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Abstract

The electrochemical behaviour and cation recognition properties of two oxaferrocene cryptand ligahf{4,4110-trioxa-7,13-
diazacyclopentadecane-7,13-diyl)diethoxy]-3i3t-tetraphenylferrocene and 1[{1,4,10,13-tetraoxa-7,16-diazacyclooctadecane-7,16-
diyl)diethoxy]-3,3,4,4-tetraphenylferrocene, have been characterized in acetonitrile in the presenéé afi@ald by cyclic voltammetry,
square wave voltammetry and a rotating disc electrode. The changes in the redox signals for the cryptates at varying concentrations of the targ
cations are used as a direct measure of the electronic coupling between the two units, leading to the conclusion that the cryptate formatic
process proceeds in multiple stages and the ligand offers several binding sites in the complex.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction nize the binding processes, various “reporter groups” whose
physical properties change upon binding of a guest ion to
Molecular recognition systems involving supramolecular the complexation site can be attached to the cryptand. These
host and cation guest(s) are of great interest to the studyphysical properties can then be monitored, for example,
of complementary binding interactions between molecular by spectroscopic or electroanalytical medék Ferrocene
species. A prime example of supramolecular ligands that ex- cryptands are one example of such derivatives that offer a
ert significant binding capacity towards alkali and alkaline- change in the voltammetric signal upon complexing a cation
earth cations is represented by the cryptand family, developed[7]. This property depends on the nature of the inserted cation
by Lehn et al. in 1970fL-5]. and can therefore be used in cation sensors or molecular
The remarkable complexation selectivity of a cryptand switches. There are in general three types of ferrocene
is governed primarily by a spherical recognition effect cryptands in which the ferrocene unit and the cryptand part
dependent on the size of the closed 3D caJiy-5]. are linked via amide, methyl or ether bonds, respectively.
For instance, cryptand [2.2.1] (4,7,13,16,21-pentaoxa- The first two groups of molecules have been exten-
1,10-diazabicyclo[8.8.5]tricosane) with a cavity radius sively studied with respect to their cation binding capacity
of 1.1A exhibits high specificity towards alkali cations, and selectivity [8—16]. However, little study has been
while cryptand [2.2.2] (4,7,13,16,21,24-hexaoxa-1,10- conducted in detail so far on molecules of the third type
diazabicyclo[8.8.8]hexacosane) with a cavity radius ofdl.4  with regard to their electrochemistry and complexation
prefers to bind alkaline-earth dicatiofi3. In order to scruti- reactiong17,18]. Here, we characterize the electrochemical
behaviour and cation recognition properties of two such
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Scheme 1. Structures of the examined Oxaferrocene cryptands.

phenylferrocene (1, analogous to cryptand [2.2.1]) and working electrode for cyclic voltammetry and square wave
1,7-[(1,4,10,13-tetraoxa-7,16-diazacyclooctadecane-7,16- voltammetry, while a larger gold disc (diameter 3mm, area
diyl)diethoxy]-3,3,4,4-tetraphenylferrocene (2, analogous 7.07 mnf) was used for rotating disc linear sweep voltam-

to cryptand [2.2.2]) in acetonitrile. In particular, we unravel metry. The working electrode was polished with an aqueous
an important aspect of the cation binding process, which, as aaluminium oxide (0.3wm) slurry and then rinsed thoroughly
function of concentration, can be rationalized by a multi-step with deionized water and acetone. Platinum and silver wires
mechanism involving several binding sites in the ligand. were used as counter and quasi-reference electrodes, respec-

2. Experimental

tively. Potentials versus the Ag quasi-reference electrode
were then rescaled versus Ag/AgCl, which was calibrated
with either the ferrocene/ferrocenium redox couple (0.35V
versus Ag/AgCl) or the cobaltocene/cobaltocenium redox

2.1. Electrochemical experiments conditions couple (—0.96 V versus Ag/AgCl).

For cyclic voltammetry scan rates between 0.01 and 10 V/s

A gold disc (diameter 2 mm, area 3.14 fyra roughness ~ were applied. The magnitude of the peak current is propor-
factor of 1.44+ 0.10, was used in the calculation of effective tional to the square root of the potential scan rate up to 10 V/s
surface arefl9]) sealed in a PEEK cylinder was used as the and over the time span of the experiments, indicating a so-
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lution based electron transfer process controlled by the mass 81— (a) 0.00:1 -
diffusion of the reactants. For square wave voltammetry a fre- 2.5 — (b)0.22:1 fo 0
quency off = 25 Hz, a step potential @& Es=0.002 V and an e (3) g-‘;gfl %
amplitude ofAE, =0.02 V were used. For rotating disk elec- | - ge; 1.00:1
trode (RDE) experiments rotation rates from 100 to 5000 rpm ’ (f) 1.51:1
and a scan rate af = 0.02 V/s were applied. - L= (@200
A computer-controlled electrochemical measurement 3, 051
system with an EcoChemie Autolab PGSTAT30 potentiostat/ T o
galvanostat and GPES software was used for electrochemical a5l
control and data recording. For the RDE experiments an |
EcoChemie Autolab RDE with motor controller was used. Tl
All electrochemical experiments were carried out in a 1.5
Faraday cage at ambient temperature and pressure. : : :
0.2 0 0.2 0.4 0.6 0.8 1

Acetonitrile (Aldrich, HPLC grade) and supporting elec-
trolyte tetrabutylammonium hexafluorophosphate (Fluka,
electrochemical grade) were used without further purifica-
tion. The concentration of the supporting electrolyte was
0.1 M.

2.2. Ligand synthesis and characterization

Cryptandsl and2 were prepared according to procedures
that had been developed by one of the co-autfiofsl8].

NMR spectra were recorded at 300K with a Bruker
Avance tH NMR 200 MHz, 13C NMR 50.3 MHz) spec-
trometer. 1H NMR spectra were referenced to residual
undeuterated solvent, afdC NMR spectra to the solvent
signals: CDG (8(*H)=7.26 ppm, §(*3C)=77.0 ppm),
CeDs (8(*H)=7.16 ppm, 8(*3C)=128.0ppm), CBCN
(8(*H)=1.93 ppm(*3C) = 1.3 ppm).

2.3. Characterization data for cryptandsand2

1: 1,7-[(1,4,10-trioxa-7,13-diazacyclopentadecane-7,13-
diyl)diethoxy]-3,3,4,4-tetraphenylferrocene: mp=21Q,
orange colored powder, calculated forsgBs5,FeNO5
(792.8): C 72.72; H 6.61; N 3.53 found: C 72.63; H 6.77;
N 3.66.

H NMR (CDsCN): § 2.65-2.69 (m, 8H, NCH), 2.87
(t, J=6.8Hz, 4H, CpOCHCH;N), 3.47-3.52 (m, 12H,
CH,0),4.21 (tJ=6.9Hz, 4H, CpOCH), 4.33 (s, 4H, CpH),
6.79—7.00 (m, 20H, PhH).

13C NMR (CDCN): 6 55.9, 57.6, 58.41, 61.9, 70.8, 71.0,
71.4,71.7,82.9,126.9,127.6, 128.4, 130.8, 137.5.

2: 1,1-[(1,4,10,13-tetraoxa-7,16-diazacyclooctadecane-
7,16-diyl)diethoxy]-3,34,4-tetraphenylferrocene:
mp=208C, orange colored powder, calculated for
CsoHsgFeNOg (836.8): C 71.76; H 6.74; N 3.35 found: C
71.55; H 6.87; N 3.27.

'H NMR (CDsCN): § 2.71-2.77 (m, 8H, NCH), 2.94
(t, J=7.0Hz, 4H, CpOCKCH,N), 3.55-3.62 (m, 16H,
CH,0),4.21 (tJ=6.9 Hz, 4H, CpOCH), 4.40 (s, 4H, CpH),
6.91-7.09 (m, 20H, PhH).

13C NMR (CDCN): 6 54.9, 56.7, 60.5, 69.8, 70.1, 71.0,
82.0, 125.6, 125.9, 127.3, 129.8, 135.9.

E [V] vs.Ag/AgCI

Fig. 1. Cyclic voltammograms df [0.61 mM] with varying concentration
ratio Ba(ClQ,)/1 in acetonitrile/TBAPE (0.1 M),v = 0.1V/s, T=20°C.

3. Results and discussion

The cyclic voltammograms af and 2 both show a re-
versible single electron transfer with a half wave potential of
E1/2=0.285V versus Ag/AgCl depicting the oxidation and
reduction of the ferrocene moiety (Figs. 1la and 2a). This
is in good agreement with corresponding experiments using
square wave voltammetry (Fig. 3a).

The diffusion coefficients fod and 2 were determined
from cyclic voltammetry data at different scan rateas
(3.264 0.58)x 106 cn?/s and Do =(3.80+ 1.43)x 10~/
cmé/s, respectively. The corresponding heterogeneous elec-
tron transfer rate constants akg=(4.1340.61)x 103
cm/s andk = (3.27+ 0.81)x 103 cm/s, respectively. These
data are well corroborated by experiments with a rotating disc
electrode, which gave the corresponding parametely as
(5.02+7.18) x 106 cnf/s, ko= (5.12+3.96)x 10~3cm/s
for 1; and Do=(4.31+£6.30)x 10 6 cmP/s, ko=(3.48+
2.76)x 10~3cm/s for2.
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Fig. 2. Cyclic voltammograms o2 [0.72 mM] with varying concentra-
tion ratio of Ba(ClQ)2/2 in acetonitrile/TBAPE (0.1 M), v=0.1V/s,
T=20°C.
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Fig. 4. Cyclic voltammograms df [0.33 mM] with varying concentration
Fig. 3. Square wave voltammograms 2f0.72 mM] with varying con- ratio NaCIQ/1 in acetonitrile/TBAPR (0.1 M),v = 0.1V/s, T=20°C.
centration ratio Ba(Clg)2/2 in acetonitrilie/TBAPE (0.1 M), f=25Hz,

AEs=0.002V,AE,=0.02V,T=20°C. . . .
S P until reaching a half wave potential of 0.456V at a’B2

When Ba(ClQ)- is added to a solution dfin acetonitrile, ratio of 2/1 (Fig. 2c-h).
a second redox pair with a half wave potential at 0.632\ _ However, in contrast to the BY1 cryptate, the poten-
emerges (Fig. 1b). This is caused by the formation of a tial of the second redox pair is not affected_ by the presence
Ba2*/1 complex, in which the redox potential of the ferrocene Of Na™ or C+a2+ at up to 100-fold excess. This demonstrates
unit is shifted anodically in the presence of additional posi- that the B&*/2 cryptate is a much more stable complex than
tive charges of B¥ at close proximity which makes it less ~ the B&*/1 cryptate, as cryptanglis more favorable towards

favourable for the ferrocene system to provide an electron. Ba’* against other mono- and di-valent cati¢bs4]. On the
With increasingly higher concentration of Bathe magni- other hand, the shift of the second redox wave with increas-
tude of the current of the second redox pair grows at the ing metal ion concentration, which can be seen for the above-
expense of the first couple, indicating a successively highermentioned cation/cryptand combinaFions, cannot be detected
yield of complexation. Also, surprisingly, the second redox for the N&/2 complex. The redox signal generated by the
pair shifts cathodically depending on the concentration ratio €0UPling of Nd and 2 remains constant with a half wave
until reaching a half wave potential of 0.507 V at a284 potential of 0.366V across the whole range of concentration
ratio of 2/1 (Fig. 1b—g). ratios (Fig. 5a). _ .

Upon addition of an equimolar amount of NaGl@he re- Due to a combination of spherical and electrostatic match-
dox signal for the B&"/1 complex at 0.632 V completely dis- N9 effects, cryptandd and 2 exhibit discrete recognition
appears and is replaced by a new redox pair at around 0.426 ypatterns to_wards the dlfferen_t targgt cation species over the
indicative of the formation of a Nl complex. This demon- ~ concentration range, as depictedfiig. S. Cryptand+1 dis-
strates that B4 in the complex is readily replaced by Na  Plays two distinct yet constant binding domains for Neth

coinciding with literature that cryptands likepreferentially

bind Na against B&* [1-5]. 03[ o g
The presence of NaClOin a solution of purel yields [y
a second pair of redox waves wiky»=0.426 V (Fig. 4a). 0310
With successively greater dosage of Nthe magnitude of Py .
the second redox current enhances at the expense of the first  gos| -
couple, diagnostic of correspondingly higher yields of com-  __ o ~_ gy
plexation. Meanwhile, depending on the concentration ratio & 02k A
of cryptand to cation, the redox peak shifts cathodically toa = ilaiens W =
half wave potential of 0.391V (Fig. 4b-h) as in the case of 0.15/(®)
Ba?*-addition. 7 o
Accordingly, addition of Ba(Cl@)2 to a solution oR leads 0.1 a) ;
to asecond pair of redox waves at a potenti@gf = 0.557 V — ———
(Fig. 2b), showing the formation of a B42 complex. With 0.05; s : - 5

subsequently greater dosage ofBahe magnitude of the
second redox current enhances at the expense of the first

COUpl?: diagnostic of Corr?Spondingly hi.gheir yields of com- Fig 5. over-potential vs. concentration ratio for complexe/Ri), Nat /1
plexation. The second pair of waves shifts in the same way, (b), B&*/2 (c) and B&*/1 (d).

ratio [M]:[cryptand]



256 M. Pagels et al. / Talanta 67 (2005) 252—-258

a turning point around a N4l ratio of 1 (Fig. 5b). How- B). Thatis transformed at higher cation concentrations into a
ever, in the case of cryptartthe cavity is too large to exert  thermodynamically more stable configuration in which"Na
vigorous control on the location of Nigevidently leadingto  is fully accommodated within the cavity (Scheme 2G)4].

a statistical single binding site for Nawithin the complex Thus, in the final complex, Nais further displaced from the
across the concentration ratios up to"'Na= 2 (Fig. 5a). redox center leading to a lower over-potential.

Nevertheless, cryptantl shows two individual binding As discussed earlier, cryptar®ddoes not offer effective
domains for B&" (Fig. 5d). At B&*/1 ratios<1, there isa  binding to N& due to spherical mismatching. However,
gradual decrease in the over-potential at increasingly higherBa?* starts its initial interaction wit2 from a side-site
Ba?* dosage, that turns into a constant value at*Bia= 1. (Scheme 2A or B: identical faz), which is converted into a
For cryptand, there are again two distinct binding domains thermodynamically more equilibrated site within the cavity
turning into a reduced slope at B& =1, yet without reach-  (Scheme 2C). This represents a significant insight into the
ing an equilibrated value at B¥2=2 (Fig. 5c). All cases  complexing mechanism of the system, which functions in
show a turning point in slope around a 1/1 ratio, indicating a multiple-step process that is concentration dependent. In
this to be the most probable common composition for these a side-site, which is closer to the ferrocenyl oxygen atoms
complexes. that are the key factor of electronic communication in the

It is understood that the magnitude of the over-potential, system, the charge is distributed among at most four oxygen
as aresult of the complexation reaction, is proportional to the atoms, including the ferrocenyl oxygen atoms. As such
extent of electrostatic coupling between the ferrocene redoxthe perturbation to the ferrocene electronic system is more
center and the target cation, which is in turn dependent onpronounced than when the cation is fully immersed in the
the distance between the two units. We, therefore, endeavorcavity, where the positive charge can be distributed among
to use the over-potential as a direct measure of the effective-six oxygen atoms and the lone pairs of the two nitrogen
ness of electrostatic matching, that leads to a rationalizationatoms. At site D (Scheme 2), the cation imposes little, if
of the aforementioned results based on a concentration depenany, influence on the electronic system of the ferrocene
dent, multiple binding site mechanism. Thus the gradual ca- unit.
thodic shift of the second redox wave at successively greater The option of forming 2:1 cation/cryptand complexes
cation dosage indicates a less intensive coupling betweenseems implausible, as in such complexes the cations could
M™ and the redox center. This evidently means thdt M  attach to the oxaferrocene cryptand only at the outside of
is distanced further away from the redox center (Scheme 2).the cryptand cavity (Scheme 2A+B, A+D or B+D). As
This concentration dependent process leads to the positivesuch, the extra charge could not be shielded by the donor
charge of the cation being better shielded by the electronatoms. This would lead to a drastic anodic shift of the oxi-
donating cryptand arms and, therefore, a thermodynami- dation potential of the ferrocene unit compared to the redox
cally more stable configuration with a correspondingly lower potential at very low cation concentrations, as the abstrac-
over-potential. tion of an electron would become even more unfavourable

It is known that B&* is too large to enter the cavity of than in a 1:1 complex. On the other hand, the formation of
cryptandl. Hence the only location in which the dication 1:2 cation/cryptand complexes at lower concentrations would
can possibly bind td is a side-site (Scheme 2A or B: not rather lead to an initially more cathodic redox potential as
identical for1). Corresponding to the build up of its con- again the positive charge of the cation would be shielded by
centration, the BH transforms from the initial site into a  two ligands. The redox signals should then shift into anodic
thermodynamically more stable configuration (Scheme 2D) direction upon an increase of the metal ion concentration as
at B&*/1=1. From there onwards the average location of the shielding becomes less effective for the reason that the
Ba?* remains constant relative to the redox center. On the total of 1:2 complexes decreases.
other hand, when Naencounterdl initially, it reaches an In order to make the significance of the potential shift by
intermediate status by occupying a side-site (Scheme 2A orcomplex formation more tangible, we introduce a cation bind-
ing factor (CBF) analogous to the calculation of the cation
binding enhancement previously developed by Gokel et al.
for a different host/guest systd@0] (Table 1). In the present

000 % case, this factor is defined as the ratio of the binding constant
@\3/../ — —o- M for the oxidized ligand—cation interactioi4g) and the bind-
\ : ing constant for the neutral ligand—cation interactié)(
(A) o0 (©) @ with E? and EQ being the redox potentials for the free ligand

/00 and the complex, respectively.

Ox( O=

. Kse  _, p(E9_EO
‘lilibo i bo CBF = ®s = ¢ F(Ef—Ec)/RT
(B) D)

Gokel’s cation binding enhancement value was initially used
Scheme 2. Possible binding sites ofMin the M™*/cryptand complex. to describe the enhancement of the binding of the cation in the
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Table 1

Cation binding factors for complexes bfind2 with Ba?* and N& at different cation concentration levels

Ba2*/1 Na*/1 Ba&2*/2 Na*/2

Concentration ratio CBF Concentration ratio CBF Concentration ratio CBF Concentration ratio CBF
0.22 930942 0.25 266 0.13 70929 0.24 27

0.48 438626 0.65 266 0.53 34769 0.39 27

0.78 49661 0.78 246 0.67 23398 0.62 25

1.00 9044 1.08 67 1.08 4799 1.03 23

1.51 7131 1.41 62 1.40 3104 1.90 23

2.00 6588 1.76 64 1.82 2261 - -

- - 2.36 62 2.00 1930 - -

complex by the reduction of the ligand. In the present work centration dependent, multiple-step mechanism with several
CBF is used to describe the additional energy that is neededbinding sites. Although the possibility of multiple binding
to abstract an electron from the already positively charged sites was previously raised by one of (i8] and others
complex when the ligand is oxidized. It also represents the [16], this is for the first time when definitive experimental
extentto which the positive charge of the metal ion is shielded evidence is available substantiating the mechanism, which
in the complex by the ligand, i.e., “electronic connectivity” should have profound impact on the further development
between the metal site and the ferrocene redox center. of the all-important molecular recognition systems and their

Clearly noticeable is the difference between thé'Band applications.
the N& complexes. This difference, with the Bacomplexes
having much larger cation binding factors than thé iam-
plexes of ligandd and2, arises obviously from the differ-
ence in charge density of the two ions. As the barium ion has
a twofold positive charge, it disturbs the electronic system of
the ferrocene unit more than the single positive charge of the
sodium ion.

Another difference between the barium and the sodium
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complexes is the fact, that with increasing concentration ra-
tios the CBF for the B& complexes ofl and 2 decrease
significantly, whereas the CBF for N& has two level do-
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