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The macrocyclic ligands L2 and L3, containing a fluorescence emission properties, but interaction with the
lone pairs of benzylic nitrogen atoms produces an efficienttriethylenetetraamine and a tetraethylenepentaamine moiety

linked to the methyl groups of 2,9-dimethyl-1,10- quenching of the emission. Such a quenching effect can be
avoided by deactivation of the benzylic nitrogen atoms byphenanthroline, bind H+ and Zn2+ ions giving rise to

modulation of the fluorescence emission intensity. The means of protonation or Zn2+ complexation. Hence, L2 and
L3 behave as chemosensor for H+ and Zn2+, theequilibrium constants and the enthalpy changes for ligand

protonation were determined by means of pH-metric and photochemical properties of the ligands being modulated by
the formation of different protonated and complexed species.microcalorimetric methods in 0.1 M Me4NCl solutions at

298.1±0.1 K. Also the stability constants of the Zn2+ In the case of L3, the fluorescence emission is also controlled
by the metal to ligand molar ratio, because of the formationcomplexes were determined under the same experimental

conditions. L2 forms only mononuclear complexes, while L3 of an emissive binuclear complex.
also forms dizinc(II) species. The phenanthroline group has

escence emission properties of phenanthroline with the highIntroduction
stability conferred to metal complexes by macrocyclic li-

One of the most attractive methods to detect the presence gands. For this purpose, we have synthesised the three
of a chemical species in solution lies in the use of fluor- macrocyclic ligands L12L3 containing a phenanthroline
escent receptors whose fluorescence emission is sensitive to moiety and a polyaminic chain of increasing length and in-
the binding of the target substrate.[129] Either enhancement creasing number of nitrogen donor atoms.
or quenching of the fluorescence emission signals can be In recent studies,[11213] macrocyclic polyamines with
observed upon substrate coordination, and can be used to similar structures but containing p-phenylene spacers in-
quantify the receptor2substrate interaction. stead of phenanthroline, have been used as chemosensors

Such chemosensors, namely molecules capable of binding for binding H1 and metal ions in solution. These ligands
substrates and at the same time signaling their presence, exhibit pH dependence of the fluorescence emission at
contain binding and signaling functions. Phenanthroline, room temperature, showing an increase in emission with in-
for instance, is characterised by an intense fluorescence em- creasing ligand protonation, and chelation enhancement of
ission and contains two amine groups, which can act as fluorescence (CHEF effect) in the presence of Zn21.
binding sites for H1 and metal cations, producing import- In the present paper we report the results of a thermo-
ant modifications of the emission properties. [10] For this re- dynamic and photochemical study of the binding of H1

ason phenanthroline has attracted a great deal of interest in and Zn21 cations by the phenanthroline derivatives L12L3,
the last year for the preparation of efficient chemosensors. showing that the insertion of different aromatic spacers in
Nevertheless, this chelating ligand does not form stable cyclic polyamines produces chemosensors characterised by
complexes with a large number of metal cations and conse- significantly different photochemical properties. The results
quently its applicability as chemosensor is strongly reduced. obtained with L1 were published in a previous paper. [14]

A convenient approach to prepare efficient chemosensors
for metal cations consists in the association of the fluor-
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Table 1. Thermodynamic parameters for the protonation of L1, L2
and L3 in 0.1  Me4NCl at 298.1 K[a,b]

Reaction L1 L2 L3
log K

L 1 H1 5 LH1 9.93(1) 9.72(1) 9.38(1)
LH1 1 H1 5 LH2

21 7.68(3) 8.71(1) 8.74(1)
LH2

21 1 H1 5 LH3
31 4.07(3) 6.18(3) 7.18(2)

LH3
31 1 H1 5 LH4

41 2.18(4) 3.85(3)
LH4

41 1 H1 5 LH5
51 1.80(5)

2∆H°
[kJmol21]

L 1 H1 5 LH1 35.9(1) 35.19(7) 33.98(6)
LH1 1 H1 5 LH2

21 38.5(1) 41.13(6) 41.55(4)
LH2

21 1 H1 5 LH3
31 38.0(1) 36.45(7) 39.63(5)

LH3
31 1 H1 5 LH4

41 28.47(6)
LH4

41 1 H1 5 LH5
51 24.2(1)

T∆S°
[kJmol21]

L 1 H1 5 LH1 20.5(1) 20.1(1) 19.3(1)
LH1 1 H1 5 LH2

21 5.2(1) 8.4(1) 8.1(1)
LH2

21 1 H1 5 LH3
31 214.9(1) 21.3(1) 1.2(1)

LH3
31 1 H1 5 LH4

41 26.6(1)
LH4

41 1 H1 5 LH5
51 214.0(1)

[a] Values in parentheses are standard deviations in the last signifi-
cant figure. 2 [b] Values for L1 are taken from ref. [14]

gand protonation. [15] In particular the enthalpy changes
found in each protonation step are significantly higher than
the analogous values reported for the protonation of 2,9-
dimethyl-1,10-phenanthroline (20 kJ mol21), [16] which can
be considered the most appropriate reference compounds
for the phenanthroline moiety of L12L3, suggesting that
such a moiety is not directly involved in the protonation
processes, despite the fact they should be at least capable of
assisting protonation of the secondary amine groups by me-
ans of hydrogen bonding, as observed in the crystal struc-
ture of the [H3L1]Br·H2O salt. [14] The distribution of the
protonated species formed at the different pH values by L2
and L3 is shown in Figure 1.

In order to ascertain the role played by the phenanthro-
line nitrogen atoms in the protonation of the present li- Figure 1. Distribution diagrams of the protonated species formed
gands, we have investigated the microscopic protonation se- by L2 and L3 as a function of pH ([L] 5 131023 , 0.1  Me4NCl,

298.1 K)quence of L12L3 by recording their 1H- and 13C-NMR
spectra in aqueous solutions at various pH values. All the
assignments were made on the basis of 1H-1H homonuclear nitrogens, and all three secondary amine groups are pro-

tonated in [H3L1]31.and 1H-13C heteronuclear correlation experiments at the
different pH values studied. The results obtained for L1 Figure 2a shows the 1H-NMR spectra recorded at vari-

ous pH values and Figure 2b reports 13C-NMR chemicalwere presented in a recent report. [14] Accordingly, it was
shown that the first proton binding of L1 involved the cen- shifts of L2 as a function of the pH value. The 13C-NMR

spectrum of L2 at pH 5 12.0, where the unprotonated am-tral amine group of the ligand, while the second pro-
tonation produced a reorganisation of the proton distri- ine predominates in solution (Figure 1), exhibited four

peaks for the aliphatic carbons C12C4, and six peaks forbution with localisation of the two H1 ions on the benzylic
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the aromatic carbon atoms C52C10. The 1H-NMR spec- ably. This suggests that the first protonation step involves

the nitrogen atoms N1 and N19 (Scheme 1). This hypothesistrum of L2 at this pH value showed a singlet at δ 5 2.72
(integrating for four protons and assigned to the hydrogen is confirmed by the 13C-NMR spectra recorded in the same

pH range which show that the resonances of the carbonatoms of the ethylenic chain H1), a multiplet at δ 5 2.82
(eight protons, the hydrogen atom H2 and H3) and a singlet atoms C3 and C1, in the β-position with respect to N1 and

N19, respectively, shift upfield (Figure 2b), in good agree-at δ 5 4.03 (4 protons, H4). Also evident were a singlet at
δ 5 7.42 and two doublets at δ 5 7.49 and δ 5 8.04 for ment with the β-shift reported for the protonation of polya-

mines. [15] This higher proton affinity of the nitrogen atomsthe aromatic protons H10, H6 and H7, respectively. These
spectral features indicate a time-averaged C2v symmetry. N1 and N19 in comparison with N2 and N29 can be as-

cribed to the inductive effects of the heteroaromatic moietyThis symmetry is preserved throughout all the pH range in-
vestigated. on the adjacent N2 and N29 amine groups.

In the pH range 927, the macrocycle binds a second pro-
ton, giving the [H2L2]21 species (Figure 1). The formation
of this diprotonated form markedly affects the pattern of
the 1H- and 13C-NMR spectra. In particular, the signals of
H3 and H4 show a remarkable downfield shift (Figure 2a).
On the other hand, the signals of H1 and H2 do not shift
appreciably in this pH range. Considering the 13C-NMR
spectra (Figure 2b), the resonances of C2 and C5 in the β-
position with respect to N2 exhibit a marked upfield shift.
It is noteworthy that the β-shifts observed for signals of
aromatic carbon atoms are more pronounced than those for
aliphatic ones. [15] The same effect will be observed for L3.
These spectral features indicate that the second protonation
step takes place on the benzylic nitrogen atoms N2 and
N29, as shown in Scheme 1. As can be seen in Figure 1, L2
is mainly in its triprotonated form in the pH range 622.
The formation of the triprotonated species is accompanied
by a marked downfield shift of the signals of H3 and H4 in
the 1H-NMR spectra, and by an upfield displacement of
the resonances of C2 and C5 in the 13C-NMR spectra.
These observations indicate that the third protonation step
occurs once again on the benzylic nitrogen atoms N2 and
N29. Therefore in the [H3L2]31 species both the benzylic
nitrogen atoms are protonated and a proton is shared be-
tween the N1 and N19 nitrogen atoms. The fourth pro-
tonation step takes place on the N2 and N29 amine groups,
as evidenced by the downfield shift of the signals of H1 and
H2 at pH < 3.

It is interesting to note that the signals of the aromatic
protons H7 and H10 undergo a small, but significant,
downfield shift from alkaline to acidic pH. A similar, al-
though less evident behaviour of the 1H-NMR signals of
aromatic protons was observed for L1, [14] and ascribed to
the involvement of phenanthroline nitrogen atoms in sta-
bilising the protonated forms by means of hydrogen bond-
ing and/or partial delocalisation of the acidic protons,
which are expected to increase with decreasing pH value.

Figure 2. pH dependence of 1H-NMR (a) and 13C-NMR (b) chemi-
The same explanation applies for L2.cal shifts of significant L2 signals; for the sake of simplicity, the

remaining 13C-NMR signals are not reported since they do not L3 shows a similar protonation mechanism. In this case,
shift significantly over the considered pH range 1222: C6: δ 5 the macrocycle also presents a time-averaged C2v symmetry124.32124.4; C7: δ 5 138.82140.4; C8: δ 5 128.82130.2; C9: δ 5

in aqueous solution, throughout all the pH ranges investi-144.92145.1; C10: δ 5 127.02128.3
gated. Figures 3a and 3b show the 1H- and 13C-NMR spec-
tra, respectively, recorded at various pH values. In the pH
range 1028, where the first two protons bind to the ligandIn the pH range 1129, where the first proton binds to

the ligand (Figure 1), the signal of the hydrogen atoms H1 (Figure 1), the signals of the hydrogen H1 in the α-position
with respect to N1, as well as those of H2 and H3, in theand H2 in the α-position with respect to N1 exhibits a

downfield shift, while the other signals do not shift appreci- α-position with respect to N2, exhibit a downfield shift,
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Scheme 1

while the other signals do not shift appreciably, indicating shown below, such modest involvement of phenanthroline
nitrogen2proton binding contributes significantly to thethat the first two protonation steps involve the nitrogen

atoms N1, N2 and N29 (Scheme 2). This hypothesis is con- luminescent behaviour of these ligands.
Actually, the fluorescence emission is very sensitive to thefirmed by the 13C-NMR spectrum recorded in the same pH

range, which shows that the resonances of the carbon atom protonation state of these molecules. The shape and the po-
sition of the fluorescence emission spectra of L2 and L3C2, in the β-position with respect to N1, as well as the

signals of C1 and C4, in the β-position with respect to N2, are identical to those of phenanthroline but, as previously
observed for L1, [14] the intensity of the emission increasesshift upfield (Figure 3).

In the pH range 825, the macrocycle binds a third pro- with decreasing pH, decreasing again in very acidic solu-
tions (Figure 4). The position of the spectra are maintainedton, giving the [H3L3]31 species (Figure 1). The most sig-

nificant effect in the 1H-NMR spectrum is the remarkable over all the pH ranges. In other words, for these types of
macrocyclic polyamines, protonation increases the emissiondownfield shift of the signal of H5 (Figure 3a). Considering

the 13C-NMR spectrum (Figure 3b), the resonance of C2 intensity, but the fully protonated species are not the most
emissive forms, as otherwise observed for polyazacyclo-in the β-position with respect to N1, as well as the signals

of C3 and C6, in the β-position with respect to N3 exhibit phanes.[11213] As a matter of fact, the decrease in intensity
of fluorescence emission in very acidic solution coincidesa marked upfield shift. On the contrary, the signals of C1

and C4, in the β-position with respect to N2, shift down- with the formation of the [H4L2]41 and [H5L3]51.
This quenching effect found at low pH values is morefield. These spectral features indicate that in the [H3L3]31

species the acidic protons are located on the N1, N3 and marked for L3 than for L2 (Figure 4), while it is less evident
for L1. To explain these features, we must consider thatN39 nitrogen atoms. Since the protons occupy alternate po-

sitions, separated by either the aromatic moiety or the un- quenching of fluorescence emission in these molecules can
be achieved by: i) interaction of the phenanthroline nitrogenprotonated N2 and N29 amine groups, such a disposition

would mean a minimum in electrostatic repulsion, resulting atoms with positively charged species, such as H1, leading
to a relative stabilisation of the weak emissive nπ*Rgs statein a stabilisation of the [H3L3]31 species, which is prevalent

in aqueous solution in a wide pH range (pH 5 7.524). At in comparison with the strong emissive ππ*Rgs one; as al-
ready found for L1, [14] [17] this interaction can explain thepH < 5, the macrocycle binds a fourth proton. As shown

in Figure 3b, in the pH range 522, a remarkable upfield quenching observed at very acidic pH values; ii) electron-
transfer processes from the lone pairs of the amine groupsshift of the signals of the carbon atoms C4 and C1in the β-

position with respect to N2 is observed. On the contrary, to the excited state of phenanthroline, a phenomenon that
can account for the quenching owing to the deprotonationthe resonance of C2 shifts downfield. These data indicate

that in the [H4L3]41 species, the four acidic protons are po- of polyamines. In the case of L1, it was suggested that the
amine groups responsible for type-ii quenching are thesitioned on the N2, N29, N3 and N39 nitrogen atoms.

On the other hand, in the case of L3, the signals of the benzylic ones. This hypothesis is confirmed by the pH de-
pendence of the fluorescence emission of L2 and L3. Asaromatic protons (H7, H8, H10) in the 1H-NMR spectrum

shift downfield on lowering the solution pH. Such a shift, can be seen in Figure 4, where the intensity of the emission
is superimposed on the species distribution diagram of thealthough more pronounced than for L2, is rather modest

when compared to the shifts experienced by the aliphatic protonated species formed as a function of pH, the most
emissive species are [H3L2]31, [H3L3]31 and [H4L3]41, inprotons, but is indicative, as observed for L1 and L2, of

some involvement of phenanthroline nitrogen atoms in sta- agreement with the NMR-spectroscopic results indicating
that the benzylic nitrogen atoms are protonated in thesebilising the protonated forms by means of hydrogen bond-

ing and/or partial delocalisation of the acidic protons. As species. However, in the fully protonated forms the benzylic
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Zn21 Complexation in Solution

The stability constants of the complexes formed by L2
and L3 with Zn21 are listed in Table 2, together with the
analogous data[14] previously reported for L1, while the dis-
tribution diagrams of the complexes formed as a function
of the pH value for equimolar concentrations (131023 )
of ligands and metal ion are shown in Figure 5. From these
data it is evident that increasing the dimensions of the li-
gand from L1 to L3 by inserting additional amine groups
gives rise to: i) decreasing stability of the [ZnL]21 complex;
ii) increasing ability to form protonated complexes; and iii)
formation of binuclear complexes.

Comparison of the stability constant of [ZnL1]21 with
the stability constant of the analogous complex with the
pentaazamacrocycle 1,4,7,10,13-pentaazacyclopentadecane
suggested[14] that the lower stability of the L1 complex
could be explained by considering that some donor atoms
of the L1 complex are not involved, or are weakly involved,
in the coordination to the metal ion. This suggestion was
supported by the crystal structure of the [ZnL1H2O]21

complex which showed the metal ion in a distorted tetra-
hedral coordination environment defined by the phen-
anthroline nitrogen atoms, the central aliphatic nitrogen
atom and a water molecule, the two benzylic nitrogen atoms
interacting weakly at a large distance (ca. 2.5Å). [14]

The decreasing stability trend observed for the [ZnL]21

complexes with L12L3 indicates that the presence of a
larger number of donor atoms does not enhance the bind-
ing ability of such ligands toward ZnII, suggesting that the
number of donor atoms participating in the coordination
does not parallel the increasing number of donors in the
ligands. Hence, a larger number of donors not involved in
the coordination determines the formation of larger, less
stable chelate rings, which reduce the complex stability. On
the other hand, an increasing number of uncoordinated am-
ine groups favours the formation of protonated complex
species, as actually observed, and allows the complex of the
larger ligand L3 to have enough free donor atoms to bind

Figure 3. pH dependence of 1H-NMR (a) and 13C-NMR (b) chemi-
a further metal ion.cal shifts of significant L3 signals; for the sake of simplicity, the

remaining 13C-NMR signals are not reported since they do not Notwithstanding that, L3 does not exhibit a marked
shift significantly over the considered pH range 1222: C7: δ 5 tendency to bind the second metal ion, as revealed by the124.62124.3; C8: δ 5 138.92140.2; C9: δ 5 128.82130.2; C10:

value of the relevant equilibrium constant {logK 5 4.39(6)δ 5 145.12145.1; C11: δ 5 127.22128.4
for [ZnL]21 1 Zn21 5 [Zn2L]41; Table 2} and displayed in
Figure 5b by the low percentage of [Zn2L3]41 (maximumnitrogen atoms are also protonated, but the increasing in-

volvement of the phenanthroline nitrogen atoms in stabilis- 15%) formed in the presence of equimolar concentrations
(131023 ) of ligands and metal ion. The three ligands alsoing the protonated forms by means of hydrogen bonding

and/or delocalisation of H1 ions quench the fluorescence seem to have different characteristics in the formation of
hydroxylated complexes (Table 2), but positive conclusionsemission. This quenching effect (type i) increases in the or-

der L1 < L2 < L3 along with the overall number of H1 on this aspect cannot be drawn, considering the restricted
pH range (2.528) in which it was possible to study com-ions binding the receptors. Such behaviour is also in accord-

ance with the shifts observed in the absorption spectra; as plexation with L3 (see Experimental Section).
Information concerning the donor atoms involved in thealready observed for L1, by increasing the pH value, a red

shift is observed, except for very acidic solutions where the coordination to Zn21 are furnished by the emission proper-
ties of these complexes. Figure 6 displays the fluorescenceopposite effect occurs. Similar two-valley one-peak profiles

of the fluorescence intensity were recently observed for the emission behaviour of the Zn21/L2 system in the pH range
228; the emission curve in this Figure is superimposed onprotonated species of acyclic amines containing pyridyl and

anthracene frangments. [4a] the species distribution diagram of the system. The emis-
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Scheme 2

Figure 5. Distribution diagrams of the complexed species formed
by L2 and L3 as a function of pH ([L] 5 [Zn21] 5 131023 , 0.1
 Me4NCl, 298.1 K)

sion in the pH range in which no complex formation occursFigure 4. Fluorescence emission profile (•) of L2 and L3 as a func-
tion of pH and molar fractions of the protonated species formed (pH 5 223.5) is determined by the emission properties of
in the examined solution ([L] 5 231025 , 0.1  Me4NCl, 298.1K) the free ligand protonated species previously described.

Taking into account such emission properties of the ligand
protonated species, the emission curve in Figure 6 can be
fitted, considering all uncomplexed and complexed species,

Table 2. Stability constants of the Zn21 complexes formed by L1, showing that the [ZnHL2]31 complex is an emissive species,
L2 and L3 in 0.1  Me4NCl at 298.1 K[a,b]

the quantum yield being slightly lower than for [H3L2]31,
while [ZnL2]21 determines a quenching effect. The sameReaction L1 L2 L3

log K characteristic was observed for [ZnL1]21. [14] In that case it
was verified that the quenching effect is independent of the

Zn21 1 L 5 [ZnL]21 16.15 14.29(1) 12.38(6) coordination of the phenanthroline nitrogen atoms to Zn21,
[ZnL]21 1 H1 5 [ZnLH]31 4.24(1) 6.70(3) but it is determined by electron transfer from the lone pairs[ZnLH]31 1 H1 5 [ZnLH2]41 4.99(4)
[ZnL]21 1 OH2 5 [ZnLOH]1 4.44 2.55(7) of the benzylic amine groups to the excited state of phenan-
[ZnLOH]1 1 OH2 5 [ZnL(OH)2] 2.75 troline. Hence, quenching of the fluorescence emission can
[ZnL]21 1 Zn21 5 [Zn2L]41 4.39(6)

be prevented by “neutralisation” of the lone pairs of the
benzylic nitrogen atoms, which can be attained by both pro-[a] Values in parentheses are standard deviations in the last signifi-

cant figure. 2 [b] Values for L1 are taken from ref. [14] tonation, as discussed above, and Zn21 complexation. Tak-
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ing into account these considerations, we deduce that in the ligand suffers serious strain preventing the full involvement

of benzylic nitrogen lone pairs in coordination.not-emissive [ZnL2]21 species the benzylic nitrogens are not
involved, or not fully involved, in metal ion coordination,
while in the emissive [ZnHL2]31 complex these nitrogen
atoms are involved in the binding of H1 and Zn21.

Figure 6. Fluorescence emission profile (•) of the system L2/Zn21

as a function of pH and molar fractions of the species formed in
the examined solution ([L] 5 [Zn21] 5 231025 , 0.1  Me4NCl,
298.1 K); the dotted-dashed line is the fluorescence profile in the
absence of a metal ion

Similar considerations can be used to explain the fluor-
escence emission properties of the Zn21/L3 system (Figure
7). In this case, the formation of both mono- and binuclear
complexes must be considered. Spectrofluorimetric meas-

Figure 7. Fluorescence emission profile (•) of the system L3/Zn21

urements performed with a solution containing Zn21 and as a function of pH and molar fractions of the species formed in
the examined solutions; a: [L] 5 [Zn21] 5 231025 ; b: [L] 5L3 in 1:1 and 2:1 molar ratios, at different pH values,
231025 , [Zn21] 5 431025 ; 0.1  Me4NCl, 298.1 K; the dot-showed that [ZnH2L3]41 and [Zn2L3]41 are emissive spec-
ted-dashed line is the fluorescence profile in absence of metal ion

ies, the second one being significantly less efficient. Fitting
of the fluorescence emission curves in Figure 7 was
achieved taking into account the contributions deriving
from the protonated forms of L3 determined in the absence Conclusion
of a metal ion. The nonemissive character of the [ZnL3]21

complex reveals that, as already observed for the analogous Insertion of the large and rigid phenanthroline unit into
macrocyclic structures leads to strained ligands, such ascomplexes with L1 and L2, the benzylic nitrogen atoms of

the ligand are not involved, or at most are partially in- L12L3, in which the simultaneous coordination of all do-
nor atoms to a single metal ion is precluded. In the case ofvolved, in the coordination, in agreement with the con-

clusion previously drawn on the basis of the equilibrium L12L3, the benzylic nitrogen atoms in close proximity to
the phenanthroline unit are not involved in the coordi-data. In this case, even protonation of the complex leading

to the [ZnHL3]31 species does not deactivate the quenching nation to the metal ion in the [ZnL]21 complexes, indepen-
dently of the number of donor atoms and ligand size.properties of the benzylic nitrogen atoms, and fluorescence

emission is observed only when the diprotonated complex The phenanthroline groups have fluorescence emission
properties, but interaction with the lone pairs of benzylic[ZnH2L3]41 is formed. The quantum yield of this species is

almost identical to that found for [H3L3]31 in which the nitrogen atoms produces an efficient quenching of the emis-
sion. To avoid such a quenching effect, the benzylic nitrogenbenzylic nitrogen atoms are protonated. On the other hand,

the quantum yield of the binuclear complex [Zn2L3]41 is atoms can be deactivated by protonation or Zn21 com-
plexation. Hence, L12L3 behave as chemosensors for H1about fivefold lower, indicating that the deactivation of the

benzylic nitrogen atoms determined by the two metal ions and Zn21, the emissive properties of the ligands being
modulated by the formation of different protonated andis not complete. Considering the particular reluctance of

benzylic nitrogen atoms to participate in the formation of complexed species. The ability of Zn21 to form nonemissive
species (chelation enhancement of quenching, CHEQ) is amononuclear complexes, resulting from the molecular rigid-

ity around the phenanthroline moiety, we can also expect peculiarity of these ligands. The opposite effect (chelation
enhancement of fluorescence, CHEF) is commonly ob-that in the formation of the binuclear [Zn2L3]41 species, the
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served[11213] with other families of polyamine ligands. In Acknowledgments
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