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New open-chain tetraamines containing ferrocene, 1,1’-bis(5-methyl-2,5-diazahexyl)ferrocene L'and 1,1'-
bis(2,5-diazahexyl)ferrocene L2, have been synthesized and characterized. Their protonation behaviour has
been studied by potentiometric titrations in water (0.1 mol dm™ KNO;, 25 °C). The co-ordination ability of L!
towards the divalent metal ions Ni2*, Cu?*, Zn?*, Cd?* and Pb?" has also been studied. It forms both mono-
and bi-nuclear complexes with Ni2*, Cu?*, Zn?* and Cd?* whereas only mononuclear species were found for
Pb2*. The electrochemical behaviour of L! has been studied in CH,Cl, and water, E, is pH-dependent and
from the E, vs. pH curve the protonation constants of oxidized L' (Fe'") were determined. Similar
electrochemical experiments were carried out for L'-H*-M?" systems. The good agreement between the E, vs.
pH and z vs. pH curves (z = average charge calculated from potentiometric data) appears to suggest that the

ferrocene-substrate interaction is mainly electrostatic.

Redox-active groups have recently been employed for the
synthesis of electroactive host molecules, which have proved
useful in the electrochemical recognition of a large variety of
substrates.! Electroactive moieties have been peripherally
linked to ligands, used as building blocks in the synthesis of
macrocycles or reported to act as a spacer linking two metal-
binding domains. It has recently been reported that ferrocenyl
units covalently anchored to polyamines are good candidates
for the electrochemical recognition of transition-metal ions and
anions in aqueous media.?™* These systems include polyamine
bis(ferrocene) ‘macrocycles’, as in L3,2 and monoferrocene
macrocycles where the polyaza chain is anchored to the two
cyclopentadienyl rings in the same ferrocenyl unit.** The
attachment of ferrocenyl units to polyamines produces pH- and
redox-responsive molecules the electrochemical recognition
properties of which can be enhanced or masked as a function
of pH.? As a part of our interest in the use of redox-active
molecules®> we report here the synthesis of 1,1’-bis(5-methyl-
2,5-diazahexyl)ferrocene L! and 1,1'-bis(2,5-diazahexyl)-
ferrocene L2 which are electroactive open-chain molecules
containing a ferrocenyl group connecting two pH-responsive
ethylenediamine moieties. Different frameworks have been
used as spacers, the electronic and geometric properties of
which along with those of the binding domains and metal ions
determine the nature of the oligomer/polymers obtained.® Two
specific properties are involved in the use of ferrocene as a
spacer which are worthy of study and which are not normally
found in other groups: (i) its ball-bearing like behaviour, due to
the independent rotation of the two cyclopentadienyl rings;’
and (if) its electroactive character. Additionally, using ferrocene
introduces some flexibility between the metal domains whilst
retaining the possibility of electronic communication. The role
of ferrocene as a ball-bearing spacer is studied by comparison of
L' with the non-electroactive open-chain molecule L° and the
electroactive cyclic polyamine L3. We also report the proton-
ation, co-ordination behaviour towards the divalent metal ions
Ni?*, Cu?*, Zn?*, Cd** and Pb?* and electrochemical
properties of L.

Experimental
Solvents and reagents

N,N-dimethyl- and N-methyl-ethane-1,2-diamine were of
reagent quality used without further purification. Ferrocene-
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1,1'-dicarbaldehyde was synthesized following literature

procedures.® Tetrahydrofuran (thf) was freshly distilled from
sodium-benzophenone. Carbonate-free potassium hydroxide
and hydrochloric acid solutions were used in the potentiometric
and electrochemical experiments. Tetrabutylammonium per-
chlorate and potassium nitrate (0.1 mol dm3) were used as
supporting electrolyte in dichloromethane and water,
respectively.

Synthesis of L' and 12

Ferrocene-1,1’-dicarbaldehyde (200 mg, 0.82 mmol) and N,N-
dimethyl- or N-methyl-ethane-1,2-diamine (1.6 mmol) were
heated to reflux in ethanol for 3 h. The solution was evaporated
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to dryness and the residue dissolved in dichloromethane (30
cm?). Addition of hexane gave a red oil which was hydro-
genated using LiAlH, (124 mg, 3.28 mmol) in freshly
distilled thf (100 cm?®) at reflux for 1 h under argon. After
careful addition of small amounts of water the mixture was
filtered through Celite and the resulting solution evaporated to
dryness. Basic water and dichloromethane were added and the
organic phase was dried with anhydrous sodium sulfate, filtered
and the yellow solution chromatographed on alumina by using
dichloromethane-methanol (10:1) as eluent. Addition of
hexane to the yellow band gave a yellow oil.

1,1-Bis(5-methyl-2,5-diazahexyl)ferrocene (L') (200 mg,
63%) (Found: C, 62.2; H, 8.90; N, 14.45. C,,H;,FeN, requires
C, 62.2; H, 8.80; N, 14.5%); NMR (CDCl,); 'H 6 4.14 (s, 4 H,
CsH,), 4.06 (s, 4 H, C;H,), 3.50 (s, 4 H, CH,), 2.69 (t, 4 H,
CH,), 2.40 (t, 4 H, CH,) and 2.19 (s, 12 H, CH,); '3C & 85.20
(Cipso)s 69.19 (CsHy), 68.63 (CsH,), 57.82 (CH,), 48.26 (CH,),
45.90 (CH,) and 45.28 (CH,).

1,1'-Bis(2,5-diazahexyl)ferrocene (L?) (176 mg, 60%,) (Found:
C, 60.5; H, 8.45; N, 15.35. C,gH;FeN, requires C, 60.4; H,
8.40; N, 15.65%): NMR (CDCl;), '"H § 4.13 (s, 4 H, CsH,), 4.06
(s,4 H, C;H,), 3.49 (s, 4 H, CH,), 2.73 (t, 4 H, CH,), 2.68 (t,
4 H, CH,) and 2.41 (s, 6 H, CH,); '*C 8 87.10 (C,,,,), 72.84
(CsH,), 70.08 (CsH,), 58.08 (CH,), 48.59 (CH,), 45.95 (CH,)
and 45.09 (CH,).

Physical measurements

The NMR spectra were measured on a Bruker AC-200 FT
spectrometer operating at 300 K. Chemical shifts for 'H and
3C-{'H} spectra are referenced to SiMe, and CDCl,,
respectively. Infrared spectra were taken on a Perkin-Elmer
1750 spectrophotometer as KBr pellets. Electrochemical data
were obtained with a Tacusel IMT-1 programmable function
generator, connected to a Tacusel PJT 120-1 potentiostat. The
working electrode was platinum with a saturated calomel
reference electrode (SCE) separated from the test solution by a
salt bridge containing the solvent/supporting electrolyte. The
auxiliary electrode was a platinum wire. Potentiometric
titrations were carried out in water using a reaction vessel water-
thermostatted at 25.0 + 0.1 °C under nitrogen. The titrant was
added by a Crison microburete 2031. The measurements were
made using a Crison 2002 pH-meter and a combined glass
electrode. The titration system was automatically controlled by a
personal computer using a program which monitors the
electromotive force and the volume of titrant added. The
electrode was calibrated as a hydrogen-concentration probe by
titration of well known amounts of HCI with CO,-free KOH
solution and determining the equivalence point by Gran’s
method ® which gives the standard potential E”° and the ionic
productof water (K, = [H*][OH ~]). The logarithm of X', for
the solvent used was found to be —13.7 + 0.1 (25 °C, 0.1 mol
dm™ KNO,;). The concentrations of the nickel(ir), copper(ir),
zinc(1), cadmium(u) and lead(u) solutions were determined using
standard methods. The computer program SUPERQUAD '°
was used to calculate the protonation and stability constants.
The titration curves for each system (about 200 experimental
points corresponding to at least three titration curves, range
pH = —log[H]2.5-10, ligand concentrationca. 1.2 x 1073 mol
dm™, metal concentration 2.5 x 103-0.5 x 10~ mol dm™3
accordingto the formation of mono- and di-nuclear species) were
treated either as a single set or as separate entities without
significant variations in the values of the stability constants. The
sets of data were merged and treated simultaneously to give the
stability constants.

Results and Discussion

Reaction of N,N-dimethyl- or N-methyl-ethane-1,2-diamine
with ferrocene-1,1"-dicarbaldehyde yields the Schiff-base
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derivatives 1,1'-bis(5-methyl-2,5-diazahex-1-enyl)- or 1,1'-
bis(2,5-diazahex-1-enyl)-ferrocene, respectively. These com-
pounds are oils and have always been obtained impure with
small amounts of starting materials, no further attempt was
made to purify them. Their '"H NMR spectra show a total of six
resonances; two for the «- and B-protons in the ferrocenyl
framework, two for the non-equivalent CH, groups, one for the
CH, moiety and a characteristic signal at 5 8.16 attributed to
the presence of an imino group. Hydrogenation of them using
LiAIH, in thf resulted in the corresponding tetraamines L!
and L2, The main feature in the 'H NMR spectra of L! and
L? when compared with those of their precursors is the lack
of the low-field imino proton and the existence of a new
signal at § 3.50 attributed to the CH, groups nearest to the
ferrocenyl group.

Compounds L! and L? are soluble in organic solvents but are
also water soluble due to the presence of amino groups. Both
can only be obtained as oils, and all our attempts to isolate them
assolidswereunsuccessful. Aqueoussaturatedsolutionsof L' and
L? can be prepared by boiling them in distilled water
overnight to produce bright yellow solutions the concentrations
of which were determined by iron analysis; L! is more soluble
than L? in water. Typical concentrations were 1.2 x 1073 and
2.0 x 10* mol dm™ for L! and L2, respectively.

Protonation behaviour

The behaviour of L! and L? towards protonation was studied
by potentiometric titrations with KOH for previously acidified
solutions in water (0.1 mol dm— KNO,) at 298.1 + 0.1 K.
Table 1 lists the basicity constants of L! and L? together with
those of the tetraamines 2,5,19,22-tetraaza[6.6](1,1")ferro-
cenophane (L3),> 3,6-diazaoctane-1,8-diamine (L*)'' and
3,8-diazadecane-1,10-diamine (L°).1!12 Fig. 1 shows the distri-
bution diagram of L'. When open-chain polyamines L' and
L? are compared with the analogous cyclic one L? it can be
noticed that, although a different solvent medium has been used
for determining the basicity constants, L behaves as a stronger
acid than L' and L2 This appears to agree with the cyclic
nature of L3. The free rotation around the cylopentadienyl
rings which can easily occur in L' and L? but not in L3
minimizes the effect of the charge repulsions between
ammonium groups.

The difference between the first two protonation constants for
L!is 0.9 logarithm unit, whereas the difference A(log K) between
the values of the second and third stepsisabout 2 and between the
third and the fourth is 1.2. The small difference between the first
two suggests that, after the first protonation, the second proton
attacks the arm in L! which is unprotonated. The third and the
fourth protons should be placed near two already protonated
nitrogens separated by ethylenic chains, and therefore are less
basic than the first two protons leading to a higher A(log K)
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Fig.1 Distribution diagram for the L'-H™* system as a function of pH
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Table 1 Stepwise protonation constants (log K) of L* and L2 determined in water at 25 °C in 0.1 mol dm~ KNO,
L! L?
L3 L* L®
Reaction* log X Alog K log K Alog K (ref. 2) (ref. 11) (ref. 11)
L+ H=HL 9.87(3)* 9.59(3) 8.40 9.74(6) 10.44(4)
HL + H==H,L 8.93(2) 0.94 9.06(3) 0.53 6.71 9.07(3) 9.71(3)
H,L + H=H,;L 6.72(3) 2.21 7.15Q2) 1.91 5.15 6.59(3) 7.64(4)
H,L + H=—=H,L 5.55(3) 1.17 5.11(3) 2.04 2.45 3.27(7) 6.83(3)

“ Charges have been omitted for clarity. ® Values in parentheses are standard deviations on the last significant figure.

There is good agreement between the first three basicity
constants of L', L* and L° whereas for the last protonation
constant the agreement is still good for L! and L° but in L* the
last proton ismuch more acidic. For L* the last protonation takes
place on one of the central ethylenic nitrogens which is separated
from the adjacent ammonium groups by two ethylenic chains,
whereas for L' and L3 the distance between the last nitrogen to
be protonated and one of the adjacent ammonium groups is at
least increased by -CH,~Fe(CsH,),-CH,- and —(CH,),—
spacers with a corresponding decrease in charge repulsion. As
expected and as observed, this is in accord with the fact that the
presence of larger spacers between nitrogens yields higher
basicity than does shorter ones.'® The protonation constants
found for the molecule L? are similar to those of L!. However,
the low solubility of L? in water (¢ = 2.0 x 10™* mol dm™?)
prevents a further detailed study of its protonation, metal
co-ordination and electrochemical behaviour.

To perform a more detailed study of the protonation of L* we
recorded its '*C-{'H} NMR spectra at different pH values.
Throughout the pH range studied the number of **C signals was
independent of pH. Resonances at 8 76.69 and 75.89 (pH 10) are
attributed to the «- and f-carbons in the ferrocenyl groups. The
signals in the range 3 64.23-51.83 are assigned to the three non-
equivalent CH, groups, whereas a resonance at § 51.07 is
attributed to the CH; moieties. The assignment of all the signals
was confirmed (HETCOR) by two-dimensional heteronuclear
correlation 'H-'3C experiments. Carbons C!-C? and C¢ only
suffer a slight variation of the chemical shift, whereas C* and C?
are more affected by protonation (see Fig. 2). In the range pH
10-9 where the two first protons attack the molecule, no
variation in the chemical shift of C* occurs, but an upfield shift
of the signal assigned to carbon C° takes place. Taking into
account that C? is located in B position to the nitrogen N, these
variations suggest that the first two protonations would mainly
affect the two secondary nitrogens nearest to the ferrocenyl
spacer. In the range pH 9-5 where the next two protonations
occur the most significant feature is the upfield shift of C*, which
seems to confirm that the terminal tertiary nitrogens are mainly
involved in the last two protonation steps.

Metal co-ordination

Table 2 lists the stability constants for the formation of
complexes of L' with the divalent metal ions Ni?*, Cu?*,Zn?*,
Cd?* and Pb?*, Table 3 those of L® with Ni?2*, Cu?*, Zn?*
and Cd?* taken from refs. 11 and 12.

Compound L* forms both mono- and bi-nuclear complexes
with the metal ions studied. The values of the stability constants
for the formation of the [ML]?* species are lower for L' than
for L® with decreases in stability of 7.1, 7.9, 4.3 and 4.6
logarithmic units for the complexes of Ni2*, Cu?*, Zn?"* and
Cd2*, respectively. The logarithms of the constants for the first
protonationstep[ML']?* + H* —= [M(HL!)]3* andforthe
second protonation [M(HLY)]** + H* —[M(H,LYH]**
of the complexes of Ni**, Cu?*, Zn** and Cd?* are higher
than those for the third, [H,L!]** + H* —[H,L']*"*, and
fourth protonation, [H;L']** + H* ==T[H,L!]**, of free
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Fig. 2 Plots of the '3C NMR chemical shifts of the amine L' as a
function of pH

L. For L® the situation is quite different. The [ML*]?*
complexes (M = Ni?*, Cu?*, Zn?"* or Cd*") show first and
second protonation constants lower than the third and fourth
protonation constants of the free amine L°, suggesting, in
contrast with L' a M-N cleavage process upon protonation.
Although precise information on co-ordination numbers
cannot be deduced from the values of the stability constants, the
study suggests that with L! the number of nitrogens cc-
ordinated in the [ML']?>* complexes of Ni?*, Cu?*, Zn%"* and
Cd?* is less than with L3. Therefore we may assume that for
1:1 complexes co-ordination takes place mainly in mode I
rather than II for these metal ions. This is also supported by
the fact that species of stoichiometry 1:2 (metal:ligand) are
found in solution containing metal to ligand ratios of 1:1 as
shown in the distribution diagram of the L!'-H*-Cd?*
system (Fig. 3). For L® the logarithm of the constant for the
process L + Cu?* == [CuL]?" is 9.77(1). The similar value
found for L! for the same process suggests once again co-
ordination mode I.

For compound L3 the logarithms of the constants for the first
protonation step [ML3]?* + HY == [M(HL?)]3", are 4.8,
5.9 and 6.1 for Cu?*, Ni?* and Zn?", respectively,? whereas
the logarithm of the constant for the third protonation of free
L3,[H,L3]?* + H* == [H,L3]3"*,is5.2. These data suggest,
at least for Ni?* and Zn2*, that the number of nitrogens
involved in the co-ordination of these metal ions is, as for L*,
less than four. The ferrocene group in L! and L3 does not
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Table 2 Stability constants (log K) for the formation of complexes of Ni?*, Cu?*, Zn?*, Cd?* and Pb2* with L' in water 25 °C in 0.1 mol dm™3

KNO,

Reaction® Ni?*

M + L + 2H = M(H,L)

M + L + H— M(HL) 14.85(2)
M+ L=ML 5.313)
M + L=M,L 9.82(2)
M + L + H,0 = ML(OH) + H —

2M + L + 2H,0 = M,L(OH), + 2H —8.55(3)

M + ML=—M,L 451

H + ML= M(HL) 9.54
H + M(HL) = M(H,L) 6.53
M,L + 2H,0 =— M,L(OH), + 2H —18.37

21.38(3)"

Cu2+ Zn2+ Cd2+ Pb2+
24.34(1) 22.29(2) 21.14(4) —
18.50(2) 14.84(2) 13.59(3) 14.122)
11.38(2) 6.14(2) 4.39(2) 7.15(1)
16.15(2) 9.38(2) 7.7203) -

- — — —1.92(4)
2.29(2)  —5452) —11.27(3) .
477 3.24 3.33 —
7.12 8.70 9.2 6.97
5.84 7.45 7.55 —

—13.86 —14.83 —18.99 -

“ Charges have been omitted for clarity. ® Values in parentheses are standard deviations on the last significant figure.

Table 3 Stability constants (log K) for the formation of complexes of
Ni%*, Cu?*, Zn?* and Cd?* with L in water at 25 °C in 1 mol dm
KNO,*

Reaction® Ni?* Cu?* Zn2* Cd**
M + L + 2H—=—M(H,L) 24.57 27.52 22.92 23.07
M + L + H=— M(HL) 18.57 23.42 16.27 16.02
M+ L—ML 12.38 19.34 9.80 8.95
2M + L=—=M,L 13.68 — — 11.15
M + ML —=M,L 1.3 — — 22

H + ML — M(HL) 6.19 4.08 6.47 7.07
H + M(HL) = M(H,L) 6.0 4.1 6.65 7.05

“ Data taken from ref. 11. * Charges have been omitted for clarity.
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appear to favour the co-ordination of all the N donor atoms.
This is probably due to some constraints imposed by ferrocene
related to the existence of coplanar cyclopentadienyl (cp) rings
with an invariable cp - - - cp distance.

If the stability constants of the [ML']2* species were in
accord with the Irving-Williams order they should be in the
sequence Ni*" < Cu?* > Zn?* > Cd** > Pb?**. The data
we have obtained for L! is consistent with this except for Pb?*
which shows a stability constant for the [PbL!]*" complex
higher than that with Ni2*, Zn2* and Cd?*. This high stability
constant along with the lack of [M(H,L!)]** species may be
explained assuming that co-ordination mode II is more
favourable for metal ions with large cationic radii. In fact Pb?*
shows not only a lower stability constant for the process
[ML']?* + H* == [M(HL")]*", but its value is also similar
to that found for the third protonation step of free L'.

Another noticeable difference between the co-ordination
behaviour of L! and L® is that the former forms binuclear
complexes with Ni?*, Cu?*, Zn?* and Cd?*, whereas for L°
the formation of binuclear species was found for Ni?* and
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Table 4 Electrochemical data®

Compound  E,*/V
L 0.48(74)
L2 0.47(75)

“Obtained in dichloromethane, 0.1 mol dm™> [NBu®J[PF] as
supporting electrolyte at 25 °C. Platinum as electrode. Potentials were
determined with reference to the SCE. * Anodic peak potential. Values
in parentheses are the differences between the anodic and cathodic peak
potentials in mV.
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Fig. 3 Distribution diagram for the L'-H*-Cd?* system as a
function of pH. Ratio L': Cd** = 1:1

Cd?"*. The lack of binuclear species and low stability constants
for the process M + ML —= M, L with Ni?* and Cd?* is
consistent with the fact that co-ordination of a second metal ion
to L’ would involve cleavage of M—N bonds. The existence of
binuclear complexes with higher stability constants for this
process with L! than with L° may reflect again the low co-
ordination number achieved with L! when compared to L5.

Electrochemical study

The electrochemical data for compounds L' and L? in CH,Cl,
([NBu",][PF,] as supporting electrolyte) are summarized in
Table 4. The compounds display reversible oxidation processes
with a separation of about 80 mV and with anodic and cathodic
intensity ratios close to unity. Plots of i, versus v¥ (from cyclic
voltammetry experiments; i, = anodic peak intensity and v =
scan rate) indicate that the electrochemical oxidation is
controlled by diffusion. However the corresponding Schiff-base
derivatives 1,1’-bis(5-methyl-2,5-diazahex-1-enyl)- or 1,1'-
bis(2,5-diazahex-1-enyl)-ferrocene show an irreversible oxida-
tion process at 0.71 V versus SCE in contrast with other related
Schiff-base ferrocene-containing derivatives which exhibit
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reversible or quasi-reversible oxidation processes.®* When the
Schiff-base derivatives are chemically transformed into L! and
L2 the oxidation peak potential is shifted by 230 mV on account
of the transformation of the imino to amino moieties.

We have also studied the electrochemical behaviour of L! in
water under the same conditions at which the potentiometric
measurements were carried out. The oxidation potential of L!
in water is pH-dependent. A plot of the half-wave potential
from rotating disc electrode experiments (E,) versus pH is
shown in Fig. 4; E, changes from 204 mV at pH 10 to 543 mV at
pH 3 with a total AE, increment due to the attachment of four
protons to L' of 339 mV. Molecule L? gives an AE, of 239 mV
(tetrahydrofuran-water, 70:30 v/v; pH 2-10). Taking into
account the equilibria shown in Scheme 1, equation (1)2'4
should fit the curve in Fig. 4. Here E°, is the half-wave
potential of the couple [H,L!']**(Fe™-[H,L']**(Fe™) at
pH 0 and K,, K,” are the acid-dissociation constants of the
‘reduced’” and oxidized species, respectively. Table S gives the
stepwise protonation constants for the oxidized species
[H,L1]V*D*(Fe'") (K,’) obtained by fitting the curve of E,
versus pH using equation (1).

RT Areq

E=E° +—In— (1)

a0 = K KKK, + K KK [HY] +
K.K[H']? + K;[H']® + [H']* (2

a, = K\'K,'Ky'K,' + K'Ky’Ky'[H'] +
K/'K/[H']? + K,[H' + [H']* (3)

The ferrocenyl group is an electroactive spacer and it can
be switched by electric energy from neutral to a positively
charged ferrocenium group. This switching process induces
the [H;L']V*V*(Fe™) species to be more acidic than the
corresponding ‘reduced’ [H;L*]/*(Fe") ones. This is consistent

Fig.5 Plots of E, vs. pH (®) and z vs. pH (0) for the system L'-H*

Table 5 Stepwise protonation constants of L' (Fe'!) at 25 °C

Reaction® log K*
L(Fe") + H —= HL(Fe") 9.5(1)
HL(Fe") + H — H,L(Fe'") 7.7(1)
H,L(Fe™) + H==H,L(Fe'y 4.2()
H,L(Fe) + H=H,L(Fe") 3.8(1)

2 Charges have been omitted for clarity. ® Values in parentheses are
standard deviations on the last significant figure.

with the presence of an extra charge on the oxidized iron(ur)
molecule which creates additional charge repulsions between
the ammonium groups and the ferrocenium moiety.

The difference between the first protonation constants of tke
‘reduced’ L*(Fe") and oxidized L!(Fe') species is 0.4 log units,
that between the second protonation constants is 1.2 log units
and those between the third and the fourth protonation
constants are 2.5 and 1.7. The fact that the first and the second
constants are quite similar for L!(Fe) and L!(Fe) suggests
that the first two protonations in L!(Fe™) would affect the two
tertiary nitrogens furthest from the ferrocenium group. The last
two protonations would then mainly affect the secondary
nitrogens nearest the oxidized spacer. This protonation model is
different to that found for the ‘reduced’ L!(Fe") molecule,
where the first two protonations occur at the two secondary
nitrogens nearest the ferrocene moiety. However it seems
reasonable that the presence of a positive charge in the centre of
the molecule would produce a different protonation model in
the oxidized L*(Fe™) molecule.

We have recently reported !* that in some cases the curve of
E, versus pH can adequately be simulated by plotting the
average charge (z) versus pH. Average charge is defined as z =
Xx;z; where z; and x; are the charge and the molar fraction for
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Fig. 6 Plots vs. pH of (@) the half-wave potential (E;) and (b) average
charge z for L'-H*-M?2* calculated from potentiometric data [M =
Ni(A), Zn (®), Cd (O) or Pb (X)]

the ith electroactive species; x; can easily be calculated from the
potentiometric data. Fig. 5 shows a comparison between the
experimental E; vs. pH curve and the z vs. pH curve for L.
There is good agreement in the range pH 5-10 between the
experimental and calculated curves although the similarity is
not good at pH < 5. Fig. 6(a) shows the variation of E, versus
pH for a 1:1 molar ratio mixture of L' and Ni?*, Zn?*, Cd?*
and Pb?*. At pH < 6.5 the E, values for the L'-H* and L'-H"*
-M?2* systems are nearly the same (Cu®* shows a similar
behaviour but is not included in Fig. 6 for clarity), whereas at
pH > 6.5 the presence of these metals shifts the ferrocenyl half-
wave potential to cathodic potentials when compared to that of
free L'. The fact that different metals cause a different shift in
the oxidation potential of the ferrocenyl groups is basic in the
design of potential electrochemical sensors based on pH-
responsive redox-active molecules. As can be seen there is a
good agreement between Fig. 6(a) and 6(b) which shows a plot
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of the average charge (calculated from potentiometric data)
versus pH. Similar results were obtained using other pH-
responsive redox-active molecules such as N,N' ,N",N"-
tetrakis(4-ferrocenyl-3-azabutyl)-1,4,8,11-tetraazacyclotetrade-
cane.!® Therefore, although it has to be pointed out that we
have found that there is not always a good agreement between
the experimental E, vs. pH and calculated z vs. pH curves, the
present data suggest that the ferrocene-substrate interaction is
mainly electrostatic in these systems. This is in agreement with
some recent results ' ¢ showing a linear relation between the shift
of the redox potentials and the inverse of the iron-nitrogen
distance in similar ferrocene-containing amines. In fact,
compounds related to L?, such as L* and L, show a shift of E,
between the free compound and the fully protonated species
[H,L3]** and [H,L%]** of 238 and 128 mV, respectively with
crystallographic data showing shorter iron-nitrogen distances
for L? (3.509 A)? than for LS (4.435 A)® in line with an
electrostatic Coulomb model.
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