
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 29 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Supramolecular Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713649759

Photochemical- and pH-switching Properties of a New Photoelastic Ligand
Based Upon Azobenzene. Basicity and Anion Binding
Andrea Bencinia; Antonio Bianchi; Claudia Giorgia; Emiliano Romagnolia; Carlos Lodeirob; André
Saint-Mauriceb; Fernando Pina; Barbara Valtancolia

a Department of Chemistry, University of Florence, Florence, Italy b Departamento de Química, Centro
de Química-Fina e Biotecnologia, Faculdade de Ciěncias e Tecnologia, Universidade Nova de Lisboa,
Monte de Caparica, Portugal

To cite this Article Bencini, Andrea , Bianchi, Antonio , Giorgi, Claudia , Romagnoli, Emiliano , Lodeiro, Carlos , Saint-
Maurice, André , Pina, Fernando and Valtancoli, Barbara(2001) 'Photochemical- and pH-switching Properties of a New
Photoelastic Ligand Based Upon Azobenzene. Basicity and Anion Binding', Supramolecular Chemistry, 13: 2, 277 — 285
To link to this Article: DOI: 10.1080/10610270108027482
URL: http://dx.doi.org/10.1080/10610270108027482

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713649759
http://dx.doi.org/10.1080/10610270108027482
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SUPRAMOLECULAR CHEMISTRY, Vol. 13, pp. 277-285 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 2001 OPA (Overseas Publishers Assonation) N.V 
Published by license under 

the Gordon and Breach Saence 
Publishers imprint. 

Photochemical- and pH-switching Properties 
of a New Photoelastic Ligand Based 
Upon Azobenzene. Basiclty and Anion Binding 
ANDREA BENCLNI", ANTONIO BIANCHIar*, CLAUDIA GIORGIa, 

FERNANDO PINAbJt and BARBARA VALTANCOLIa 
EMILIANO ROMAGNOLI~, CARLOS LODEIRO~, ANDRE SAINT-MAURICE~, 

aDepartment of Chemistry, University of Florence, Via Maragliano 75/77, 50144 Florence, Italy; 
bDepartamento de Quimica, Centro de Quimica-Fina e Biotecnologia, Faculdade de CiPncias e Tecnologia, 
Universidade Nova de Lisbon, Quinta da Torre 2825 Monte de Caparica, Portugal 

(Received 3 July 2000) 

The synthesis of a new cylindrical macrotricyclic 
ligand (L) based upon two 1,4,7,13-tetramethyl-1,4,7, 
10,13,16hexaazacyclooctadecane rings connected via 
two azobenzene pillars is described. The ligands 
displays photoelastic properties: light absorption at 
366 nm produces trans -+ cis isomerization of the 
azobenzene moieties with formation of trans-cis 
(LE-Z) and cis-cis (L& isomers. Recovery of the 
thermodynamically more stable truns-trans (LE-E) 
isomer can be obtained by thermal back-isomeriza- 
tion or visible light (430 nm) absorption. The 
isomeric composition of L solution depends upon 
pH: for pH < 5.5 the LE-E form is the unique species 
in solution, while increasing amounts of Z species 
are formed at increasing pH. The protonation 
constants of LE-E have been determined in 
0.1 mol dm-3 Me4NN03 solution at 298.1 f 0.1 K. 
The protonated species of L form stable inclusion 
complexes with anionic species such as [Co(CN)6I3-. 

Keywords: Photoelastic ligands; Chemical switches; Macro- 
cycles; Anion coordination 

INTRODUCTION 

Azobenzene has been used, as structural com- 
ponent of many macrocyclic molecules, to obtain 
photo-responsive ligands capable of changing 
their shape upon light absorption, since in 
solution it gives rise to a photostationary state 
in which, depending on the irradiation wave- 
length, different amounts of the trans (€) and cis 
( Z )  isomers coexist [l-131. In the solid state, 
ligands containing azobenzene units in the Z 
(cis) conformation are relatively stable, while in 
solution they isomerize faster and faster with 
increasing temperature and decreasing solvent 
polarity to form the thermodynamically more 
stable € (trans) isomers. The E and Z isomers 
display quite different ligational properties, 
being characterised by different dispositions of 
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278 A. BENCINI rt al. 

donor atoms and different architectures of the 
host cavities, and then binding selectivity can be 
achieved upon ligand irradiation. 

Binding selectivity towards cationic and, more 
recently, anionic species is commonly achieved 
by proton-mediated switching (pH-switching) 
taking advantage of the protonation equilibria 
involving most of the ligands in solution. From 
this point of view polyazacycloalkanes have 
proved particularly useful owing to the con- 
vergent array of binding groups within their 
molecular structure [14 - 161. 

In a recent paper [131 we reported the new 
macrotricyclic ligand L1 (Fig. I), composed of 
two tetraazamacrocyclic rings linked together by 
two azobenzene pillars, which combine photo- 
elastic characteristics and pH-mediated binding 
properties, evidencing as combination of these 
two switching mechanisms leads to the modula- 
tion of the ligational properties of this molecules 

in both the cavity size and the availability of the 
binding sites. The synthesis of this ligand was 
suggested by a previous work by Shinkai et al. 
[8] describing a similar cylindrical molecule (L2 
in Fig. 1) based on two l,lO-diaza-4,7,13,16-tetra- 
oxacyclooctadecane rings connected via amidic 
linkage to azobenzene pillars, which displays 
photoresponsive ligational properties towards 
metal cations. 

Considering that protonated forms of macro- 
cyclic polyamines are very efficient in anion 
binding, we have now synthesised a new 
cylindrical ligand constituted by two azoben- 
zene pillars and two hexaazamacrocycles, in the 
attempts to obtain a receptor able to form 
highly protonated (highly charged) species 
which, in principle, should form very stable 
complexes with anionic species in solution. In 
the present paper we describe the synthesis of 
this ligand, its photochemical and pH-switching 

L2 L L1 
FIGURE 1 Photoelastic compounds containing two azobenzene pillars. 
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properties as well as its binding ability towards 
large anions. 

RESULTS AND DISCUSSION 

Photochemical Behaviour 

In agreement with the behaviour of ligand L1 
[13], also L is expected to form, upon irradiation 
in solution, the LE-E, LE-Z and Lz.z (Fig. 2) 
isomers. In the case of L1, however, it was 
possible to idenhfy and quanhfy the three 
isomers by means of 'H and I3C NMR spectro- 
scopy, while for L we were not able to perform a 
similar characterisation, since the NMR spectra 
obtained for this molecule in different solvents, 
at different pH values and at different tempera- 
tures were not amenable to analysis due to 
the presence of extremely broad bands. In the 
previous case (Ll) the simultaneous use of the 
data obtained from 'H NMR and UV-VIS 
absorption spectrophotometry allows us to 
calculate the molar absorption coefficient of the 
three isomers, furnishing the spectrum of each 
form [13]. The results obtained indicated that the 
spectrum of the E-Z form of L1 is composed of 
exactly half the spectrum of the E-E form and 
half the spectrum of the Z-Z form. As a 
consequence of such spectral characteristics, 
the W-VIS absorption data alone could not be 
used to calculate the molar fraction distribution 
of the three species; only the total amount of the 
E and Z forms of azobenzene groups, indepen- 
dent of their belonging to a particular isomer, 
could be obtained. Similarly, the absorption data 
obtained for L are not useful to perform the 
speciation of the system. Nevertheless, these 
absorption data furnished interesting informa- 
tion regarding the ligand properties. 

The absorption spectrum of L in acidic 
solution is similar to that of the parent com- 
pound E-azobenzene 121, indicating that L is in 
the E-E form, and no significant interaction 
between this chromophore and the two poly- 

0 0 
g!& Me LE-E 

I 
N 

Me 

FIGURE 2 Schematic representation of the three isomeric 
forms of L. 

amine macrocycles occurs. The same behaviour 
was also observed for L1 1131. However, while 
the E-E form is the unique L1 isomer present in 
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280 A. RENCINi et al.  

solution over all the pH range, in the case of L 
appreciable amounts of Z isomers are found in 
alkaline solution. As can be seen in Figure 3, 
which displays the absorption spectra of L1 
obtained at different p H s  after equilibration of 
the solutions at 298K in the dark, the spectra 
(isomeric composition) change in a discontinu- 
ous manner with pH, evidencing pH ranges 
(1.0 - 5.5, 6.4 - 8.3, 8.8 - 12.0) in which they are 
almost invariant. The spectrum of L obtained in 
the pH range 1.0-5.5 doesn’t change at lower 
pH values (pH = O), suggesting that, under such 
conditions, LE-E is practically the unique ligand 
isomer present in solution. The interconversion 
process between E and Z forms is reversible at 
the different pHs, although upon pH changes 
long times are required to recovery the equi- 
librium conditions. It is to be noted that for the 
first time molecules with azobenzene pillars in Z 
conformation, the thermodynamically less stable 
conformation for azobenzene, are observed in 
absence of light irradiation. 

Irradiation of this compound at 366nm and 
pH 1.0 results in spectral variations (Fig. 4) that 
are in agreement with the formation of Z forms, 
denoted by the disappearance of the 327nm 
band typical of the E form and appearance of the 
430nm band typical of the Z form. As shown 
by Figure 4, a photostationary state is reached 
in 60 minutes in which more than 50% of the 
total amount of E azobenzene bridges are 

4 

3 
& X 1 0 4  

M-lcrn~’ 
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0 
500 600 400 nrn 300 

FIGURE 3 Absorption spectra of dark equilibrated solu- 
tions of compound L at different of pH values. 
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FIGURE 4 Spectral modifications upon irradiation of com- 
pound L at 366 nm, pH 1.0; irradiation times t = 0,2,4, 6,10, 
15,25,60,120 min. Curves for 60 and 120 min. are coincident. 
Inset pH dependence of the quantum yield (@), calculated 
after 1 min irradiation. 

transformed into Z,  indicating that a significant 
amount of the Z-Z species is formed. The lack 
of total conversion into the Z-Z form is due to 
the photochemical reversibility of the isomeriza- 
tion. Therefore an equilibrium that depends on 
the relative ratio of the molar absorption 
coefficients ( E E / E Z )  at the excitation wavelength 
is reached. For example at 313nm the amount 
of E to Z conversion is lower because at this 
wavelength the difference between the molar 
absorption coefficients of the Z and E forms is 
lower. The quantum yield for the isomerization 
of the first azobenzene, (measured after 1 minute 
irradiation), is practically independent of the 
solution pH, as can be confirmed by inspection 
of the inset in Figure 4. 

The amount of Z forms obtained upon 
irradiation increases with increasing pH. As 
can be seen in Figure 5, where the molar 
absorbances at 327nm of spectra reported in 
Figure 3 are plotted along with the correspond- 
ing absorbances after irradiation of the sample at 
366 nm during 60 minutes, also the composition 
of the photostationary state obtained after 
irradiation varies in a discontinuous manner 
with pH, evidencing pH ranges in which it is 
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almost invariant. The Z forms display a larger 
absorbance than the E forms at 430nm (Fig. 4). 
According to this observation, irradiation at this 
wavelength gives rise to the Z 3 E back-conver- 
sion, evidencing the reversibility of the process. 

The recovery of the thermodynamically more 
stable E forms, from irradiated solution contain- 
ing large amounts of Z forms, can be obtained 
spontaneously (thermal recovery). The rate of 
such thermal recovery increases with increasing 
temperature for a given pH, while at a given 
temperature it increases with decreasing pH 
(Fig. 6). It is noteworthy that in very acidic 
solutions (pH 5 1) the recovery of LE-E, from 
solutions containing significant amounts of the 
L z - ~  isomer, takes place via two consecutive 

0.5 r 

kfa, = 0.5 min-' 

0.2 
0 1000 2000 3000 

min 

a 

reactions (Fig. 6a), the first one characterised by 
a greater rate constant, which can be ascribed to 
the Lz-z, -+ LE-z interconversion, and the second 
one in which LE-E is formed from LE-Z at a lower 
rate. At higher pH the two processes are not 
perceptible (Fig. 6b). 

This behaviour can be explained by consider- 
ing that in very acidic solutions both macro- 
cyclic rings of L are highly protonated (highly 
charged) and thus a large repulsion between 
them is expected. According to molecular mod- 
els (171, the distance between the two macro- 
cyclic rings of L increases in the order Lz-z < 
LE-z < LE-~ ,  the largest effect being observed 
form Lz-z to LE-z. Hence, the faster Lz.z, + LE-Z 
interconversion produces an important reduc- 
tion of the electrostatic repulsion between the 
two protonated macrocyclic rings, while the 
successive LE.Z -+ LE-E interconversion, deter- 
mining a lower effect, takes place at lower rate. 
At higher p H s  the kinetic data indicate that the 
two Z + E processes are independent, account- 
ing for the conversion of total Z forms to total E 
forms independent of the different isomers. 

This type of argument can also explain why 
the amount of Z species in solution at equi- 
librium, in absence of irradiation, decreases with 
decreasing pH, and the fact that upon irradia- 
tion larger amounts of the Lz-z form are 
produced at higher pH values (Fig. 5). 

kbs = 8.5~10-' min-' 0.2 

0.1 - 
0 2000 4000 6000 

min 

b 

FIGURE 6 Thermal recovery at 40°C, followed at 327nm, of LE-E after irradiation at 366nm: (a) pH = 1.1, (b) pH= 8.8. 
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After these considerations it would be inter- 
esting to know which protonated species of L 
are present in solution at the different pHs. 

Basicity Properties and Anion Binding 

In the previous study dealing with L1, it was 
possible to determine the basicity properties of 
all three ligand isomers (E-E,  E-Z, Z-Z> since, as 
said above, it was possible to determine by 
means of NMR spectra the percentage of each 
isomer in solution 1131. As already discussed, a 
similar speciation can not be performed with the 
new L ligand. Nevertheless, we have been able 
to determine the basicity properties of the LE-E 
isomer. 

We have seen before, that in absence of 
irradiation LE-E is the unique species in acidic 
solution, and upon alkalinization the expected 
amount of Z forms is produced in a long time. 
Hence, by using acidic solutions of L, as starting 
material, it has been possible to determine the 
protonation constants (Tab. I) of the LE.E isomer, 
by means of common potentiometric (pH- 
metric) titrations in aqueous solution, before an 
appreciable amount of Z forms are produced. 

As can be seen, in the pH range investigated 
(2.5-10.5) LE-E behaves as a nonaprotic base. 
Under our experimental conditions binding of 
the first four protons cannot be resolved 
as separate single-proton transfer processes 

TABLE I Protonation constants of L determined in 
0.1 m ~ l d m - ~  NMe4CI at 298.1 f 0.1 K 

Reaction Log K 

20.85(6)a 
16.9(9) 
7.0(1) 
6.4(1) 
5.0(1) 
3.0(1) 
2.6(1) 

a Values in parentheses are standard deviations in the last 
significant figure. 

(Tab. I), but simultaneous protonation of both 
macrocyclic moieties is observed. Such behav- 
iour is typical of symmetrical ligands in which 
the protonation sites are largely separated. For 
higher protonation degrees, however, the repul- 
sion between positive charges becomes consid- 
erable and ligand protonation takes place in 
successive stages (Fig. 7). 

We have shown above that in absence of 
irradiation, at equilibrium, the isomeric compo- 
sition changes in a discontinuous manner with 
pH, evidencing pH ranges (1.0 - 5.5, 6.4 - 8.3, 
8.8-12.0) in which it is almost invariant. The 
LE.E isomer is almost the unique species present 
in the most acidic range, the strong electrostatic 
repulsion between the highly protonated macro- 
cyclic rings favouring such elongated conforma- 
tion. Hence, in agreement with the distribution 
diagram of Figure 7 and the spectral data of 
Figure 5, species H,L"' with n 2 6, formed 

2 4 6 0 10 12 
PH 

FIGURE 7 Distribution diagram of the protonated species formed by LE-E as a function of pH. 
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FIGURE 8 Schematic representation of the inclusion complexes formed by [Co(CN),I3- with protonated species of LE-E (a) and 
Lz-z (b). 

during the potentiometric titrations, maintain 
the E-E conformation, while species with n L 5  
slowly produce, in two different steps, the 
amount of Z forms expected at equilibrium. 

Protonation of polyamines controls the ability 
of such molecules to associate with chemical 
species, competing with the formation of metal 
complexes and promoting anion binding. In this 
sense, protonation itself is a sort of chemical 
switch. Considering the ability of L to form 
highly protonated (highly charged) species in 
solution, and the possibility of modulating size 
and shape of the ligand cavity, the present 
photoelastic ligand could be relevant in mole- 
cular recognition processes involving anionic 
substrates. A preliminary study performed by 
means of spectrophotometric measurements 1221 
in 1.0 mol dm-3 HC1 solution reveals that asso- 
ciation of (H12LE-~)12+ with a highly charged 
anion, such as [CO(CN)~]~-, gives rise to the 
stable anion complex ((H~~LE-E)[co(cN)~I}’ + 

(log K = 3.7(1)). Molecular models [171 indicate 
that the cavity of the ligand in its elongated form 
(LE-E) is too long to allow simultaneous interac- 
tion of both protonated hexaaza macrocyclic 
rings with the anion. Hence, in {(HI~LE-E) 
[CO(CN)~])~+ the anion is expected to be in 
contact with only one hexaaza macrocyclic unit, 

as sketched in Figure 8a. On the other hand, 
switching the ligand structure to the Lz-z form 
should give rise to a more stable complex in 
which both protonated macrocyclic units inter- 
act with the anion in a sandwich like fashion 
(Fig. Sb). 

Further work will be undertaken to get 
more insight into the photochemical- and pH- 
switching processes involving anion recognition 
by L. 

EXPERIMENTAL SECTION 

Synthesis of L 

L was synthesised by following the procedure 
previously reported for L1 1131. The synthesis of 
1,4,7,13- tetramethyl-l,4,7,10,13,16hexaazacyclo- 
octadecane was reported elsewhere 1181. 

A solution of bis(4-bromomethyl-phenyl)-dia- 
zene (1.77g, 4.8mmol) in warm dry CH3CN was 
added, over a period of 3 hours, to a refluxing 
solution of 1,4,7,13-tetrarnethyl-1,4,7,10,13,16- 
hexaazacyclooctadecane (1.51 g, 4.8 mmol) in 
dry CH3CN containing Na2C03 (l.lg, 
1.0mmol). The mixture was refluxed during 6 
hours, then cooled at room temperature and 
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filtered. The resulting solution was evaporated 
to dryness on a rotary evaporator. The crude 
product was dissolved in 100cm3 of water and 
extracted several times with chloroform. The 
chloroform solution was dried over anhydrous 
Na2S04 and evaporated to dryness on a rotary 
evaporator. The orange solid, obtained after 
evaporation, was washed several times with 
cyclohexane, dissolved in ethanol and treated 
with concentrated HC1 solution to obtain the 
solid L '  12HCl compound, which was filtered, 
washed with ethanol and dried in vacuum at 
35°C (yield 1.2g, 34%). MS m / z  1044 
([M + HI + 1. Anal. Calcd for CaH~,-,8N1&I12: C, 
48.72; H, 7.36; N, 15.15. Found: C, 48.4; H, 7.4; N, 
14.9. 

Spectrophotometric Measurements 

The electronic spectra were recorded on a 
Perkin-Elmer Lambda 9 spectrophotometer 
equipped with a lcm cell thermostated at 
298 K. 

Irradiation Experiments 

Light excitation was performed by a medium 
pressure mercury arc lamp. Interference filters 
(Oriel) were used to select narrow spectral 
ranges with maximum wavelength at 366 nm. 
The irradiated solution was contained in a 1 cm 
spectrophotometric quartz cell. The intensity of 
the incident light (1.1 x lou6 Einstein min-' at 
366 nm) was measured by ferrioxalate actino- 
metry [191. 

Potentiometric Measurements 

Potentiometric (pH-metric) measurements 
(pH= -log [H+I) were carried out in a de- 
gassed 0.1 m ~ l d m - ~  MeJVC1, at 298.1 + 0.1 K, 
by using the equipment and the methodology 
that has been already described [ZOI. The 
combined Ingold 40.5 S7/120 electrode was 
calibrated as a hydrogen concentration probe by 

titrating known amounts of HC1 with C02-free 
Me&JOH solutions and determining the equiva- 
lent point by Gran's method [211 which allows to 
determine the standard potential Eo and the 
ionic product of water (pK, = 13.830) at 298.1 K 
in 0.1 mol dm-3 MeaCl). All measurements 
were performed in the pH ranges 2.5-10.5. In 
all experiments the concentration of L was about 
8 x mol dmP3. Three measurements (about 
120 data points) were performed to determine 
the protonation constants of L in its E-E form, 
processing the e.m.f. data by means of the 
computer programs HYPERQUAD [22]. Solu- 
tions containing the unique LE-E isomer were 
prepared in O . l m ~ l d m - ~  HCI solution and 
allowed to equilibrate at 298K in the dark for 
many hours. The absence of Z forms was 
spectophotometrically verified before and after 
each titration. 
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