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Abstract Association properties and molecular ma-

chine application of water soluble calix[4]resorcina-

rene (1) with two aromatic guests (2-naphthol (2) and

1,5-naphthalenediamine (3)) have been investigated by

various NMR methods (chemical shift, nOe and dif-

fusion measurements) in aqueous solution at different

concentrations and pH range. In neutral solution 1

strongly associates with 2, while only moderately

associating with 3. Increase in concentration causes an

increase in the stability of 1 + 3 and 1 + 2 + 3 com-

plexes and produces high order complexes. The de-

crease of pH does not have an influence on 1 + 2

association, but disrupts 1 + 3 assembly. 1 can be used

for the separation of 2 + 3 mixture in aqueous solution

at moderate concentrations. The pH dependency of the

association properties of the 1 + 3 system makes these

compounds prime candidates for pH-responsive

molecular machines applications.
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Abbreviations

NMR Nuclear magnetic resonance

UV Ultraviolet

NOe Nuclear Overhauser enhancement

(effect)

NOESY Nuclear Overhauser enhancement

spectroscopy

DOSY Diffusion ordered spectroscopy

BPP-STE-LED Bipolar pulse pair–Stimulated echo–

Longitudinal eddy current delay

CS Chemical shift

CSPs Chemical shift perturbations

Introduction

Design of molecular complexes that are able to carry

out the mechanical motions described by the classical

theory (molecular machines) is a very important

problem. Recently there has been an explosion of

interest in such kinds of systems [1]. The extension of

the concept of a machine to a molecular level is of

interest not only for the advancement of basic theory,

but also for the growth of nanotechnology. The mini-

aturization of components used for the construction of

modern devices, is a main requirement for electronic

and technology development and thus new models and

systems are highly needed [2].

Molecular-level machine is an assembly of molecu-

lar components that is intended for performing ma-

chine-like movements upon external stimulus [2]. The

assembly consists of, at least, two parts: stationary and

mobile. The external action (input) stimulates a
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displacement (output) of the mobile part toward the

stationary one [3]. Most molecular machines are built

on the base of rotaxanes, pseudorotaxanes, catenanes,

which consist of molecules with rigid cyclic and well-

organized structures composing the stationary part:

cucurbit[n]uriles, cyclodextrines, bisviologencyclo-

phanes [4, 5]. Movements of the component parts

within a molecular-level machine of supramolecular

nature are usually the result of the making and

breaking of intercomponent noncovalent bonds [2].

In principle, the best energy inputs to make a

molecular machine work are photons (photochemical

stimulus) and electrons (electrochemical one). In the

case of electrochemical stimulation an acid/base con-

trol can be effectively used [1, 2, 5].

According to our preliminary results the water-sol-

uble derivative of calix[4]resorcinarene (1) with flexi-

ble viologen units on the upper rim can be used as a

stationary part in the construction of electrochemically

controlled molecular machines (Fig. 1). It has positive

charged fragments and therefore it can selectively bind

only uncharged or negatively charged guest-molecules

(see Scheme 1). It cannot bind the positively charged

guests due to electrostatic repulsion. Consequently, it

is expected that the changing of charge of the guest can

stimulate a displacement of a guest-molecule (mobile

part) toward the host (stationary one). So the revers-

ible dethreading/rethreading cycles of the complex can

be performed [2] by varying of the guest charge (e.g. by

acid/base stimulation).

Here we report some results of our NMR investi-

gation on an association properties of new water sol-

uble calix[4]resorcinarene (1) with two aromatic guests

(2-naphthol (2) and 1,5-naphthalenediamine (3)) in

regards to their use as model pH-controllable molec-

ular machine.

Experimental

2-Naphthol and 1,5-naphthalenediamine were ob-

tained from ‘‘Sigma’’. Tetramethylviologen-

Calix[4]resorcinarene 1 has been synthesized using

literature procedure [6].

All of the samples were prepared in D2O at pH = 5

or in D2O + HCl (10 mM) at pH = 2 solutions.

All of the NMR experiments were performed with a

Bruker AVANCE-600 spectrometer with a 5 mm

diameter inverse probe head with Z-active shielded

gradients working at 600.013 MHz in 1H.

The 2D DOSY experiments were performed by

BPP-STE-LED sequence [7]. Data was acquired with a

50 ms diffusion delay in all experiments, bipolar gra-

dient pulses duration from 1.8 to 4.2 ms (depending on

a system under investigation), 1.1 ms spoil gradient

pulse (30%) and a 5 ms eddy current delay. The

bipolar pulse gradient strength was varied incremen-

tally from 0.01 to 0.32 T/m. The experimentally ob-

served diffusion coefficients were then determined

from 2D DOSY plots obtained by Bruker XWinNmr

software package. Several measures of D were ob-

tained at more than one place in the spectrum and all

experiments were carried out in duplicate or triplicate.

The reported results are the mean value of multiple

data points (see Table 1) and the standard deviations

are less than 0.01 · 10–9 m2/s in all cases.

The temperature was set and controlled at 298 K

with a 535 l/h airflow rate in order to avoid any tem-

perature fluctuations owing to sample heating during

the magnetic field pulse gradients.

Results and discussion

Preliminary NMR and UV data indicates that 1 is able

to bind 2 and/or 3 (Fig. 1) and the stability of these

host-guest complexes depends on the nature of the

Scheme 1 pH control of host binding properties (gray filled oval
represents a guest-molecule)

Fig. 1 Structural parts of the molecular machine model
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guests and the media. Therefore 1 can be used as an

effective stationary part and 2 and 3 as mobile parts in

molecular machine.

CS and nOe data

Before starting the investigation of the pH dependence

of 1–3 systems’ association properties, we have ana-

lyzed the influence of the concentration and pH on

individual components of the systems. It was found

that 1H CSs (Table 1) of 1 and 2 depend only slightly

on acidity of the media (CSPs less than 0.01 ppm). CSs

of 3 strongly depend on pH (proton signals low-field

shifted by 0.32–0.61 ppm when pH varies from 5 to 2)

due to the protonation of aminogroups of 3 (pKa
2 =

4.65, pKa
1 = 2.60 [8]). The observed chemical shifts for

the charged forms of 3 are in qualitative agreement

with the calculated ones: according to GIAO DFT

estimations low-field shifts up to 1.0–1.8 ppm can be

expected under full protonation of amino groups of 3.

It was also found that the concentration variations in

neutral media (C = 1 mM and 5 mM) do not affect the
1H CS of 2 and slightly influence on 1 ones. There are

0.07–0.16 ppm upfield CSPs for protons of down-rim of

1 and less than 0.05 ppm lowfield CSPs for other pro-

tons. At neutral media upfield shifts (0.06–0.12 ppm)

are observed for protons of 3 when the concentration is

increased. Increasing of the concentration at pH = 2

leads to insignificant (less than 0.03 ppm) upfield shifts

of proton CSs of 3. Therefore, it seems, that at neutral

media 3 self-associates in stack-like structures (shield-

ing effect), while in acidic medium these assemblies

became less stable.

The changes of CS for the 2 + 3 combination in

comparison with individual solutions at the concen-

tration C = 1 mM are small (no effect on protons of 2

and upfield shifts less than 0.06 ppm for protons of 3).

Moreover, there are no noticeable CSPs for all protons

of 2 and 3 when increasing the concentration. So, it

looks like these molecules do not associate.

Thus, according to the CS data, 2 does not self-

associate in neutral nor in acid media. For 3 the

increasing of media acidity leads only to the proton-

ation of 3. Any self-associations of 3 have not been

found out. In neutral media the CS data allows to

stipulate that 1 and 3 are inclined to self association.
Then 1H CSPs in different equimolar combinations

of 1, 2 and 3 were analyzed.

Characteristic upfield shifts (up to 1.16 ppm for

1 + 2 system and 0.57 ppm for 1 + 3 one) of the guests

proton signals were observed (concentration of com-

pounds 1–3 C = 1 mM). The latter means that there

are strong host-guest complexes in these systems (and

it seems that protons of 2 are much shielded by 1 in the

1 + 2 system, then the protons of 3 in the 1 + 3 sys-

tem). It was found that the acidity of the medium does

not have an influence on the stability of the 1 + 2

complex (CSPs are below 0.06 ppm with pH variation).

At the same time, decreasing the media pH (from 5

until 2) results in dramatic changes of CS of 3 in the

1 + 3 system (lowfield shift 0.76–1.11 ppm). So,

increasing the medium acidity causes the protonation

of the guest molecule 3 and the complex disruption due

to the electrostatic repulsion between host and guest.

All of these results are strongly supported by NO-

ESY data. For 1 + 2 system strong nOes between

protons of upper rim of 1 and the protons of 2. There

were no nOes observed in case of the 1 + 3 system in

neutral nor in acid media. The lack of nOes in the 1 + 3

system in neutral media is possibly a consequence of

weak association between molecules and fast exchange

(relative to NMR time scale) between the bound and

the free state of 3 in this system.

In addition, the guest protons are shifted upfield by

0.98 ppm in the 1 + 3 system in neutral media when

concentration of 1 and 3 increases up to 5 mM. The

reason for this phenomenon is that, the 1 + 3 bound

state becomes more favourable at higher concentra-

tions. Moreover, at high concentration there were

strong nOes observed between protons of upper rim of

1 and 3.

It is interesting to note that at high concentration

decreasing the media pH does not fully destroy the

Table 1 Self-diffusion coefficients D (·10–9 m2/s) for the 1, 2, 3
and their combinations in different medium, T = 298 K

System pH of system;
concentration, mM

D1 D2 D3

1 5; 1 0.21 – –
1 5; 5 0.16 – –
1 2; 1 0.21 – –
2 5; 1 – 0.77 –
2 2; 1 – 0.77 –
2 2; 5 – 0.76 –
3 5; 1 – – 0.72
3 5; 5 – – 0.71
3 2; 1 – – 0.59
3 2; 5 – – 0.58
2 + 3 5; 1 – 0.79 0.75
1 + 2 5; 1 0.18 0.21 –
1 + 2 2; 1 0.18 0.20 –
1 + 3 5; 1 0.20 – 0.43
1 + 3 2; 1 0.21 – 0.58
1 + 3 5; 5 0.14 – 0.15
1 + 3 2; 5 0.14 – 0.51
1 + 2 + 3 5; 2 0.15 0.17 0.29
1 + 2 + 3 5; 5 0.12 0.13 0.16
1 + 2 + 3 2; 2 0.16 0.15 0.59
1 + 2 + 3 2; 5 0.13 0.13 0.57
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association of 1 + 3. This phenomenon is strongly

supported by CS and nOe data (CSs of 3 in the 1 + 3
system at pH = 2 are upfield shifted in comparison

with those for free 3 at the same pH and solution

concentrations. There are weak nOes between the

protons of upper rim of 1 and 3 seen for this combi-

nation (pH = 2, C = 5 mM)).

Finally, the 1 + 2 + 3 combination was examined.

When 1 mM of 1 aqueous solution was mixed with

1 mM of 2 and 1 mM of 3 solutions in neutral media

the CSs upfield shifts (0.34–0.88 ppm for 2 and 0.04–

0.08 ppm for 3) were observed. At the concentration of

compounds C = 5 mM 0.55–1.39 and 0.92–0.99 ppm

upfield shift of proton signals of guests 2 and 3 were

monitored, respectively. In addition, nOes between

guests and hosts signals are weak in the case of

C = 1 mM and strong for C = 5 mM. Thus, the

increasing of the concentration results in a shift in

equilibrium towards the bound state in this case as well

(see above).

There is a very specific influence of the media acidity

on the association stability of the 1 + 2 + 3 system. The

association is partly destroyed when pH varies from 5

to 2 at C = 5 mM: CSPs of 2 are below 0.18 ppm and

up to 1.62 ppm for 3. At the same time, there were

nOes only between the signals of 1 and 2 for pH = 2.

Thus, the acidation of the system opens a way for

selective adjustment of the composition and the

structure of the association.

2D DOSY data

Despite the above reported considerations, the stoichi-

ometry, sizes and stability of the complexes are still not

completely understood. Moreover, there are some dif-

ficulties related with used solvent (D2O) in NMR

experiments—an improper dynamic range, overlapping

of some signals of studied molecules, and residual H2O.

Therefore, in order to get direct proof of the formation

of the complexes and their sizes, we have measured

NMR diffusion coefficients (see Table 1). The coeffi-

cients are interconnected with the sizes of the complexes

and therefore one can obtain reliable information on

sizes and stochiometry of the complexes [9, 10].

As it can be seen from Table 1, D values of host and

guests are significantly different and correlate with the

size of the molecules.

In addition, we have found the value of D1 decreases

(0.21 · 10–9 m2/s vs. 0.16 · 10–9 m2/s) upon increasing

the concentration of 1. This may be due to self-asso-

ciation of 1 and the change of D which corresponds to

increasing volume by ca. 2 times, i.e. 1 at 5 mM exists

as dimer. It is strongly supported by nOe data—there

are cross-peaks in 2D NOESY spectra between pro-

tons of upper and lower rim.

At the same time there are no indications of the self-

association of 2 and 3 and the association of 2 with 3.

1 associates with 2 producing a strong assembly

which can be characterized by identical D value for

hosts and guests proton signals (of which the ca. value

corresponds to the whole, indivisible 1 + 2 system).

The D value of the complex (0.18 · 10–9 m2/s) is only

slightly less than that of the free host (0.21 · 10–9 m2/

s). However, for a useful analysis of these data it is

necessary to clear up the relation between molecular

weight (M) and D of a particular assembly. It should be

realized that the shape of a given molecular species can

significantly affect the relation between M and the

diffusion coefficient, which can complicate a direct

analysis of the data. Since 1 has flexible viologen units

on its upper rim, which can self-adjust under the form

of the guest molecule, it is expected that the shape

of the complex is rod-like in this case (see Scheme 1).

It has been claimed that the ratio of diffusion coeffi-

cients for two different species (Di/Dj) is inversely

proportional to the square-root of the ratio of their M

for such kinds of molecules or to the cubic-root for

spherical ones [11]. Thus, in order to estimate molec-

ular weight changes from DOSY data, we suppose that

(Mj/Mi)
–3 £ (Di/Dj)£(Mj/Mi)

–2.

Hence, since the molecular weight of 1 is about

1500 a.m.u., weight augmentation by ca. 500–900 is

observed in the case of 1 + 2 system at C = 1 mM. So it

seems that there are more than one guest per host

(M2~150) in this system. Therefore, the stoichiometry

order is much higher than 1:1.

In addition, it should be noted that the medium

acidity does not have an influence on the complex

stability.

At the same time, for the 1 + 3 system the D of 3 is

higher than that of 1 for all pH. However, at neutral

aqueous media D3 is still less than it is for free 3 and

this value increases with decreasing pH. These data can

be explained in terms of fast exchange between two

states (free and bound) and short lifetime of 3 in bound

state (relative to diffusion and NMR timescale), i.e.

weak association constant. Thus a weighted average D

is observed [12].

To verify this assumption the experiment for 1 + 3
system at higher concentration (5 mM) was performed.

It was found (see Table 1) that D3 is ca. equal to D1 in

neutral aqueous media and becomes much higher in

acid media pH = 2. However at pH = 2 the D3

(0.51 · 10–9 m2/s) is still less than the value for the free

protonated form of 3 at the same concentration. This is

probably due to a partial disruption of the 1 + 3
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complex when the pH is decreased. Indeed, when we

added some more acid to the solution D3 increased up

to 0.56 · 10–9 m2/s while the D1 value did not change.

Thus, the host–guest complex of 1 + 3 is strong in

neutral media and disrupts at low pH value.

There are some more conclusions, which can be

derived on the stoichiometry of the 1 + 3 complex

from D data:

(1) 1 + 3 complexed state is more favourable at high

concentration.

(2) When complex 1 + 3 is formed, D1 decreases

from 0.16 · 10–9 up to 0.14 · 10–9 m2/s (see Ta-

ble 1, C = 5 mM, pH = 5). At this concentration

1 exists as a dimer, this decrease of D for 1 + 2

complex corresponds to a system weight aug-

mentation of ca. 900–1500. So it seems (M3~160)

that the stoichiometry order is even higher than

2:2 in this case.

Finally, we decided to study the ability of the host to

bind more than one guest simultaneously. 2D DOSY

experiments for the 1 + 2 + 3 combination were per-

formed (see Table 1). There is a host–guest complex in

this system and its stability depends dramatically on

the initial concentration of the components: only at

5 mM D3 becomes ca. equal D1 (see Table 1). It was

also found that the host is capable to capsulate both

guests into its cavity. 2D DOSY experiments show that

at C = 5 mM self-diffusion coefficients of all compo-

nents in this system are similar. Hence, a whole

1 + 2 + 3 complex takes place.

It was also found that the acidity of the medium has

an influence on the complex stability: the decrease of

pH causes 3 to leave the complex, while 2 remains in

bound state at any pH.

Conclusion

The investigation of binding abilities of water-soluble

derivatives of calix[4]resorcinarenes with charged

substituents was undertaken. Model of pH-controllable

machine was considered. It was found that 1 can form

strong complexes with 2 and 3 separately and concur-

rently that the stability of complexes depends on the

acidity of the solution.

According to 2D DOSY data the 1 + 2 and 1 + 3

systems (at C = 5 mM) produce complexes with a high

order of stoichiometry.
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Appendix

1D 1H spectrum (600 MHz,
303 K) of
calix[4]resorcinarene in D2O,
1 mM
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1D 1H spectrum (600 MHz,
303 K) of 2-naphthol in D2O,
1 mM

1D 1H spectrum (600 MHz,
303 K) of 1,5-
naphthalenediamine in D2O,
1 mM
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1D 1H spectrum (600 MHz,
303 K) of equimolar mixture
of calix[4]resorcinarene and
2-naphthol in D2O, 1 mM

1D 1H spectrum (600 MHz,
303 K) of equimolar mixture
of calix[4]resorcinarene and
1,5-naphthalenediamine in
D2O, 5 mM
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Fragment of 2D NOESY
spectrum (600 MHz, 303 K)
of equimolar mixture of
calix[4]resorcinarene, 2-
naphthol and 1,5-
naphthalenediamine in
D2O + HCl (10 mM), 2 mM

Fragment of 2D NOESY
spectrum (600 MHz, 303 K)
of equimolar mixture of
calix[4]resorcinarene, 2-
naphthol and 1,5-
naphthalenediamine in D2O,
5 mM
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2D DOSY spectrum
(600 MHz, 298 K) of
equimolar mixture of
calix[4]resorcinarene, 2-
naphthol and 1,5-
naphthalenediamine in D2O,
5 mM

2D DOSY spectrum
(600 MHz, 298K) of
equimolar mixture of
calix[4]resorcinarene, 2-
naphthol and 1,5-
naphthalenediamine in
D2O + HCl (10 mM), 2 mM
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