 10 with MTOACl. The continuous red line 
represents the least-squares-fit of the data to a one set of sites binding model.  

The ITC data fitted to a theoretical isotherm considering a 1:1 binding model by using 
Microcal ITC data analysis software. The calculated thermodynamic variables derived from 
the fit were: K6⊂10 = 2.8 x 103 ± 1.2 x 103 M1, n = 0.93, ΔH = -2 kcal/mol. 

 

                                                 
5 V. Valderrey, E. C. Escudero-Adan and P. Ballester, Angew. Chem., Int. Ed., 2013, 52, 6898-6902. 
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Figure S22. Fit of the chemical shift changes, experienced by the signals of NH protons of 
9 during the titration with pyridine N-oxide, using a 1:1 binding model (line) implemented 
in the HypNMR2008 software. 

The association constant obtained by the fit of the chemical shift changes was:  

K9•5 = 28.6 ± 9.0 M-1 

A CDCl3 solution of urea 9 was titrated with increasing amounts of a stock solution of 
pyridine N-oxide 3 (Figure S21). The urea NHs are gradually downfield shifted but large 
amounts of guest needs to be added to appreciate the shifting, revealing a low binding 
constant. The binding process shows fast kinetics in the NMR time scale and the data fitted 
to a 1:1 binding model with an association constant for the formation of the complex 9·5 of 
ca. 30 M-1.  
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Figure S24. Normalized integration heat vs molar ratio obtained in the ITC experiment of a 
chloroform solution of tetraphenyl calixpyrrole 10 with 4-methylpyridine N-oxide. Fit to 
the theoretical binding isotherm (red line) using a 1:1 binding model. The mathematical 
analysis of the titration data was performed using the Origin software.  

The ITC data fitted to a theoretical isotherm considering a 1:1 binding model by using 
Microcal ITC data analysis software. The calculated thermodynamic variables derived from 
the fit were: K = 1.0 x 106 ± 0.2 x 106 M1, n = 0.80, ΔH = -14 kcal/mol. 

 

 

 

 



NMR
 

Figur
trime
equiv
hemi

 

R experime

re S25. 1H 
ethylamine N
valent proto
spheres. *R

ents of tetra

NMR spec
N-oxide and
ons. Letter

Residual wat

aurea 1, trim

ctrum of a 
d MTOACl
rs marked 
ter. 

methylamin

d-chlorofor
l in a 2:1:1 

with aste

ne N-oxide 

rm solution
molar ratio

erisk indica

3 and ion-p

n of a mixtu
o. Primed le
ated proton

pairs. 

ure of tetra
etters indica
ns from d

S27 
 

 

aurea 1, 
ate non 

different 



Figur
of tet

 

re S26. Sele
traurea 1, tri

ected region
imethylamin

n of 1H NM
ne N-oxide 

MR spectrum
and MTOA

m of a d-chl
ACl in a 2:1:

oroform sol
1 molar rati

lution of a m
io. 

S28 
 

 

mixture 



Figur
of te
water

 

re S27. Sele
traurea 1, t
r. 

ected region
trimethylam

n of 1H NM
mine N-oxid

MR spectrum
de and MTO

m of a d-chl
OACl in a 

oroform sol
2:1:1 mola

lution of a m
ar ratio. *R

S29 
 

 

mixture 
Residual 



Figur
trime
in an 

An e
capsu
addit
heter
co-en
encap
when
the di

re S28. 1H
ethylamine N

equimolar r

equimolar a
ular assemb
ions of trim

ro-pair capsu
ncapsulated,
psulated trim
n co-encapsu
imeric capsu

H NMR s
N-oxide and
ratio. See F

amount of t
bly with t
methylamine
ular assemb
, both hemi
methylamin
ulated with
ule. 

spectra of 
d MTOACl 
igure S25 fo

trimethylam
the tetraure
e N-oxide a
bly (Figure 
ispheres of 
e N-oxide r

h a chloride 

a d-chloro
in a 2:1:1 m

for proton as

mine N-oxid
ea calixpyrr
and MTOA
S28a). Mos
the capsule

esonate at 0
anion evid

oform solut
molar ratio a
ssignment. 

de templates
role, 32⊂12

ACl to a tet
st notably, w
e are dissym
0.54 ppm in 
dencing the 

tion of tet
and b) trime

s the forma
2 (Figure 
traurea solu
when two d
mmetric. Th
 the 32⊂12 c
different en

traurea 1 
thylamine N

ation of a d
S28b). Equ
ution produ
different gue
he protons 
capsule and 
nvironment

S30 
 

 

and a) 
N-oxide 

dimeric 
uimolar 

uces the 
ests are 
for the 
at 0.90 

t within 



Figur
trime
in an 

The 3
(Figu
forme
defin
mole
belt i
mole
accom

 

 

re S29. 1H
ethylamine N

equimolar r

32⊂12 assem
ure S29b). 
ed in both s

ned in d-chlo
cule of solv
is more sta
cule and th
mmodate th

H NMR spe
N-oxide and
ratio. See F

mbly was fo
Identically

solvents (Fig
oroform solu
vent. Chloro
able than in
he packing 

he solvent. 

ectra of a d
d MTOACl 
igure S25 fo

formed both
y, the heter
gure S28a an
ution. This i
oform provi
n the case 

is not so 

d2-dichlorom
in a 2:1:1 m

for proton as

h in chlorofo
ro-encapsul
nd Figure S
is due to the
ides a tighte
of dichloro
tight so the

methane so
molar ratio a
ssignment. 

form (Figure
ation comp

S29a) but the
e co-encapsu
er packing w
omethane. D
e urea belt 

olution of t
and b) trime

e S28b) and
plex capsul
e ureas NHs
ulation with
within the c
Dichloromet

has to dis

tetraurea 1 
thylamine N

d dichlorom
lar assemb
s protons ar
hin the capsu
capsule so th
thane is a 
stort a little

S31 
 

 

and a) 
N-oxide 

methane 
ly was 
e better 
ule of a 
he urea 
smaller 

e bit to 



Figur
tetrau
proto

 

Pyrro
hintin
peaks
Arom
the u
assign

re S30. Se
urea 1, trime
on assignme

olic protons
ng to the for
s with arom

matic proton
urea belt in 
nment of th

elected regi
ethylamine 
nt. Mixing t

 Hd show c
rmation of a

matic proton
ns Ha appear

a capsular 
he non equiv

ion of a R
N-oxide an
time (d8 = 3

close-contac
a capsular a
ns Ha and u
r as non equ
assembly. C

valent Ha pro

ROESY exp
nd MTOACl
300 ms). 

ct cross-pea
assembly. U
urea proton
uivalent due
Chemical e
otons.  

periment of
l in 2:1:1 m

ks with the
Urea protons
ns Hh, helpi
e to the unid
exchange be

f a d-chloro
molar ratio. S

e aromatic p
s Hg show c
ing in the p
directional s
etween Ha p

oform solu
See Figure 

protons Ho a
lose-contac

proton assig
sense of rota
protons allo

S32 
 

 

ution of 
S25 for 

and Hm 
t cross-

gnment. 
ation of 
ows the 



Figur
N-ox
time 

The c
pyrro
proto
encap

re S31. RO
ide and MT
(d8 = 300 m

close-contac
olic NHs re
ons appearin
psulated chl

OESY experi
TOACl in 2
ms). 

ct cross-pea
esonating at
ng at δ = 
loride.  

iment of a d
:1:1 molar r

ak between 
t δ = 10.85

11.96 ppm

d-chloroform
ratio. See F

included pr
5 ppm allo
m to the o

m solution o
igure S25 f

rotons of tri
wed the as

ones formin

of tetraurea
for proton a

methylamin
ssignment o
ng hydrogen

a 1, trimethy
ssignment. 

ne N-oxide 
of the pyrro
n bonds w

S33 
 

 

ylamine 
Mixing 

and the 
ole NH 

with the 



Figur
tetrau
signa
capsu
proce
reson

 

re S32. GO
urea 1, trim
als was that
ular assemb
ess on the N
nating at δ =

OESY 1H N
methylamine
t of the bul

bly (3•CHCl
NMR timesc
= 6.60 ppm. 

NMR spectru
e N-oxide a
lk solvent (
l3•Cl¯)⊂12•
ale with the

 

um perform
and MTOA
(δ = 7.27 pp
•MTOA+ is
e bulk solve

med at 253 
ACl in 2:1:1

pm). The c
s experiencin
nt and it’s o

K using a 
1 molar rat
co-included 
ng a slow c

observed as 

CHCl3 solu
tio: The irr
chloroform

chemical ex
a separated

S34 
 

 

ution of 
radiated 

m in the 
xchange 
d singlet 



Figur
trime
assign

Figur
1, trim
from 
black

 

In an
produ
C4v s
proto
dimer
S29a

 

 

re S33. 1H 
ethylamine N
nment. 

re S34. 1H 
methylamin
the hetero 

k circle. See

n equimolar
uces the for
symmetry b
ons for the 
ric capsule 
).   

NMR spec
N-oxide and

NMR spect
ne N-oxide 
encapsulati
 Figure S25

r ratio, the 
rmation of a
both in dich
included N
 co-encapsu

ctrum of a 
d MTOACl

trum of a d2
and MTOA
on complex

5 for proton 

mixture o
a four parti
hloromethan

N-oxide reso
ulating a m

d-chlorofor
l in a 1:1:1

2-dichlorom
ACl in a 1:1
x dimeric ca
assignment

f tetraurea,
icle complex
ne (Figure 
onate at 0.75
molecule of

rm solution
 molar rati

methane solu
1:1 molar ra
apsule (3·Cl
t.  

 trimethyla
x 3⊂1·MTO
S34) and c
5 ppm. As 
f N-oxide a

n of a mixtu
o. See Figu

ution of a m
atio. *Resid
l¯)⊂12·MTO

amine N-ox
OA·Cl¯ (1:
chloroform 

a minor sp
and a chlor

ure of tetra
ure S25 for 

mixture of te
dual water. P
OA marked

ide and MT
1:1 complex
(Figure S33

pecies, there
ride anion 

S35 
 

 

aurea 1, 
proton 

 

etraurea 
Protons 

d with a 

TOACl 
x) with 
3). The 
e is the 
(Figure 



Figur
trime
assign

The m
(Figu
S33).

 

Figur
trime
assign

The o
S25),
(mark

 

re S35. 1H 
ethylamine N
nment.  

major specie
ure S25) an
. 

re S36. 1H 
ethylamine N
nment.  

observed sp
, the 1:1:1 
ked with a r

NMR spec
N-oxide and

es is the het
nd the 1:1:1

NMR spec
N-oxide and

ecies are th
complex (m

red square, F

ctrum of a 
d MTOACl

tero-encapsu
 complex 3

ctrum of a 
d MTOACl

e hetero-enc
marked with
Figure S28b

d-chlorofor
l in a 2:1:2

ulation com
3⊂1·MTOA

d-chlorofor
l in a 2:2:1

capsulation 
h a black ci
b).  

rm solution
2 molar rati

mplex dimeri
A·Cl¯ (mark

rm solution
 molar rati

complex in
ircle, Figure

n of a mixtu
o. See Figu

ic capsule (3
ked with a 

n of a mixtu
o. See Figu

n the dimeric
e S33) and 

ure of tetra
ure S25 for 

3 ·Cl¯)⊂12·
black spot, 

ure of tetra
ure S25 for 

c assembly 
the 32⊂12 c

S36 
 

 

aurea 1, 
proton 

MTOA  
Figure 

 

aurea 1, 
proton 

(Figure 
capsule 



 

Figur
trime
mark

TBA
assem

 

Figur
trime
mark

 

re S37. 1H 
ethylamine N
ked with a bl

Cl does no
mbly 32⊂12 

re S38. 1H 
ethylamine N
ked with a bl

NMR spec
N-oxide and
lack spot.  

ot produce 
(Figure S28

NMR spec
N-oxide and
lack spot. S

ctrum of a 
d TBACl in

the hetero-
8b) and ill-d

ctrum of a 
d TBACl in
ee Figure S

d-chlorofor
n a 2:1:1 mo

-encapsulati
defined aggr

d-chlorofor
n an equimo
25 for proto

rm solution
olar ratio. Pr

ion assemb
regates. 

rm solution
olar ratio. Pr
on assignme

n of a mixtu
rotons from

bly but the 

n of a mixtu
rotons from
ent. 

ure of tetra
m the 32⊂12 

pairwise c

ure of tetra
m the 32⊂12 

S37 
 

 

aurea 1, 
capsule 

capsular 

 

aurea 1, 
capsule 



Figur
trime
from 

In an
speci
calixp
with 
and il

 

re S39. 1H 
ethylamine N

the 32⊂12 c

n equimolar
ies in soluti
pyrrole, the
the ureas. In
ll-defined a

NMR spec
N-oxide and
capsule mark

r mixture o
ion is the 1
e cation at t
n a 2:1:1 m
ggregates.  

ctrum of a 
d MTOABr 
ked with a b

of tetraurea
1:1:1 compl
the shallow 

molar ratio w

 

d-chlorofor
in a a) 2:1:

black spot. 

a, trimethyla
lex, with th
cup of the 

we observe b

rm solution
1 molar rati

amine N-ox
he N-oxide 
calixpyrrol

both the 1:1

n of a mixtu
io b)1:1:1 m

xide and M
included in
e and the b
:1 complex,

ure of tetra
molar ratio. P

MTOABr, th
n the cavity
bromide inte
, the 32⊂12 c

S38 
 

 

aurea 1, 
Protons 

he only 
y of the 
eracting 
capsule 



NMR
 

Figur
MTO
differ

Figur
betain

R experime

re S40. 1H 
OACl in a 
rent hemisp

re S41. Sele
ne 12 and M

ents of tetra

NMR spec
2:1:1 mola
heres. 

ected region
MTOACl in 

aurea 1, bet

ctrum of a d
ar ratio. Let

n of 1H NMR
a 2:1:1 mol

taines and i

d-chloroform
tters marke

R spectrum 
lar ratio. See

ion-pairs. 

m solution o
ed with ast

of a d-chlor
e Figure S4

of tetraurea
terisk indica

roform solu
0 for proton

a 1, betaine 
ated proton

ution of tetra
n assignmen

S39 
 

 

12 and 
ns from 

 

aurea 1, 
nt.  



 

Figur
betain
*Res

 

 

Figur
and M

The f
chlor
ident

re S42. Sele
ne 12 and 
idual water.

re S43. 1H 
MTOACl in

formation of
roform (Fig
ical evidenc

ected region
MTOACl i
. 

NMR spect
n a 2:1:1 mo

f the hetero-
gure S40) 
cing the no c

n of 1H NMR
in a 2:1:1 m

trum of a d2
lar ratio. Se

-encapsulati
and dichlo
co-encapsul

R spectrum 
molar ratio.

2-dichlorom
ee Figure S4

ion complex
romethane 
lation of a m

of a d-chlor
 See Figure

methane solu
40 for proton

x (12·Cl¯)⊂
(Figure S4

molecule of 

roform solu
e S40 for p

ution of tetra
n assignmen

⊂12·MTOA 
43). Both N
solvent.  

ution of tetra
proton assig

aurea 1, bet
nt.  

takes place 
NMR spec

S40 
 

 

aurea 1, 
gnment. 

 

taine 12 

both in 
ctra are 



S41 
 

 

Figure S44. 1H NMR titration of a d2-dichloromethane suspension of tetraurea 1 with 
betaine 12 a) 0 eq. b) 0.5 eq. c) 1 eq. d) 1.5 eq.  

The addition of betaine 12 to a suspension of tetraurea 1 did not break the aggregation 
between urea groups to form well-defined species.   
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Figure S46. COSY experiment of a d2-dichloromethane solution of tetraurea 1, betaine 12 
and MTOACl in 2:1:1 molar ratio. See Figure S40 for proton assignment. 

COSY NMR reveals the location of the bound methylene protons H27 of betaine 12, hidden 
under the cation protons.  
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Figure S47. 1H NMR spectrum of a d-chloroform solution of tetraurea 1, betaine 12 and 
MTOACl in a 1:1:1 molar ratio. See Figure S40 for proton assignment. 

 

 

Figure S48. 1H NMR spectrum of a d2-dichloromethane solution of tetraurea 1, betaine 12 
and MTOACl in a 1:1:1 molar ratio. See Figure S40 for proton assignment.  

In an equimolar stoichiometry of urea, betaine and salt, a 1:1:1 complex (four particle 
assembly, C4v symmetry) is formed both in chloroform (Figure S47) and dichloromethane 
(Figure S48). The betaine is included in the calixpyrrole cavity, the cation is located at the 
shallow cup of the calixpyrrole and the chloride interacts with the urea groups at the upper 
rim. 
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Figure S52. 1H NMR spectra of a d-chloroform solution of a mixture of tetraurea 1, betaine 
13 and MTOACl in a 1:1:1 molar ratio 
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Figure S55. 1H NMR spectra of a d-chloroform solution of tetraurea 1, betaine 13 and 
BrMTOA in a a) 2:1:1 molar ratio b) 1:1:1 molar ratio 

In an equimolar mixture of tetraurea, betaine 13 and MTOABr (Figure S55b) the observed 
species is the four particle 1:1:1 complex, where a molecule of betaine is included in the 
cavity of the calixpyrrole, and the bromide is interacting with the urea groups. In a 2:1:1 
molar ratio (Figure S55a), we observe a mixture of hetero-encapsulation complex and 1:1:1 
complex.  
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Energy minimized structures and packing coefficients 
 

Energy minimized (MM3) structures of dimeric capsular assemblies. Cavity volumes and 
guest volumes calculated with the software SwissPDB. A volume of 39.35 Å3 was 
estimated for the chloride anion.6  

 

 

 
 

 
  

  
 

 52⊂12 5·Cl-⊂12 3·Cl-⊂12 3·CHCl3·Cl-⊂12 
 

Cavity volume 
(Å3) 

 

338 289 314 327 

Guest volume 
(Å3) 

 

170 124 122 191  

PC   0.50 0.43 0.39 0.58 
 

 

 

 

                                                 
6 C. Estarellas, A. Bauza, A. Frontera, D. Quinonero and P. M. Deya, Phys. Chem. Chem. Phys., 2011, 13, 
5696-5702. 
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 3·CH2Cl2·Cl-⊂12 12·Cl-⊂12 13·Cl-⊂12 
 

Cavity volume 
(Å3) 

 

321 309 296 

Guest volume 
(Å3) 

 

179 172 158 

PC 0.55 0.55 0.53 
 

  

 

 

 

 

 

     
 3·Br-⊂12 3·CHCl3·Br-⊂12 3·CH2Cl2·Br-⊂12 

 
12·Br-⊂12 

Cavity 
volume 

(Å3) 
 

299 327 328 318 

Guest 
volume 

(Å3) 
 

137 206 191 187 

PC 0.45 0.63 0.58 0.58 
 

  


