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An aza-terpyridinophane receptor containing the polyamine
4,7,10,13-tetraazahexadecane-1,16-diamine linked through
methylene groups to the 5,5"" positions of a terpyridine unit
has been prepared and characterized (L). The acid-base be-
haviour, Cu" speciation and ability to form ternary complexes
(Cu'-L-carbonate) have been explored by potentiometric ti-
trations in 0.15 M NaClO, and by UV/Vis and paramagnetic
NMR spectroscopy. Comparisons are made with a previously

reported terpyridinophane containing the polyamine 4,7,10-
triazatridecane-1,13-diamine (L'). For this latter receptor, re-
ductive coupling between indigo and carbon dioxide at in-
digo-modified electrodes produces carboxylated derivatives
via a solid-state reaction under electrochemical activation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

CO, fixation and activation is a topic of paramount rele-
vance in scientific research, which is why many researchers
have devoted their efforts over the last few years to finding
ways of reutilizing the current excess of atmospheric carbon
dioxide for the production of chemicals of high industrial
importance.[!-?]

Biological systems often offer scientists interesting hints
about the way in which these challenging processes can be
approached. In this sense, the enzyme rubisco, which is pres-
ent in all photosynthetic systems participating in the first
step of the Calvin cycle, shows the formation of a carba-
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mate bond between atmospheric carbon dioxide and a ly-
sine group in its active site in a process which is assisted by
Mg! or Mn'! ions as Lewis acids.[*! This elusive carbamate
moiety is further stabilised by hydrogen bonding with other
amino acid residues of the polypetide chain.

Following this idea, we have recently reported on the
Cu'" and Zn" complexes of a terpyridinophane-type recep-
tor which is able to fix atmospheric CO, at neutral pH with-
out the need for bubbling the gas into the solution (L'
above).*1 L! is composed of a terpyridine unit that is con-
nected at its 5,5'" positions through methylene groups to
the polyamine 4,7,10-triazatridecane-1,13-diamine. The ter-
pyridine unit is able to block the metal ion at that side of
the molecule while the polyamine bridge is flexible and ba-
sic enough to permit the metallo-assisted formation of the
carbamate bond at neutral pH and its stabilisation by hy-
drogen bonding with protonated amino groups along the
chain. These characteristics are clearly shown by the crystal
structure of the complex [Cu(HL!-carb)](ClO,);2H,0.4
We also observed that carbon dioxide fixation also occurs
when Zn'" replaces Cu", thereby indicating that CO, fixa-
tion is independent of the metal ion used as long as its
Lewis acid role is preserved.!

Here, we turn our attention to the polyamine bridge and
explore whether the dimensionality and basic properties of
L! are critical or whether other basic polyamines can per-
form the same job. To check this point we have substituted
the polyamine bridge in L' by the hexaamine 4,7,10,13-tet-
raazahexadecane-1,16-diamine (L?)[° and have synthesized
the new macrocycle L. We examine its complexing proper-
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ties towards Cu"" ions in aqueous solution and the ability
to form ternary Cu':L/carbonate complexes (carbonate re-
fers to the free anion or any of its protonated forms). Fi-
nally, in the last part of our contribution we discuss the
possibility of using the receptor L! to catalyze the addition
of CO, to the dye indigo, which represents a first outcome
of this chemistry in CO, activation. Indigo [2-(1,3-dihydro-
3-ox0-2 H-indol-2-ylidene)-1,2-dihydro-3 H-indol-3-one) is a
quasi-planar molecule that has a slightly elongated central
C=C bond and exhibits a well-defined solid-state electro-
chemistry that results in the oxidative formation of dehy-
droindigo and the reductive formation of leucoindigo.[”*)
Easy electrochemical interconversion between such indigo
forms makes this system a promising candidate for moni-
toring electrochemically induced reactivity in solid phases.

Results and Discussion

Synthesis of L

The preparation of L followed a similar procedure to that
previously reported for L' (see Scheme 1).5] Thus, treat-
ment of 5,5"'-bis(bromomethyl)terpyridine (1)[7 with the
pertosylated enlarged open-chain polyamine 2! in dry
CH;CN in the presence of K,COj5 gives pertosylated L in
about 40% yield. Cleavage of the tosylamide groups by
treatment with an HOAc/HBr mixture in the presence of a
large excess of phenol yields compound L as its hydrobro-
mide salt in 97% yield.
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Scheme 1. a) K>,CO3, CH;CN, reflux (41%); b) HBr/HOAc, PhOH,
reflux (97%).

Acid-Base Behaviour

Table 1 lists the logarithms of the stepwise protonation
constants of L, as calculated by pH-metric titration using
the HYPERQUAD set of programs.['” We also include the
previously published constants for L!, L? and those of the
pyridinophane L3 (see Scheme 2), which contains the same
bridge but with pyridine instead of terpyridine as spacer,
for comparison.[>6:11]

Table 1. Logarithms of the protonation constants of the receptors
L, L', L? and L? determined in 0.15 M NaClO, at 298.1 K.

Reaction!® L LIt L2 L3
L+HsHL 9.35(3)F  9.21(1)  10.84(1)  10.04(2)
HL+HS HL 8.98(1)  8.17(3)  9.97(1)  9.43(2)
L+ HS HL 7.63(1)  7.043)  8.99(1)  8.45(2)
HiL + H S H,L 6.87(1)  5.74(4)  8.07(1)  7.53(2)
H,L +HS H,L 581(1)  3.824)  591(2)  5.89(2)
HsL + H S HiL 379(1)  327(4)  3.16(2)  2.83(2)
HL + HS H,L 2.58(2) - - -
log B" 45.01 37.25 46.94 44.18

[a] Charges omitted. [b] Values taken from ref.l’l [c] Values taken
from ref.[%1 [d] Values taken from ref.I'!l [¢] Values in parentheses are
standard deviations in the last significant figure. [f] Global basicity
constant (f = ITKyjp).

It is interesting to note that the macrocycle L is less basic
than the open-chain polyamine L? and the related pyridino-
phane L3, This basicity reduction, which is particularly no-
ticeable in the first four protonation steps and has already
been observed for the related cyclophane L', can be as-
cribed to: 1) the presence of primary nitrogens in L? which
are more basic in water due to a more favourable solvation,
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Scheme 2.

ii) the higher flexibility of the open-chain compound, which
permits a more efficient separation of positive charges,!'”]
and iii) the electron-withdrawing characteristics of the ter-
pyridine ring, which are better that of a single pyridine ring.

As is also the case for L!, the number of protonation
constants observed exceeds the number of amine groups in
the chain by one; this extra protonation should occur on
the pyridine nitrogens of the terpyridine moiety. To decide
at what stage the terpyridine fragment is involved in proton-
ation, we monitored the variation of the UV/Vis spectrum
of L with pH (Figure 1). The spectrum of L at basic pH
consists of two broad bands centred at 230 and 290 nm and
remains essentially unchanged from pH 10.5 to pH 3.9. Be-
low this pH, the band at 290 nm (¢ = 19119 M 'cm™!) splits
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Figure 1. pH dependence of the absorption spectrum of L: (a)
pH 2.51, (b) pH 3.12, (c) pH 3.89-10.56.

into two bands centred at 280 and 330 nm (¢ = 14,414 and
12,515 m'em™ respectively). It is well-known!'3! that the
initial band at 290 nm is the result of two m—n* overlapped
transitions with their dipolar moments oriented along the
larger and shorter axes of the terpyridine unit. The latter
transition is more sensitive to protonation and this is the
band that appears bathochromically shifted at 330 nm when
protonation of the terpyridine occurs. The pH value at
which this splitting occurs suggests that protonation of the
terpyridine occurs in the last protonation step.

Cu" Coordination

Tables 2, 3 and 4 collect the stability constants for Cu'!
complexes formed by the new ligand L along with those
previously reported for L!, the open-chain polyamine L>
and the pyridinophane L3. The first aspect that deserves
mentioning is that, as opposed to L!, L? and L3, L even
forms trinuclear species which for a 3:1 M/L molar ratio
are predominant in solution above pH 6, as can be seen in
the distribution diagram plotted in Figure 2C.

As regards the formation of mononuclear species, the
number of highly protonated species formed merits a men-
tion (see Table 2). The protonation degree of 6 reached at
low pH values in the mononuclear complexes ([Cu(HgL)]®*
species), which equals the number of amine groups present
in the bridge, suggests that L, as is the case for L', is able
to coordinate the metal ion through the terpyridine frag-
ment even when the nitrogens of the polyamine chain are
protonated. Molecular models indicate that the distances
between the copper ion and any one of the protonated
amino groups exceeds 5 A, which means that Coulombic
repulsions between them will not be significant. This is also
supported by the values of the protonation constants of the
complexes (entries 3-8 in Table 2), which compare favour-
ably with the constants of the protonation steps of the free
ligand with same overall charges [CuL?* + H* = CuHL?",
logK = 8.49(2) (entry 3 in Table 2) and H,L>** + H* =
H;L3*, log K = 7.63(1), etc.].

The constant for the formation of the [CuL]** complex,
on the other hand, is lower than that previously reported
for the [CuL*]*" complex in which the nitrogen atoms of
the polyamine chain participate in the binding of Cu.['3!

Table 2. Selected logarithms of the stability constants for the mononuclear copper complexes of the receptors L, L!, L? and L3 determined

in 0.15M NaClO, at 298.1 K.

Entry Reaction! L Ll L2 L3l

1 M+LS ML 16.34(7)! ~13.1 21.74(4) 19.29(3)
2 M + L + 2H,0 & ML(OH), + 2H _3.8(1) - - -

3 ML + H 5 MHL 8.49(2) ~9.7 10.06(3) 9.64(3)
4 MHL + H 5 MH,L 7.58(1) 7.38(1) 6.60(2) 6.7102)
5 MH,L + H & MH,L 6.58(1) 6.23(1) 3.48(2) 3.36(2)
6 MH;L + H s MH,L 6.01(6) 5.46(1) - -

7 MH4L + H S MH;sL 5.11(6) 3.93(1) - -

8 MH.L + H & MH,L 2.81(1) - - -

[a] Charges omitted. [b] Values taken from ref.) [c] Values taken from ref.®l [d] Values taken from ref.'!l [e] Values in parentheses are

standard deviations in the last significant figure.
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Table 3. Selected logarithms of the stability constants for the binuclear copper complexes of the receptors L, L!, L? and L? determined

in 0.15M NaClO, at 298.1 K.

Entry Reaction!?! L Ll L2 L3l
1 DM+ LS ML 29.87(6)°) 25.54(7) - 30.21(2)
2 M + ML S M,L 13.53(7) ~12.4 - 10.92(5)
3 M,L + H & M,HL 6.56(7) 6.38(1) - 4.63(3)
4 M,LH + H S M,H,L 6.01(7) 5.41(2) - -
5 M,LH, + H & M,H,L 4.70(9) - - -
6 2M + L + H,0 & M,L(OH) + H 22.52(6) 18.78(8) 23.73(2) 20.14(2)
7 2M + L + 2H,0 5 M,L(OH), + H 13.93(7) 8.43(8) - -
8 M,L + H,0 & M,L(OH) + H ~7.3509) 6.76(2) - ~10.07(2)
9 M,L(OH) + 2H,0 S M,L(OH), + H -8.59(7) 10.35(1) - -

[a] Charges omitted. [b] Values taken from ref!! [c] Values taken from refl [d] Values taken from ref.'!l [e] Values in parentheses are

standard deviations in the last significant figure.

Table 4. Selected logarithms of the stability constants for the trinu-
clear copper complexes of the receptor L determined in 0.15 M Na-
ClO, at 298.1 K.

Entry  Reaction® L

1 3M + L + H,O 5 M;L(OH) + H 27.51(3)!
2 3M+L+2H,0 5 M,L(OH), + H  20.48(7)
3 3M+L+3H,05 M,L(OH), + H  14.02(2)

[a] Charges omitted. [b] Values in parentheses are standard devia-
tions in the last significant figure.
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Figure 2. Distribution diagram for the system Cu'-L: (A) molar
ratio 1:1 [Cu'] = [L] = 103 M; (B) molar ratio 2:1 [Cu'l] =
2103w, [L] = 1073 M; (C) molar ratio 3:1 [Cu'l] = 3X 103 ™, [L]
=103 m.
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These data suggest that Cu'l is fixed at the terpyridine site
and does not move to the polyamine site when raising the
pH. This would again agree with the observed behaviour of
L' and differs from a similar macrocycle that has the same
polyamine chain as L! but a phenanthroline instead of a
terpyridine spacer (L*; Scheme 2).I'4l The fixation of Cu'! at
the terpyridine ring is also supported by the UV/Vis spectra
(Figure 3). Thus, in the presence of an equimolar amount
of Cu' the spectra always show a two band pattern in the
UV region similar to that observed when protonation of
terpyridine occurs, thereby confirming that Cu'® binds at
this side of the receptor and does not migrate to the poly-
amine bridge when raising the pH.
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Figure 3. pH dependence of the absorption spectra of Cu'/L in a
1:1 M:L molar ratio: (a) pH 2.30-6.52; (b) pH 7.17; (c) pH 8.35;
(d) pH 9.07; (e) pH 10.33.

As seen from the distribution diagram in Figure 2B for a
2:1 Cu/L molar ratio the binuclear species [Cu,H, L]*+9*
(x = 0-3) predominate in aqueous solution from pH 3 to 7.
Above pH 7, however, the hydroxylated species [Cu,L-
(OH)** and [Cu,L(OH),]** start to prevail. The presence
of a triply protonated species indicates that three should
be the minimum number of amine groups involved in the
coordination; in this species one of the Cu'" will be fixed by
the terpyridine nitrogen atoms while, taking into account
the previously reported structure of [Cu,H, L (CO3)]5(ClO,)g
9H,0,* the other one will be most likely bound to the cen-
tral nitrogens of the polyamine bridge (see Scheme 3A).
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Scheme 3. Proposed structures for [Cuy(H;L)]”* (A) and [CusL-
(OH);]* (B).

The involvement of the terpyridine moiety in coordina-
tion to the metal ion is again confirmed by the 200-400-
nm region of the UV spectra (see Figures S2 and S3 in the
Supporting Information). The relatively close stepwise con-
stants for the successive formation of the mono- and binu-
clear species (entry 1 in Table 2 and entry 2 in Table 3) in
comparison with L? again supports that both metal ions
have almost independent binding sites in the macrocycle.
The low pK, values of the hydrolysis reactions M,L** +
H,O0 = M,L(OH)** + H* [pK, = 7.4(1)] and M,L(OH)**
+ H,O = M,L(OH),>* + H* [pK, = 8.61(4)] suggest that
the hydroxido ligands bridge both metal centres. The most
distinctive feature of L in relation to L!, L? and L? is
the formation of trinuclear species of the type [Cu;L-
(OH),]®™* (Table 4). For a 3:1 molar ratio, the trinuclear
species prevail in solution above pH 7, with [CusL(OH);]**
being the major species. The pH value at which these spe-
cies are formed strongly suggests that the OH  groups also
bridge the metal centres in these trinuclear species (see
Scheme 3B).

CO, Fixation

EMF Measurements on Ternary Systems

To check the capability of this new terpyridinophane for
capturing carbon dioxide we first performed preliminary
potentiometric studies on the ternary system Cu'l/L/car-
bonate. A solution containing Cu'! and L in molar ratios
1:1, 2:1 and 3:1 and Na,CO; was brought to basic pH with
NaOH and then titrated with a dilute solution of perchloric
acid until it reached a pH of about 4. Direct binding of
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carbonate by the macrocycle in the absence of metal was
investigated previously without detecting any significant in-
teraction.

Cu'l/L/carbonate ternary mono- and binuclear com-
plexes with the stoichiometries [CuH, L(CO3)|"2* (n = 1-
7) and [Cu,H, L(CO3)]"*?* (n = 0 and 2-4) are formed (see
Figure 4). Table 5 collects the stepwise constants that have
been calculated taking into account the pH range of exis-
tence of the binary complexes and the protonation con-
stants of carbonate.['”! The values obtained are high and
imply an almost quantitative complexation of hydrogen car-
bonate. Above pH 10, where the dihydroxylated binuclear
complex [Cu,L(OH),]** predominates, interaction with car-
bonate is no longer observed, therefore it seems that hy-
droxide binding effectively competes with carbonate. This
reasoning can also explain why we have not found mixed
species in the case of the trihydroxylated trinuclear species.
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Figure 4. Distribution diagram for the ternary system Cu'/L/IA (A
= carbonate): (A) molar ratio 1:1:1 [Cu'"] = [L] = [A] = 103 M; (B)
molar ratio 2:1:1 [Cu'] = 2X 103 M, [L] =[A] = 103 M

For a 1:1 Cu''/L ration carbon dioxide fixation can be
followed by UV spectroscopy. Since CO, absorption acidi-
fies the solution, the exposure to the atmosphere of a 1:1
10~ M solution of Cu'! and L yields an increase in the inten-
sity of the UV bands at 330 and 340 nm (Figure 5).

Exposure to the atmosphere of an aqueous solution of
Cu(ClOy4),*6H>0O and L in a 2:1 molar ratio at an initial pH
of 9 leads, in a few minutes, to acidification of the solution,
which reaches a pH of about 7.0. After a few hours blue
crystals that unfortunately were not suitable for X-ray
analysis were formed. However, FT-IR studies and elemen-
tal analysis of these crystals indicated that CO, fixation as
carbonate had occurred.

Eur. J. Inorg. Chem. 2008, 84-97
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Table 5. Selected logarithms of the stepwise formation constants
for the system Cu'/L/A (A = CO;>) determined at 298.1 0.1 K
in 0.15 M NaClO,.

Entry Reaction!® L L]
1 MH,L + H,A 5 MH,LA 61—

2 MH,L + H,A S MHLA 57(1)  43(1)
3 MH.L + HA S MHLA 68(1)  5.7(1)
4 MH,L + HA S MH.LA 6o(l) -

5 MH;L + HA S MH,LA 512)  6.5(1)
6 MH,L + HA & MH,LA 50 5.9(1)
7 MHL + HA & MH,LA 5016)  5.502)
8 ML + HA S MHLA 4836) -

9 M,H,L + HoA S MoH, LA 6.4(1) 4.8(1)
10 M,H,L + HA & M,H;LA 68(2) -

11 M,HL + HyA & M,H,LA 652) 5501
12 M,HL + HA & M,H,LA 6.92) 7.1(1)
13 M,L(OH) + HA S M,LA 672) 7201

[a] Charges omitted. [b] Values taken from ref.’ [c] Values in paren-
theses are standard deviations in the last significant figure.
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Figure 5. Electronic spectral change in the reaction of Cu''/L with
atmospheric CO, (in 0.15m NaClO, at 298.1 K, [M] = [L] =
104 Mm). Repeated scans were initiated with a cycle time of 20 min
immediately after exposure of the solution to air.

A plot of the absorbance at 340 nm against time shows
a continuous increase of the absorbance until a plateau is
observed after 60 min (Figure 6). This value improves the
values (90 and 120 min) required for the systems Cu'/L!
and Zn"/L!, respectively, to achieve the same situation.

Absorbance
N
N
N
*

1.08 1

1.04 1

1.00 T T T T T v v .

0 40 80 120 160
Time [min]

Figure 6. Evolution of the maximum of the band at 340 nm with

time.
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Paramagnetic NMR Spectroscopy

Paramagnetic '"H NMR spectra were first recorded for
the more simple ternary system Cu,/L'/CO, in order to
compare them with the new terpyridinophane system Cu,/
L/CO,. We recorded the paramagnetic 'H NMR spectra,
measured the 'H longitudinal and transversal relaxation
times (7} and 7>, respectively) and analyzed the tempera-
ture-dependence of the chemical shifts. The 'H NMR spec-
trum of the dimer Cu,/L! in D,O at pH 9 is shown in Fig-
ure 7. The hyperfine-shifted resonances, linewidths at half-
height, the 7, values and the assignments of the iso-
tropically shifted signals shown in Table 6 have been re-
ported previously.!'f]

e

x5 g

x5 g

45 40 35 30 25 20 1510 5 0 -5 -10

ppm

Figure 7. "H NMR spectra (400 MHz in D,O at 298 K and pH 9)
of Cu,/L' (A) and Cu,/L'/CO> (B). The asterisks indicate residual
solvent and impurity signals (¥ H,O, ** HOD).

When the spectrum of the ternary complex Cu,/L!/CO5>
is recorded in D,O at pH 9 a similar pattern of chemical
shifts to that of the dimer appears (Figure 7B and Table 6).
However, the NMR spectrum of the CO5>~ complex is dif-
ferent to the spectrum of the dimer. Thus, some isotropic
shifts in the downfield and upfield regions move by up to
0.7 ppm, except for signal e’, which is assigned to the H,,,
terpyridine protons (see Scheme 4). Similarly, the narrower
line widths of the paramagnetic signals (except signal a’)
can be interpreted as being due to a change in the coordina-
tion geometry of the copper sites and therefore in the elec-
tronic properties of the metals ions in the ternary complex
Cu,/L'/CO5*". In addition, our results indicate that the co-
ordination of a bridging carbonate ligand move the ali-
phatic chain with respect to the terpyridine group plane.
These results are clearly consistent with the crystallographic
studies published previously.’) The magnitude of the defor-
mation of the macrocyclic ring is less important in the car-
bonate complex than in the imidazole complex.[!6]

Variable-temperature 'H NMR spectra of the ternary
complex Cu,/L!'/CO5> were also registered between 283
and 323 K and the observed isotropically shifted resonances
of protons were plotted as a function of the inverse of the
temperature. Isotropically shifted signals are temperature
dependent and follow an anti-Curie behaviour, except for
some signals belong to a-CH, or the ortho phenyl protons
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Table 6. '"H NMR hyperfine-shifted resonances of Cu,/L!' and Cu,/L'/CO5> complexes in D,O at 298 K and pH 9.

System Signal ) Number of  Assignment Temp. T, Avyp Tl
[ppm] protons dependence [ms] [Hz] [ms]
Cu,/L! a 11.4 12 a-CH, Curie 33 232 1.4
d 2.6 anti-Curie 1.7 284 1.1
f 5.1 Curie <1 911 0.35
b 9.3 8 v-CH, anti-Curie 32 179 1.8
c 8.7 4 B-CH, anti-Curie 2.7 142 2.2
C 8.10b] _ [c] [c] [c]
e 1.9 7 H,, ,-Tpy anti-Curie 66.5 9.6 33.2
g 23.4 2 H,-Tpy Curie <1 2323 0.14
CuyL'/CO5> a’ 11.7 12 a-CH, Curie 2.5 585 0.54
d’ 3.2 anti-Curie 2.6 195 1.6
f’ 4.4 Curie <1 650 0.49
b’ 9.4 12 v-CH, anti-Curie 2.7 170 1.9
¢’ 9.0 B-CH, anti-Curie 2.4 [l [l
e’ 1.9 7 H,,,-Tpy anti-Curie 163.9 6.0 53.1
g’ 24.0 2 H,-Tpy Curie <1 2211 0.14

[a] Measured from the line width at half-height. [b] Measured at 313 K. [c] Overlap prevents measurement of this value.

Scheme 4.

of the macrocyclic ligand, which show a Curie behaviour
where the paramagnetic shift signals increase with decreas-
ing temperature (see Table 6). This anti-Curie behaviour is
indicative of a spin-coupled Cu''-Cu'! system with antifer-
romagnetic coupling.

The 'H NMR spectra for the new terpyridinophane sys-
tems Cu,/L and Cu,/L/CO5> are shown in parts A and B of
Figure 8 and the chemical shifts, 'H longitudinal relaxation
times and linewidths at half-height are listed in Table 7. The
spectra show a similar pattern of hyperfine-shifted reso-
nances to that seen in the spectrum of the dimer Cu,/L'
(see Figure 7A). The assignment of the isotropically shifted
signals by means of the longitudinal relaxation times and
the integration of paramagnetic signals is in close agree-
ment with the '"H NMR assignment of Cu,/L! and Cu,/L!/
CO5? discussed above (see the assignments for Cu,/L and
Cu,/L/CO5? in Table 7 and Scheme 5).

We also observed a similar pattern of chemical shifts for
the new terpyridinophane system Cu,/L/CO5>" to that seen
in the spectrum of the binuclear complex Cu,/L. However,
several new signals (g’, h', i’, j') also appear in the '"H NMR
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Figure 8. '"H NMR spectra (400 MHz in D,O at 298 K and pH 9)
of Cu,/L (A) and Cu,/L/CO5> (B). The asterisks indicate residual
solvent (*, H,O).

spectrum of the ternary system Cu,/L/CO5> in D,O at
pH 9 (Figure 8B) and the peaks of some macrocyclic pro-
tons show linewidths, measured at half-height, that are up
to 200 Hz narrower. We also observed a multiplet structure
for the resonances of the aliphatic protons of the chains (a-
CH,, B-y-CH,). This behaviour can be related to a change
in the structure of the complex triggered by the coordina-
tion of the carbonate ligand to the copper sites. Addition-
ally, as mentioned above, the narrower line widths of the
paramagnetic signals confirm the interaction of the binu-
clear Cu,-L complex with carbonate ligand. Thus, our data
clearly demonstrate the coordination of the bridging car-
bonate ligand.

Variable-temperature 'H NMR studies of the ternary
complex Cu,/L/CO5> show that most of the isotropically
shifted signals are temperature-dependent and follow an
anti-Curie behaviour, although some signals belonging to
the a-CH, group or the ortho phenyl protons of the macro-
cyclic ligand show a Curie behaviour (see Table 7). These
results again confirm the existence of a spin-coupled Cu''-
Cu'" system with antiferromagnetic coupling.
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~ complexes in D,0 at 298 K and pH 9.

System Signal & Number of Assignment Temp. T, Avip T,
[ppm] protons dependence [ms] [Hz] [ms]
Cu,/L a 62.5 2 H,-Tpy Curie <1 4560 0.07
b 9.3 10 B-yCH, T-independent 4.4 175 1.8
c 8.8 anti-Curie 5.6 175 1.8
d 3.5 6 6-¢CH, anti-Curie 186.7 7.0 45.5
e 2.5 12 a-CH, anti-Curie (b] (b] [b]
f 1.1 7 H,,,-Tpy anti-Curie 212.6 9.0 354
Cu,/L/CO5* a’ 64.0 2 H,-Tpy Curie <1 4320 0.07
b’ 9.4 10 B-yCH, T-independent 4.7 133 2.4
¢ 8.8 anti-Curie 4.9 130 2.4
h’ 6.8 anti-Curie 6.1 110 2.9
d’ 3.5 6 5-¢CH, anti-Curie 154 16 19.9
e’ 2.5 12 aCH, anti-Curie b] [b] [b]
i’ 1.6 anti-Curie o] (o] o]
g’ 23.0 Curie <1 2400 0.13
! -4.0 Curie <1 1440 0.22
f 1.1 7 H,,, Tpy anti-Curie 141 18 17.7
[a] Measured from the line width at half-height. [b] Overlap prevents measurement of this value.
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2 4 A
Electrochemistry ; ;
The response of Cu'!/L binary solutions is similar to that £
described previously for the Cu'/L! system.[! The copper 5, -
complexes studied here are reduced in two successive one-
electron processes that form successively a Cu!/L complex
and Cu metal at + 0.15 and -0.20 V vs. AgCl/Ag, respec- 1
tively. The overall two-electron reduction process was con- 05 6 i p 15 2
firmed by EQCM measurements. A unique reduction peak Potential / V

appears at —0.53 V upon exposure to air and is followed by
a significant increase of the current at potentials above
—1.0 V. This effect is observed even for low complex concen-
trations, as can be seen in Figure 9. Upon bubbling CO,
through the electrochemical cell, the voltammograms exhi-
bit a clear increase of the reduction current between —1.0
and —1.25 V with time, which is attributable to the complex-
catalyzed reduction of CO,.

The voltammetric response observed in ternary Cu'/L/
CO, solutions can be rationalized, as previously dis-
cussed,) in terms of an inner-sphere pathway involving the
formation of Cu'/L/carbonate ternary complexes, which
means that CO, reduction presumably occurs at a potential
corresponding to the redox potential of an adduct formed
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© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 9. CVs at a GCE for a 2 X 10~> M solution of Cu'//L (A) and
a 1x10°M solution of Cu'YL (B) after exposition to air for
60 min. Electrolyte: 0.15 M NaClO,. Potential scan rate: 100 mVs .

between the reduced substrate and the catalyst.l'’2!] Taking
into account our previous results with the analogous ligand
L', CO, will most likely be bound as carbamate in the
mixed complexes. Carbamate formation is also supported
by the FAB mass spectra of aqueous solutions containing
either Cu'" and L-8 HBr exposed to air or Cu'!, L-8 HBr
and added sodium hydrogen carbonate, both with a final
pH of 6.8. The spectra of both solutions — the one contain-
ing added hydrogen carbonate and the one exposed to the
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atmosphere — show the presence of a peak at m/z 566 at-
tributable to the ionic species [Cu(HsL)(carb)Na,Br,-
(ClO,4);]**. Additionally, in the solution containing Cu'l,
L-8HBr and added sodium hydrogen carbonate there is a
peak at m/z 746 that can be attributed to the species [Cu-
(H_,L)(carb)NaClO,4]".

To test the possibility of an electrochemically promoted
activation of CO, the electrochemistry of Cu'/L! solutions
at indigo-modified FTOs was studied. Figure 10A shows
the voltammetry of indigo microparticles in contact with
CO,-saturated acetate buffer in the presence of 1073 M
CuSO4-5H,0. This voltammetry is essentially identical to
that obtained at indigo-modified electrodes in the absence
of Cu' ions and/or CO, and consists of two well-defined
peaks at +0.47 and —-0.28 V vs. AgCl/Ag. According to the
literature, these peaks correspond to the two-electron, two-
proton oxidation of indigo to dehydroindig, and the two-
electron, two-proton reduction of indigo to leucoindigo,
respectively.’-°1 These processes can be represented as de-
picted in Scheme 6.
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Figure 10. SQWVs of indigo-modified PIGEs immersed in CO»-
saturated 0.25 M acetic acid + 0.25 M sodium acetate solutions con-
taining: a) 1 X102 M Cu'; b) 1 X103 M Cu! + 1 X103 mL!. Po-
tential scan initiated at +0.65 V in the negative direction after an
electrogeneration step performed by applying a constant potential
of —1.45V for 5 min. Potential step increment: 4 mV; square wave
amplitude: 25 mV; frequency: 5 Hz.

Significant changes were detected in the voltammograms
in the presence of Cu' and L' in a 1:1 molar ratio, where
two additional peaks at —0.03 (C?) and —0.15V (C%) ac-
company signals C! and C2. These signals are increase no-
tably after applying an electrogeneration step consisting of
the application of a constant potential between —1.45 and
—1.65V for periods of time of between 1 and 15 min, as
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Scheme 6. Redox processes involving indigo (IN), dehydroindigo
(DI) and leucoindigo (LI).

shown in part B of Figure 10. Such additional peaks are
enhanced on increasing the Cu+ligand concentrations in
the 107 to 103 M range.

This electrochemical response can be described in terms
of the activation of CO, by formation of Cu"/L!/carbamate
complexes. The reduction of carbon dioxide at inert elec-
trodes proceeds by the mechanism suggested by Amatore
and Saveant in which carbon monoxide, carbonate and oxa-
late ions can be formed through disproportionation or di-
merization of the radical anion produced in the initial one-
electron reduction of carbon dioxide [see Equations (1), (2),
(3) and (4)].1'7

CO, + ¢ — COy~ (1)
2C0O, — CO + CO> @)
2C0," — C,04> 3)
CO,~ + H* + ¢ = HCOO~ “)

The formation of active CO,™ radical anion is catalyzed
by the CuY/L! complex, which promotes the formation of
the indigo-carboxylated compounds that are responsible for
the electrochemical processes C* and C*. First of all, the
appearance of new reduction peaks suggests that a simple
outer-sphere electron transfer between any indigo form and
the radical anion does not occur. As previously described,
the catalytic reduction potential of CO, is considerably
more negative than the formal reduction potential of the
catalyst and it is likely that CO, reduction occurs at a po-
tential corresponding to the redox potential of an adduct
formed between the reduced substrate and the catalyst. Un-
der our experimental conditions, the Cu''/L! complex cata-
lyzes the initial one-electron reduction of CO,, thus produc-
ing the “active” CO,A" radical anion.

To verify the effectiveness of the carboxylation process,
FTIR-ATR spectra of materials deposited on indigo-modi-
fied FTOs were recorded at different stages during the elec-
trochemical turnovers. The FTIR-ATR spectra of the par-
ent indigo-modified electrode and that resulting after appli-
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Figure 11. FTIR-ATR spectra of an indigo-modified FTO electrode before (a) and after (b) application of a constant potential of —1.45 V
during 10 min in a 0.50 mm Cu'' + 0.50 mmL! CO,-saturated solution in 0.50 M acetate buffer.

cation of a constant potential of —1.45V for 10 min in a
0.50 mM Cu! + 0.50 mML' CO,-saturated solution in
0.50 M acetate buffer are compared in Figure 11.

The FTIR-ATR spectrum of indigo (Figure 11A) shows
a characteristic carbonyl band at 1635 cm ' accompanied
by typical aromatic bands, the alkene band at 1650 cm™!,
and amine bands at about 3500 cm™!. After the above-de-
scribed electrogeneration step (Figure 11B), the spectrum
exhibits a well-defined band at 1060 cm™!, which is assigned
to the alcohol C-O vibration, and a band at 1720 cm!
whose profile is characteristic of carboxylate groups. The
bands at 1635 and 1650 cm ! disappear, which indicates the
absence of carbonyl and conjugated alkene units, as can be
seen in the detailed reflectance-mode spectrum depicted in
Figure 12.

The observed electrochemistry can tentatively be de-
scribed in terms of attack at the C=C bonds of leucoindigo
by CO,A™, both of which are electrochemically generated,
to give a carboxylated indigo derivative [Equation (5):

H,IN (s) + 2CO,A™ (aq) — H,IN(COO), (5) 5)

In agreement with this proposal, reduction peaks C* and
C* fall in the typical potential range where the reduction of
indigo derivatives occurs.?>231 A possible reaction pathway
for explaining the Cu'/L'-catalyzed electrochemical acti-
vation of indigo carboxylation is shown in Scheme 7.

To verify the solid-state reactivity, electrochemical CO,
activation catalyzed by Cu''/L! was performed in the elec-
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trochemical AFM cell. Isolated indigo grains were de-
posited onto a graphite plate and submitted to different
electrochemical cycles after immersion into complex-con-
taining CO,-saturated solution in acetate buffer. The AFM
images recorded at different applied potentials are shown in
Figure 13. At zero applied potential (Figure 13A), irregular
isolated indigo aggregates appear, whereas at potentials of
around —0.5 'V, a deposit of metallic copper, consisting of
multiple grains, is formed (Figure 13B). At potentials
between —1.0 and —1.5V the deposit of copper metal re-
dissolves while the indigo aggregates appear to undergo
some morphological changes (Figure 13C). This effect,
which denotes the existence of a solid-state reaction, can be
more clearly seen in the AFM images in Figure 14. These
images reveal a significant enlargement of the grain, which
is attributable to the formation of a layer of carboxylated
derivative(s).

These features can be considered in the light of models
for the electrochemistry of insertion solids proposed by
Lovric, Scholz and Oldham et al.l**?71 Following this
scheme, the redox reaction for indigo microparticles is initi-
ated at the three-phase electrode/electrolyte/microparticle
junction and expands by proton transfer across the electro-
lyte/particle interface and electron transfer across the elec-
trode/particle interface.

The situation is more complicated here, however, because
carboxylation must occur at least on the more external sur-
face of the indigo particles. A pictorial representation is de-
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Figure 12. Detail of the FTIR-ATR spectrum ofr an indigo-modified FTO electrode submitted to an electrogeneration step of —1.45V
for 10 min in a 0.50 mm Cu'! + 0.50 mmL! CO,-saturated solution in 0.50 M acetate buffer.
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Scheme 7. Possible reaction pathway for the carboxylation of in-
digo.

picted in Scheme 8. Accordingly, electrochemically assisted
carboxylation of indigo proceeds initially by proton inser-
tion coupled with electron hopping, which results in the
formation of solid leucoindigo (Scheme 8) followed by the
carboxylation reaction [Equation (5)]. This carboxylation
proceeds throughout the indigo particle and involves dif-
fusion of CO,A™ units and bond rearrangement through
leucoindigo molecules. This process is prompted by the
more flexible nature of leucoindigo molecules, which have
a central single C—C bond (see Scheme 6), with respect to
the parent indigo ones, which have a central C=C double
bond. Solid-state reactions prompted by the flexible nature
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Figure 13. AFM images recorded at different potentials applied to
a deposit of indigo grains in contact with a CO,-saturated solution
containing 0.10 mm Cu'Y/L! complex in 0.50 M acetate buffer: a)
open-circuit conditions; b) —0.55V; ¢) —1.25 V. Image size: 10 pm.
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B___—_

Figure 14. AFM image of an indigo grain in contact with CO,-
saturated solution containing 0.10 mm Cu'/L' complex in 0.50 M
acetate buffer: a) open-circuit conditions; b) after applying a con-
stant potential of —1.5V for 5 min. Image size: 2 um.
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of molecules can cause topochemical transformations to
proceed with minimal distortion of the crystal lattice, as
described by Kim et al. for Diels—Alder cycloadditions in
the solid state.l?®!

CARBOXYLATED
LAYER
INDIGO
ELECTROLYTE
SOLUTION
co,

BASAL
ELECTRODE

Scheme 8. Pictorial representation of the solid-state electrochemi-
cally assisted carboxylation of indigo microparticles deposited on
an FTO electrode.

Conclusions

Synthesis of the new terpyridinophane L, which is ob-
tained by cyclisation of 5,5''-bis(bromomethyl)-2,2":6",2""-
terpyridine with  1,5,8,11,14,18-hexakis(p-tolylsulfonyl)-
1,5,8,11,14,18-hexaazaoctadecane followed by detosylation
with HBr/HOAc/PhOH, has been reported. L interacts with
Cu!! to form mono- and binuclear complexes as well as tri-
nuclear trihydroxylated species. L is also able to interact
with atmospheric CO, faster than the previously reported
terpyridinophane L!. The stability constants of the mixed
complexes denote quantitative formation of the Cu''/L/car-
bonate complexes in a wide pH range. Finally, the electro-
chemical activation of CO, and its incorporation into a so-
lid state sample of indigo dye has been shown.

Experimental Section

Synthesis of L: 5,5'"-Bis(bromomethyl)-2,2":6’,2"'-terpyridine (1)1
and 1,5,8,11,14,18-hexakis(p-tolylsulfonyl)-1,5,8,11,14,18-hexaaza-
octadecane (2)%! were prepared as described previously. The other
chemicals were used as purchased without further purification.
CH;CN was dried with 3-A molecular sieves. CH,Cl, was distilled
from CaH, prior to use. Column chromatography was performed
with aluminum oxide (neutral, SDS). Aluminium oxide 60 F,s4
neutral (Merck) plates were used for TLC.

2,6,9,12,15,19-Hexakis(p-tolylsulfonyl)-2,6,9,12,15,19-hexaaza|20]-
(5,5"')-terpyridinocyclophane  (L-6Ts):  5,5''-Bis(bromomethyl)-
2,2":6',2" -terpyridine (1; 0.315g, 0.75mmol) in dry CH,Cl,
(30 mL) was slowly added dropwise to a mixture of 2 (0.89 g,
0.75 mmol) and K,COj; (1.04 g, 7.5 mmol) in refluxing CH;CN
(50 mL). Once the addition was complete, most of the CH,Cl, was
distilled off and the remaining mixture was refluxed under argon
for 20 h. The reaction mixture was then filtered through paper
while hot and the solid washed thoroughly with CH;3CN. The com-
bined organic layers were concentrated in vacuo to yield a yellow
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solid (0.88 g), which was submitted to column chromatography on
alumina (CH,Cl,, 0 to 5% EtOAc as eluent) to afford L-6Ts
(0.44 g, 41%) as a white solid. "H NMR (CDCls, 300 MHz): § =
8.62-8.59 (m, 4 H), 8.31 (d, J = 7.7 Hz, 2 H), 7.96 (dd, J = 8.3 and
2.1Hz, 2 H), 7.81 (t, J = 7.7Hz, 1 H), 7.78 (d, J = 8.3 Hz, 4 H),
7.64 (d, J = 8.3Hz, 4 H), 7.57 (d, J = 8.3Hz, 4 H), 7.39 (d, J =
8.3 Hz, 4 H), 7.33 (d, J = 8.3 Hz, 4 H), 7.24 (d, J = 8.3 Hz, 4 H),
4.28 (br. s, 4 H), 3.16-3.09 (m, 4 H), 2.99-2.86 (m, 8 H), 2.80-2.68
(m, 8 H), 2.48 (s, 6 H), 2.45 (s, 6 H), 2.38 (s, 6 H), 1.70-1.61 (m, 4
H) ppm. '*C NMR (CDCls, 75.43 MHz): § = 155.6, 154.5, 149.3,
144.0, 143.8, 143.6, 137.9, 137.5, 135.2, 135.0, 134.9, 132.9, 130.1,
129.9, 127.5, 127.4, 121.4, 121.1, 52.0, 49.0, 48.6, 48.4, 48.1, 48.0,
29.8, 21.7, 21.6 ppm.

2,6,9,12,15,19-Hexaaza|20]-(5,5'")-terpyridinocyclophane Octabro-
mohydrate (L-8HBr): The tosyl groups of L-6Ts (0.380 g,
0.263 mmol) were removed by reductive cleavage with a mixture of
20 mL of HBr/HOAc and PhOH (1.89 g, 20.1 mmol) by heating at
90 °C for 24 h. The solid obtained was filtered off and washed with
a mixture of EtOH and CH,Cl, (1:1) to give the macrocycle as its
hydrobromide salt (0.240 g). Yield 97%. 'H NMR (D,0O,
300 MHz): 0 = 9.06 (d, J = 1.9 Hz, 2 H), 8.68 (d, J = 8.3 Hz, 2 H),
8.54 (dd, J = 8.3 and 1.9 Hz, 2 H), 8.50 (d, J = 7.1 Hz, 2 H), 8.38
(dd, /= 7.1 and 6.8 Hz, 1 H), 4.60 (s, 4 H), 3.50 (br. s, 4 H), 3.48—
3.45 (m, 8 H), 3.29-3.17 (m, 8 H), 2.19-2.09 (m, 4 H) ppm. 13C
NMR (D,O, 75.43 MHz): 6 = 152.1, 151.3, 148.0, 145.2, 141.7,
129.0, 125.0, 124.7, 47.5, 45.1, 43.4, 43.3, 43.1, 30.5, 23.0 ppm.
C59H43Ny-8HBr (1156.8): caled. C 30.1, H 4.4, N 10.9; found C
30.3, H 4.6, N 11.0.

EMF Measurements: The potentiometric titrations were carried out
at 298.1=0.1 K using 0.15m NaClO,4 as supporting electrolyte.
The experimental set-up (burette, potentiometer, cell, stirrer, micro-
computer, etc.) has been fully described elsewhere.?”) The EMF
data were acquired with the computer program PASAT.*! The ref-
erence electrode was a Ag/AgCl electrode in saturated KCI solu-
tion. The glass electrode was calibrated as a hydrogen-ion concen-
tration probe by titration of previously standardized amounts of
HCI with CO,-free NaOH solutions and the equivalent point deter-
mined by Gran’s method,?? which gives the standard potential,
E°’, and the ionic product of water [pK,, = 13.73(1)].

The computer program HYPERQUAD was used to calculate the
protonation and stability constants.'”7 The pH range investigated
was 2.5-11.0 and the concentration of the metal ions and of the
ligands ranged from 1 X103 to 5X 103 M with M/L molar ratios
varying from 3:1 to 1:2. For the ternary systems, aqueous solutions
at basic pH containing M/L in 1:1 and 2:1 molar ratios and dif-
ferent amounts of Na,CO; were titrated with HClO, solutions. The
different titration curves for each system (at least two) were treated
either as a single set or as separate curves without significant varia-
tions in the values of the stability constants. Finally, the data sets
were merged together and treated simultaneously to give the final
stability constants.

Spectrophotometric Titrations: Absorption spectra were recorded
with a Shimadzu UV-2501PC spectrophotometer. HCl and NaOH
were used to adjust the pH values, which were recorded with a
Meterlab PHM240 Radiometer pH meter.

Paramagnetic NMR Spectroscopy: '"H NMR spectra were recorded
with a Bruker Avance400 spectrometer operating at 399.91 MHz.
One-dimensional spectra were recorded in D,O solvent with presat-
uration of the H,O signal during part of the relaxation delay to
eliminate the H,O signal. Relaxation delay times of 50-400 ms,
spectral widths of 40-80 kHz and acquisition times of 60-400 ms
were used. 1D spectra were processed using exponential line-broad-
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ening weighting functions as apodization with values of 10-40 Hz.
Chemical shifts were referenced to the residual solvent protons of
D,O resonating at 0 = 4.76 ppm (298 K) relative to TMS. The lon-
gitudinal relaxation times of the hyperfine-shifted resonances were
determined using the inversion recovery pulse sequence (d;—180°—
7-90°-acq)i*?! with 14 values of 7 between 0.5ms and 500 ms,
(d;+acq) values of at least five times the longest expected 77 (rang-
ing from 100 to 800 ms), and a total number of scans of 7000. The
T, values were calculated from the inversion-recovery equation.
Transversal relaxation times were obtained by measuring the line
broadening of the isotropically shifted signals at half-height with
the equation 7>! = wAvy,.

Electrochemical Measurements: Linear potential scan, cyclic and
square-wave voltammetric experiments (LSV, CV, and SQWY,
respectively) were performed on aqueous solutions (0.15M Na-
ClOy4) of Cu(NOs),6H,O (1073 m; from Merck) containing a stoi-
chiometric amount or a small excess of the macrocyclic ligand. To
study the electrochemistry of binary metal-macrocycle complexes,
equimolar amounts of metal nitrate and the ligand were dissolved
in 0.15 M NaClO,, which had previously been degassed with argon,
and then voltammograms were recorded. To study the ternary Cu'!/
L/carbonate complexes, the metal-receptor solution was exposed to
air with stirring for between 30 min and 6 h; the resulting solution
was then degasified by bubbling argon for 10 min and then the
voltammograms were recorded. The pH was adjusted to the re-
quired values by adding appropriate amounts of aq. HCIO,4 and/or
NaOH solutions.

Electrochemical experiments were performed with a BAS CV 50W
or CH 1420 apparatus in a conventional three-compartment cell
with glassy carbon and gold working electrodes. The working elec-
trode was cleaned and activated prior to each series of experiments.
Electrochemical pre-treatment was performed by adapting the pro-
cedure recommended by Engstrom and Strasser,** in blank solu-
tions by applying +1.50 V vs. AgCl/Ag for 10 min followed by
—1.0 V for 1 min. The electrodes were polished with an aqueous
suspension of alumina on a soft surface then dried and cleaned
before each run. An AgCl (3 M NaCl)/Ag and a platinum wire aux-
iliary electrode completed the three-electrode configuration. Semi-
derivative convolution of data was used to increase peak resolution
in some cases. Experiments on indigo coatings on fluorine-doped
tin oxide electrodes (FTOs, Flexitec 45) were performed using uni-
form deposits of indigo prepared by reported sonoelectrochemical
procedures!3>-3% by ultrasonication of the electrode immersed in a
suspension (1 mgmL™") of indigo (Fluka) in acetone for 10 min.
The electrode was then rinsed with water and dried in air. Polymer
film electrodes were prepared, as described previously,[*”) by trans-
ferring a small volume (typically 50 pL) of a dispersion of the solid
(10 mg) in acetone (5 mL) to the surface of FTO and allowing the
coating to dry in air. One drop of a solution of Paraloid B72 acrylic
resin (1%) in acetone was then added and the modified electrode
was air-dried.

FTIR-ATR spectra of indigo-modified electrodes were obtained
with a Vertex 70 Fourier transform infrared spectrometer with a
FR-DTGS (fast recovery deuterated triglycine sulfate) temperature-
stabilized coated detector. Number of co-added scans: 32; resolu-
tion: 4 cm™!.

Coupling voltammetric/atomic force microscopy experiments were
performed with a Multimode AFM (Digital Instruments VEECO
Methodology Group, USA) fitted with a NanoScope IIla control-
ler and equipped with a J-type scanner (max. scan size of
150X150X6 pm). The topography of the samples was studied in
contact mode. An oxide-sharpened silicon nitride probe (Olympus,
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VEECO Methodology Group, model NP-S) was used with a V-
shaped cantilever configuration (spring constant: 0.06 Nm™'; tip
radius of curvature: 5-40 nm). The AFM was coupled to a Digital
Instruments Universal Bipotentiostat (VEECO Methodology
group, USA) for electrochemical measurements. All measurements
were performed at room temperature in solutions previously deaer-
ated with argon for 15 min.

Supporting Information (see footnote on the first page of this arti-
cle): Figure S1. Distribution diagram for the system H*-L. Fig-
ure S2. pH-dependence of the absorption spectra of Cu''/L in a
2:1 M/L molar ratio. Figure S3. pH-dependence of the absorption
spectra of Cu''/L in a 3:1 M/L molar ratio. Table S1. Complete
stability constants for the mononuclear copper complexes of the
receptors L, L', L? and L3. Table S2. Complete stability constants
for the binuclear copper complexes of the receptors L, L!, L? and
L3. Table S3. Cumulative stability formation constants for the sys-
tems Cu'/L/carbonate and Cu'/L'/carbonate. Table S4 Most sig-
nificant peaks observed in the FAB mass spectra of aqueous solu-
tions containing either Cu'' and L-8HBr exposed to the atmosphere
or Cu'l, L-8HBr and added sodium hydrogen carbonate, both with
a final pH of 6.8.
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