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ABSTRACT: In the design of self-assembled compounds, small
variations in the linkers connecting the coordinating moieties can
produce large differences in the obtained structures. Here, we
report three novel zinc(II) complexes with phenanthroline-derived
ligands as building blocks (L1−L3): A mononuclear complex, a
bimetallic helicate, and a trimetallic circular helicate. The even-
number spacer in L2 promotes the formation of a bimetallic
helicate stabilized by π-π interactions of adjacent phenanthrolines.
The addition of an extra methylene in L3 increases the distance
between where the phenanthrolines can stack, and CH-π
noncovalent interactions give stability to the circular helicate.
When irradiated at 308 nm in acetonitrile, long-lived excited states
are formed with all three complexes, which are able to participate
in oxidation of 2-propanol and in reduction of methylviologen, MV2+. While the overall behavior of the three complexes is similar,
the bimetallic helicate is able to form a ground-state adduct with MV2+, while the trimer reaches the excited state to form an exciplex
with MV2+.

■ INTRODUCTION

The study of supramolecular structures supported by non-
covalent interactions has been a productive field since its
introduction five decades ago.1−4 Since the foundations of this
field, coordination-driven self-assembly has been one of the
most versatile synthetic tools,5,6 where the design and selective
choice of ligands and metal ions has allowed the development of
different supramolecular architectures, such as metallocycles,
helicates, boxes, and grids, among others.7

One representative family of supramolecular complexes is the
helicates, which are inorganic helices formed upon the wrapping
of strands of organic ligands around metal ions in a helical
fashion.8 Jean Marie Lehn introduced the building of multi-
nuclear helical complexes,9 and different structures were
obtained from poly(bipyridine) and poly(phenanthroline)
ligands, mainly with Cu(I) and Ag(I) ions.10 The formation of
these architectures was the result of a self-assembly process
driven by positive cooperativity.11

Helicates have found potential applications in areas as diverse
as molecular optics,12 catalysis,13 molecular storage,14 molecular
switches,15 molecular machines,16 and potential metallodrugs,17

and also they have been used as a template to obtain more
complex structures, such as molecular knots.18

According to the characteristic of the ligands and the
geometrical preferences of the metals, different helical structures

can be produced, varying in nuclearity and shape (lineal and
circular helicates). It is also possible that thermodynamic factors
drive the self-assembly of the molecular components toward the
nonchiral conformers, mesocates.19 For these reasons, the
establishment of rules of design has been a matter of great
interest, aiming to control structural parameters and provide
specific functionalities to new helical complexes.20

In this way, the work of Albrecht was pioneering in
establishing that spacers connecting coordinating moieties in
the ligands play a key role on the preferences for a helicate or a
mesocate product, known as the odd−even rule. In general,
spacers with an odd number of carbons will favor the formation
of mesocates, while even-spaced ligands should favor the
helicate conformers. This is a result of the directionality of the
coordinating groups, dictated by the odd−even nature of the
spacers.21

Despite the large number of studies featuring self-assembled
helicates and the advances made to rationalize the rules
governing their formation,21 all the factors that influence the
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autoassembly process are still not properly understood.22 The
design of the ligand in relation to the coordination angles, the
nature of the bridge between the coordination sites, as well as the
geometry preferences of the metal ion, are relevant factors when
synthesizing a given supramolecular structure. However, other
factors such as establishment of intramolecular interactions have
been less understood.
We recently reported a series of bimetallic Cu(I) complexes,23

where the relation between the odd−even nature of the spacers
and the possibility of establishing intramolecular π-π stacking
interactions conditions the preferences for helicate or mesocate
conformation. Helicates are energetically favored when short-
length spacers with an even number of carbons allow the
formation of π-π interactions, highlighting the role of weak
noncovalent forces in supramolecular structures.24

Mizukami et al. reported the first bimetallic double-stranded
Zn(II) helicate derived from a salen-type ligand,25 and its
photophysical properties were contrasted with the monometal-
lic homologue. A red-shift of both the absorption and emission
bands in the bimetallic helicate, and a decrease of the quantum
yield and lifetime of its excited state, were ascribed to
intramolecular π-π interactions observed in the solid and
maintained in solution.26 Because of the closed-shell d10

configuration of Zn(II) complexes, low-energy excited states
are ligand-centered processes (LC), and the luminescent
properties are mainly controlled by the electronic nature of
the ligands.27,28

In this work, we report the synthesis of three related
complexes with Zn(II) and phenanthroline-derived ligands as
building blocks, namely, a mononuclear complex, a bimetallic
helicate, and a trimetallic circular helicate. In particular, the
selective formation of a bimetallic or a trimetallic helicate is
determined by the number of carbons in the interphenanthro-
line spacer, two or three, respectively, a result that is related to
the formation of intramolecular interactions. This small
modification in the ligands determines not only the nuclearity
and shape of the products but also the photochemical properties
of both helicates. The differences in the topologies of the
complexes condition the interaction of the bi- or trimetallic
helicates with photoactive molecules, either in the ground state
or the excited LC states. From this study, intermolecular π-π
interactions seem to be the main feature responsible for the
structures obtained and their photochemical properties.

■ EXPERIMENTAL SECTION
Reagents and Materials. Commercial reagents from Sigma-

Aldrich or Merck, 1,10-phenanthroline ≥99% (phen), phosphorus
pentachloride (PCl5), phosphoryl chloride (POCl3), dimethyl sulfate
99.9%, 1,2-ethanediol 99.5%, 1,3-propanediol 98%, ethanol (max
0.01% H2O), NaH 60%, Zn(II) perchlorate hexahydrate, methyl
viologen dichloride hydrate, N,N-dimethylformamide (DMF) dried
(max 0.003% H2O), and other reagents and solvents were used as
received.
General Procedures. 1H and 13C NMR spectra were performed on

a Bruker Avance-400 instrument operating at 400.13MHz for 1H and at
100.63 MHz for 13C nuclei, respectively. All resonances are reported in
parts per million versus the solvent signal as internal standard, CDCl3
(1H, δ = 7.26; 13C, δ = 77.16 ppm) and CD3CN (1H, δ = 1.94; 13C, δ =
1.39 ppm), and corrected relative to tetramethylsilane. The UV−visible
and fluorescence spectra in steady state were recorded in acetonitrile
(ACN) solutions and solid state (for fluorescence) on a PerkinElmer
Lambda 25 UV−vis double beam and on Jasco spectrofluorometer FP
8300, respectively, with quartz cells of 1 cm at room temperature.
The mass spectra were recorded on an Esquire 4000 mass

spectrometer (Bruker Daltonik GmbH) using electrospray ionization

(ESI)-IT. The samples were prepared in acetonitrile as mobile phase,
and the ionization process was performed by electrospray at 4000 V,
with a pressure of 10 psi, a flow rate of 5 L/min, and nitrogen-assisted
drying at a temperature of 300 K. The acquisition of spectra was
performed in both positive and negative polarity. For the visualization
of the spectra, the mMass program version 5.5.0 was used. Elemental
analysis was performed on an Exeter Analytical CE-440 CHNOS
computer and on a Flash 2000 organic elemental analyzer.

Data for the crystallographic studies were collected on a Bruker
APEX-II diffractometer. These data were corrected for absorption and
polarization effects and analyzed for space group determination. The
structure was solved by intrinsic phasing methods and expanded
routinely.29 The model was refined by full-matrix least-squares analysis
of F2 against all reflections.30 All non-hydrogen atoms, except the
disordered perchlorate oxygen atoms, were refined with anisotropic
atomic displacement parameters. Unless otherwise noted, hydrogen
atoms were included in calculated positions. Atomic displacement
parameters for the hydrogens were tied to the equivalent isotropic
displacement parameter of the atom to which they are bonded (Uiso(H)
= 1.5Ueq(C) for methyl, 1.2Ueq(C) for all others).

Flash Photochemical Procedures. Absorbance changes, ΔA,
occurring on a time scale longer than 10 ns were investigated with a
flash photolysis apparatus described elsewhere.31 In these experiments,
10 ns flashes of 308 nm light were generated with a Lambda Physik SLL
−200 excimer laser. The energy of the laser flash was attenuated to
values equal to or less than 20 mJ/pulse by absorbing some of the laser
light in a filter solution of Ni(ClO4)2 having the desired optical
transmittance, T = It/I0, where I0 and It are, respectively, the intensities
of the light arriving to and transmitted from the filter solution. The
transmittance T = 10−A was routinely calculated by using the
spectrophotometrically measured absorbance A of the filter solution.
A right-angle configuration was used for the pump and the probe beams.
Concentrations of zinc(II) compounds were adjusted to provide
homogeneous concentrations of photogenerated intermediates over
the optical path, l = 1 cm, of the probe beam. To satisfy this optical
condition, solutions were made with an absorbance equal to or less than
0.8 over the 0.2 cm optical path of the pump

The reaction kinetics were investigated by following the absorbance
change at given wavelengths of the spectrum and incorporating those
changes in the dimensionless parameter, ξ = (ΔAinf − At)/(ΔAinf −
ΔA0). In ξ, ΔA0 is the absorbance change at the beginning of the
reaction, ΔAt is determined at an instant t of the reaction, and ΔAinf is
determined at the end of the reaction.32

Time-resolved fluorescence experiments were performed with the
flash photolysis apparatus described above. Unless explicitly stated,
solutions of the Zn complexes and the ligands were deaerated with
streams of ultrahigh-purity N2 for 30 min before and during the
irradiations.

Synthesis of Ligands and Complexes.The precursor 2-chloro-1,10-
phenanthroline (2-Cl-phen) was prepared following the general
procedure described in literature.33,34 The synthetic procedure for L1

is described below, and ligands L2 and L3 (Figure 1) were prepared
under the same protocol varying the aliphatic interphenanthroline
spacer (Supporting Information).

2-Ethoxy-1,10-phenanthroline, L1. NaH (0.55 g, 13.80 mmol) and
anhydrous ethanol (0.28mL, 4.8 mmol) were added to 2-Cl-phen (1.00
g, 4.66 mmol) dissolved in 20 mL of anhydrous DMF. The suspension
was stirred for 15 h at −5 °C and then at room temperature for 1 h. To
remove the excess of NaH, ethanol was added dropwise (2 mL), and
finally cold water (200 mL) was added. The precipitate formed was
filtered and dissolved in CHCl3, and anhydrous Na2SO4 was added to
remove residual water. The solvent was removed at reduced pressure
obtaining a yellow solid, with a yield of 0.87 g, 83%.

1H NMR (400 MHz, CDCl3) δ (ppm): 9.17 (dd, J = 4.1, 1.3 Hz,
1H), 8.23 (dd, J = 8.1, 1.2 Hz, 1H), 8.11 (d, J = 8.7 Hz, 1H), 7.74 (d, J =
8.6Hz, 1H), 7.66 (d, J = 8.7Hz, 1H), 7.58 (dd, J= 8.1, 4.3Hz, 1H), 7.12
(d, J = 8.6Hz, 1H), 4.82 (q, J = 7.1Hz, 2H), 1.51 (t, J = 7.1Hz, 3H). 13C
NMR (101 MHz, CDCl3) δ (ppm): 163.50, 150.38, 145.71, 144.80,
139.30, 136.56, 129.50, 126.72, 125.08, 123.94, 122.79, 114.45, 62.65,
15.00.
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1,2-Bis((1,10-phenanthrolin-2-yl)oxy)ethane, L2. 1H NMR (400
MHz, CDCl3): δ (ppm) 9.17 (dd, J = 4.3, 1.5 Hz, 2H), 8.24 (dd, J = 8.1,
1.5 Hz, 2H), 8.12 (d, J = 8.2 Hz, 2H), 7.76 (d, J = 8.7 Hz, 2H), 7.67 (d, J
= 8.7 Hz, 2H), 7.59 (m, 2H), 7.21 (d, J = 8.7 Hz, 2H), 5.27 (s, 4H). 13C
NMR (101 MHz, CDCl3) δ (ppm): 163.26, 150.33, 145.59, 144.62,
139.41, 136.63, 129.50, 126.72, 125.29, 124.11, 122.86, 114.62, 65.50.
1,2-Bis((1,10-phenanthrolin-2-yl)oxy)propane, L3. 1H NMR (400

MHz, CDCl3): δ (ppm) 9.18 (dd, J = 4.4, 1.5 Hz, 2H), 8.22 (dd, J = 8.1,
1.6 Hz, 2H), 8.08 (d, J = 8.7 Hz, 2H), 7.72 (d, J = 8.7 Hz, 2H), 7.64 (d, J
= 8.7 Hz, 2H), 7.56 (dd, J = 8.1, 4.3 Hz, 2H), 7.14 (d, J = 8.7 Hz, 2H),
5.04 (t, J = 6.2 Hz, 4H), 2.50 (q, J = 6.2 Hz, 2H). 13C NMR (101 MHz,
CDCl3): δ (ppm) 163.14, 149.94, 145.32, 144.39, 138.81, 136.13,
129.09, 126.34, 124.76, 123.52, 122.33, 114.23, 63.44, 28.95.
[Zn(L1)2(ClO4)](ClO4). To 25 mL of an acetonitrile solution of

Zn(ClO4)2·H2O (0.25 g, 0.67 mmol) was added a suspension of 0.31 g
(1.38 mmol) of L1 in a CH2Cl2/CH3CN (30/70) mixture. After 3 h of
constant stirring, the solution was brought to dryness through a rotary
evaporator under reduced pressure. Subsequently, 30 mL of ethyl ether
was added to the obtained solid and stirred 30 min (3×). the diethyl
ether was removed, and a white powder was obtained, with a yield of
89% (0.42 g). Crystals suitable for X-ray diffraction were obtained by
liquid−vapor diffusion of diethyl ether to a solution of the compound in
acetonitrile after one week.

1HNMR (400MHz, CD3CN): δ (ppm) 9.20 (s, 2H), 8.87 (d, J = 7.1
Hz, 2H), 8.78 (d, J = 8.9 Hz, 2H), 8.19 (d, J = 8.9 Hz, 2H), 8.12 (d, J =
9.1 Hz, 2H), 8.10−8.04 (m, 2H), 7.52 (d, J = 8.5 Hz, 2H), 4.00 (s, 4H),
0.47 (s, 6H). 13C NMR (101 MHz, CD3CN) δ (ppm): 163.94, 149.61,
144.53, 141.29, 139.95, 139.73, 130.45, 127.42, 125.80, 124.88, 124.83,
112.05, 66.11, 13.04.
UV−Vis (CH3CN), λ: 224 nm (71 744 cm−1 M−1), 235 nm (54 544

cm−1 M−1), 281 nm (62 909 cm−1 M−1), 301 nm (21 963 cm−1 M−1),
324 nm (5275 cm−1 M−1), 340 nm (4771 cm−1 M−1), 356 nm (2843

cm−1 M−1). Anal. Calcd for {[C28H24ClN4O6Zn]·(ClO4)}: C, 47.18;
H, 3.39; N, 7.86. Found: C, 47.25; H, 3.27; N, 7.68%. ESI-MS+ (m/z,
relative intensity %): 611, [100], corresponding to [Zn(L1)2(ClO4)]

+.
[Zn2(L

2)2(OH2)2](ClO4)4. To a solution of 15 mL of Zn(II)
perchlorate hexahydrate (0.18 g, 0.48 mmol) in a mixture of
CH2Cl2/CH3CN (30/70) was added slowly a suspension of ligand
L2 (0.2 g, 0.48 mmol) in a mixture of CH2Cl2/CH3CN (30/70) in
constant stirring. After 10 min of stirring the mixture turned pale yellow
solution and was stirred for 3 h. The solution was brought to dryness
through a rotary evaporator under reduced pressure, and then 10 mL of
diethyl ether was added and stirred for 30 min and then was removed
(3×), finally getting a pale yellow powder with a yield of 85% (0.29 g).

Colorless blocklike crystals suitable for X-ray diffraction were
obtained by diffusion of diethyl ether vapor to a solution of the zinc
complex in acetonitrile after one week.

1HNMR (400MHz, CD3CN): δ (ppm) 8.76 (dd, J = 4.2, 3 Hz, 4H),
8.71 (dd, J = 8.2, 3.5 Hz, 4H), 8.41 (d, J = 8.9 Hz, 4H), 7.93 (d, J = 8.9
Hz, 4H), 7.90 (d, J = 9.0Hz, 4H), 7.86 (dd, J = 8.2, 5.0 Hz, 4H), 7.29 (d,
J = 8.9 Hz, 4H), 4.79 (d, J = 7.1 Hz, 4H), 4.45 (d, J = 7.1 Hz, 4H). 13C
NMR (101 MHz, CD3CN): δ (ppm) 162.89, 151.13, 144.11, 141.39,
139.93, 139.37, 129.74, 127.49, 125.47, 124.52, 124.28, 111.49, 67.70.

UV−Vis (CH3CN): 223 nm (108 577 M−1 cm−1), 274 nm (82 906
M−1 cm−1), 340 nm (5014 M−1 cm−1), 347 (3439 M−1 cm−1). Anal.
Calcd for {C52H40Cl4N8O22Zn2}·H2O: C, 44.00; H, 2.98; N, 7.89.
Found: C, 43.66; H, 2.64; N, 7.94%. ESI-MS+ (m/z, relative intensity
%) = 581.3, [100], corresponding to {[Zn2(L

2)2](ClO4)2}
2+ (Figure

S1A).
[Zn3(L

3)3(ClO4)2(OH2)2](ClO4)4. To a solution of 10 mL of Zn(II)
perchlorate hexahydrate (0.3 g, 0.69 mmol) in a mixture of CHCl3/
CH3CN (50/50) was slowly added a suspension of L3 (0.3 g, 0.69
mmol) in a mixture of CHCl3/CH3CN (50/50) under constant
stirring. After 10 min, the mixture turned pale yellow, and it was stirred
for 3 h. The solution was brought to dryness through a rotary
evaporator under reduced pressure. A pale yellow powder was obtained
with a yield of 80% (0.38 g).

Crystals suitable for X-ray diffraction were obtained by liquid−vapor
diffusion of diethyl ether into an acetonitrile solution of the complex
after two weeks.

1H NMR (400 MHz, CD3CN): δ (ppm) 9.16 (d, J = 3.9 Hz, 6H),
8.90 (d, J = 9.1 Hz, 6H), 8.75 (d, J = 7.2 Hz, 6H), 8.45 (d, J = 8.9 Hz,
6H), 8.14 (d, J = 8.9 Hz, 6H), 7.98 (dd, J = 8.1, 4.9 Hz, 6H), 5.82 (d, J =
9.2Hz, 6H), 2.16 (m, 6H), 1.35 (m, 6H),−0.69 (d, J = 3.8Hz, 6H). 13C
NMR (101 MHz, CD3CN) δ (ppm) 163.72, 149.63, 141.88, 140.17,
139.42, 139.26, 129.49, 127.25, 125.25, 124.74, 124.47, 112.41, 62.56,
27.03.

UV−Vis (CH3CN): 224 nm (87 095 M−1 cm−1), 275 nm (66 380
M−1 cm−1), 338 nm (6280 M−1 cm−1), 354 (4950 M−1 cm−1). Anal.
Calcd for {C81H64Cl6N12O32Zn3}·4(H2O)·0.5(CH3CN): C, 44.39; H,
3.34; N, 7.89. Found: C, 44.37; H, 3.25; N, 8.05%. ESI-MS+ (m/z,
relative intensity %) = 595.3, [100], corresponding to
{[Zn3(L

3)3(ClO4)2](ClO4)}
3+ (Figure S1B).

Figure 1. Ligands L1, L2, and L3 used in this work.

Figure 2. Molecular structures of (A) [Zn(L1)2(ClO4)](ClO4) and (B) [Zn2(L
2)2(OH2)2](ClO4)4 (M enantiomer). (C) Intramolecular π-π-

interaction and the shortest phenanthroline-phenanthroline distance in angstroms. Hydrogen atoms and counterions are omitted for clarity. Thermal
ellipsoids at 50% probability level.
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■ RESULTS AND DISCUSSION

Solid- and Solution-Phase Characterizations. Ligands
L1, L2, and L3 were prepared by the reaction of 2-Cl-1,10-
phenanthroline with the respective alcohol/alkanediol and
NaH, in DMF as the solvent, following procedures reported in
the literature.33,34 1H and 13C NMR spectra confirmed the
structure and purity of the ligands (Figures S2−S4), and no
further purifications were needed. The syntheses of the Zn(II)
complexes were stoichiometrically controlled, allowing the
reaction of the cation with L1 in a 1:2 molar ratio, while a
molar ratio of 1:1 was used for L2 and L3, in CH2Cl2/CH3CN or
CHCl3/CH3CN mixtures. The three complexes were charac-
terized by elemental analysis, mass spectrometry, UV−vis, NMR
spectroscopies (Figures S5−S12), and single-crystal X-ray
diffraction. These results agree with the proposed structures
for a mononuclear complex [Zn(L1)2(ClO4)](ClO4), a double-
stranded binuclear helicate [Zn2(L

2)2(OH2)2](ClO4)4, and a
triple-stranded circular trinuclear helicate [Zn3(L

3)3(ClO4)2-
(OH2)2](ClO4)4, both in solution and in the solid phase.
Solid-Phase Structure. Colorless crystals of the three

complexes were obtained by slow diffusion of diethyl ether
over acetonitrile solutions of the complexes (crystallographic
information in Table S1).
The monometrallic complex [Zn(L1)2(ClO4)](ClO4) crys-

tallizes as colorless blocklike crystals. There are twomolecules of
the zinc complex and associated perchlorate anions in the unit
cell of the primitive, centrosymmetric, monoclinic space group
P2/n. The cation consists of a zinc center coordinated by four
nitrogen atoms from two ethoxy-phenanthroline ligands L1 and
two oxygen atoms from one coordinated perchlorate, Figure 2A.
The chlorine and zinc atoms lie on the twofold axis at [0.25, y,
0.25], and the second, noncoordinated, perchlorate lies on the
twofold axis at [0.75, y, 0.25]. Thus, only half of each of these
molecules is located in the asymmetric unit.
The Zn−N distances are 2.057 Å for Zn−N(2) and 2.080 Å

for Zn−N(1), while the Zn−Odistances are significantly longer,
2.487 Å, which can be described as interactions in the solid
instead of bonds. The dihedral angle between the phenanthro-
line planes is 67.94 Å, and the resultant hexacoordinated
complex has a highly distorted structure, with hardly any relation
to octahedral geometry.
The bimetallic complex [Zn2(L

2)2(OH2)2](ClO4)4 crystal-
lizes in the orthorhombic system in the Ibam space group. The
unit cell is body-centered and centrosymmetric, containing four
cationic complexes. The bimetallic complex corresponds to a
double-stranded binuclear helicate (Figure 2B), which crystal-
lizes in a racemic form of theM and P enantiomers. Each Zn(II)
center is coordinated by four N-donor atoms from two
independent L2 ligands and one oxygen from a water molecule
as a fifth coordination. The coordinated water forms hydrogen-
bond contacts with oxygen atoms of the disordered perchlorate
counterion.
The Zn−N distances are 2.110 for Zn−N1 and 2.080 Å for

Zn−N2. Zn−O distances are 2.085 Å (Table 1). These values
are within the range of bond distances for similar systems.35 The
τ5 parameter for a pentacoordinate geometry is 0.62 (τ5 = (β −
α)/60; where β and α are the two N−Zn−N largest angles).36

This value is slightly closer to a square-pyramid geometry (τ5 =
0) than to a trigonal bipyramid (τ5 = 1), indicating a high degree
of geometric distortion. Such a structural distortion is
presumably induced by the constrained coordination environ-
ment around the Zn atoms imposed by the intramolecular π-

stacking interaction between the aromatic surfaces of pairs of
phenanthrolines, where the centroid-to-centroid distance is
3.841 Å (Figure 2C).
[Zn3(L

3)3(ClO4)2(OH2)2](ClO4)4 crystallizes in the mono-
clinic crystal system and P21/n space group and crystallizes as
triple-stranded circular trinuclear helicate and as racemic
mixture of the M and P enantiomers, Figure 3.
In the trimer, each Zn(II) atom is coordinated by two

independent L3 ligands, which are wrapped around the three
metallic centers in a circular-helical structure. In the case of
Zn(1) atom, the coordination environment is pseudo-
octahedral, with four coordinated N-donor atoms and two
oxygen atoms, one from a perchlorate anion and the other from a
water molecule. Bond distances are within the range from 2.096
to 2.146 Å for the Zn(1)−N bond, while the perchlorate anion
presents a weak interaction with bond distance Zn(1)−O(9) of
2.458 Å, described as semicoordination bond character,37 while
the Zn(1)−O(7) distance from the water molecule is 2.158 Å.
The bond angles around the metal center are between 79.35

Table 1. Selected Bond Lengths (Å) and Angles (deg) for
[Zn(L1)2(ClO4)]

+, [Zn2(L
2)2(OH2)2](ClO4)4, and

[Zn3(L
3)3(ClO4)2(OH2)2](ClO4)4

[Zn(L1)2(ClO4)]
+

bond distance N(1)−Zn(1)−O(2) 83.54(3)
Zn(1)−N(2) 2.0572(9) N(2)−Zn(1)−N(1) 80.97(4)
Zn(1)−N(1) 2.0802(9) N(1)−Zn(1)−O(2)

#1
81.23(4)

Zn(1)−O(2) 2.4876(11) O(2)−Zn(1)−O(2)
#1

56.03(4)

angles N(2)#1−Zn(1)−
O(2)

147.08(3)

N(2)#1−Zn(1)−
N(2)

117.29(5) N(1)−Zn(1)−N(1)
#1

162.74(6)

N(2)−Zn(1)−N(1)
#1

108.25(4) N(2)−Zn(1)−O(2) 94.55(3)

N(1)−Zn(1)−N(1)
#1

162.74(6)

[Zn2(L
2)2(OH2)2](ClO4)4

bond distance N(2A)−Zn(1)−O(2) 114.90(5)
Zn1−N1 2.1100(17) N2−Zn1−N1A 105.60(7)
Zn1−N2 2.0804(17) N2A−Zn1−N1A 79.85(7)
Zn1−O2 2.0850(2) O2−Zn1−N1A 83.68(5)

angles N2−Zn1−N1 79.85(7)
N(2)−Zn(1)−N(2A) 130.20(9) N2A−Zn1−N1 105.60(7)
N(2)−Zn(1)−O(2) 114.90(5) O2−Zn1−N1 83.68(5)

[Zn3(L
3)3(ClO4)2(OH2)2](ClO4)4

bond distance Zn(1)−O(9) 2.458(4)
Zn(1)−N(5) 2.096(5) Zn(3)−O(13) 2.421(7)
Zn(1)−N(2) 2.104(4) angles
Zn(1)−N(1) 2.103(5) N(1)−Zn(1)−N(2) 80.05(18)
Zn(1)−N(6) 2.146(5) N(5)−Zn(1)−N(6) 79.35(19)
Zn(2)−N(9) 2.071(5) N(9)−Zn(2)−N(10) 80.0(2)
Zn(2)−N(4) 2.097(5) N(3)−Zn(2)−N(4) 80.15(19)
Zn(2)−N(3) 2.082(5) N(7)−Zn(3)−N(8) 80.90(19)
Zn(2)−N(10) 2.142(5) N(11)−Zn(3)−

N(12)
80.2(2)

Zn(3)−N(11) 2.076(5) N(2)−Zn(1)−O(7) 97.52(18)
Zn(3)−N(8) 2.089(5) O(7)−Zn(1)−O(9) 85.0(2)
Zn(3)−N(7) 2.034(5) N(9)−Zn(2)−O(8) 89.81(19)
Zn(3)−N(12) 2.078(5) N(4)−Zn(2)−O(8) 83.59(19)
Zn(1)−O(7) 2.158(5) N(8)−Zn(3)−O(13) 135.9(2)
Zn(2)−O(8) 2.150(4) N(12)−Zn(3)−

O(13)
92.6(2)
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(N(5)−Zn(1)−N(6)) and 110.77° (N(2)−Zn(1)−N(5)),
showing significant deviation from octahedral geometry. The
Zn(2) metal center presents a pentacoordinated environment,
with a fifth coordination corresponding to a water molecule. The
bond distances for Zn(2)−N4 are between 2.071 and 2.142 Å,
and for Zn(2)−O(8) it has a value of 2.150 Å. The τ5 value of
∼0.03 indicates a very closed square-based pyramidal geometry
in the coordination around the metal center.
Finally, for Zn(3), the bond distances between Zn(3)−N are

in the range of 2.034−2.089 Å, with shorter Zn−N bond
distances compared to the other two metal centers. The fifth
coordination is completed by a weak interaction with an oxygen
atom from a perchlorate anion, with a bond distance Zn(3)−

O(13) of 2.421 Å. Interestingly, this perchlorate anion is located
inside the cavity formed by the supramolecular structure. Such
interactions have been reported to be capable of directing the
formation of metallo-supramolecular architectures in the self-
assembly process.38 The value of τ5 for Zn(3) is 0.41, indicating
a square-based pyramidal coordination geometry, but with a
greater distortion compared to Zn(2).
It is interesting to note that an increase in the number of

methylene units of the spacer, from two in L2 to three in L3,
yields a triple-stranded trimetallic helicate, [Zn3(L

3)3(ClO4)2-
(OH)2](ClO4)4, rather than another supramolecular structure
such as linear helicate or a mesocate. The formation of a
binuclear meso complex should be expected with L3 according
to the odd−even rule.21 However, the contrast in the nuclearity
of both helicates can be ascribed to differences in the length of
the linker. Thus, the short-spaced ligand L2 leaves the
phenanthro l ine moiet ies o f ad jacent s t rands in
[Zn2(L

2)2(OH2)2](ClO4)4 at distances where π-π-interactions
can add an important stabilizing effect upon the helical assembly
of the complex (3.841 Å). Such intramolecular π-stacking is
observed in pairs for the four phenanthroline moieties, given the
symmetry and the inversion center of the molecule, thereby
increasing the stability in the dimer conformation by non-
covalent interactions.
As we recently reported,23 intramolecular noncovalent

interactions are of major importance in the formation of helical
complexes, and they can play a stabilizing role as important as
other previously enunciated rules for the formation of helicates,
that is, the odd−even rule. Consequently, the addition of an

Figure 3. Molecular structure of the P-[Zn3(L
3)3(ClO4)2(OH2)2]

4+

enantiomer. The ligands were highlighted, and hydrogen atoms and
counterions were omitted for clarity. Thermal ellipsoids at 50%
probability level.

Figure 4. 1H NMR spectra of (A) [Zn(L1)2(ClO4)]
+, (B) [Zn2(L

2)2(OH2)2]
4+, and (C) [Zn3(L

3)3(ClO4)2(OH2)2]
4+ in CD3CN at 300 K.
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extra methylene in L3 slightly increases the distance where the
phenanthrolines could stack, and the trimetallic helicate formed
lacks such noncovalent interactions.
Although intramolecular π−π interactions are not observed in

the trinuclear system, the analysis of the crystal structure reveals
the existence of noncovalent CH−π interactions, which would
give stability to the supramolecular architecture. A total of six
CH−π interactions are observed between the hydrogen atoms
attached to the oxygen-adjacent carbon atom in the bridge, with
a CH−π(centroid) distance in the range of 2.2−2.5 Å, shorter than
the sum of the van der Waals radii of the interacting C−H atoms
(2.90 Å). These noncovalent interactions have been proposed as
interaction forces that stabilize similar systems in the self-
assembly process.39−43

Solution-Phase Structure. The 1H NMR spectra of [Zn-
(L1)2(ClO4)]

+, [Zn2(L
2)2(OH2)2]

4+, and [Zn3(L
3)3-

(ClO4)2(OH2)2]
4+ show the characteristic aromatic signals of

monosubstituted phenanthrolines at the ortho position from one
nitrogen atom (Figure 4). For the three complexes, the proton
signals appear displaced with respect to the same protons in the
free ligands (Figures S2−S4), because of the electronic effects
caused by coordination to the metal.
On the basis of the diastereotopic behavior of the aliphatic

protons in the spacers, it can be initially proposed that the helical
conformation is preserved in solution, both for dimer and trimer.
This behavior arises from the folding of the ligand strands
wrapping the zinc atoms, where two protons from the same
carbon atom result in different chemical environments as a
consequence of the helicity of the complex. For [Zn2(L

2)2-
(OH2)2]

4+, two pseudo-doublet signals are observed at 4.79 and
4.45 ppm, while in the free L2 only one singlet signal is observed
at 5.27 ppm. For [Zn3(L

3)3(ClO4)2(OH2)2]
4+ three signals

corresponding to the protons of the spacer are observed at 2.16,
1.35, and −0.69 ppm, while only two signals are observed in the
1H NMR spectra of L3 at 5.04 and 2.50 ppm (Figures S2−S4,
S11, and S12).
In the trimetallic helicate, the large difference in the chemical

shift of the aliphatic protons compared to the free ligand L3,
including negative chemical shift values (−0.69 ppm), is due to
those protons lying in the strongly shielded region between two
phenanthroline fragments.
Further evidence for the conservation of the helical

conformation in solution results from the nuclear Overhauser
effect spectroscopy (NOESY) spectra for both complexes. For
[Zn2(L

2)2(OH2)2]
4+, the coupling between nonvicinal aromatic

protons (Figure S9) can be explained by the short-distance

interaction between two phenanthroline moieties from adjacent
strands of ligands, which is observed in the solid structure of the
complex.
In the trimer, the NOESY spectrum reveals two features that

converge to the same conformation either in solid or solution
(Figure S12): First, a weak coupling of the high-field shifted
aliphatic proton (−0.69 ppm) with a set of aromatic protons
from an adjacent phenanthroline (H7−H9), which also explains
the negative chemical shift value observed. Second, the
interaction between the nonvicinal protons H3 and H5, which
is only possible if they belong to two different phenanthroline
units. Both characteristics can be visualized in the crystal
structure of the trimetallic helicate, and by correlation of
information from both phases it can be assumed that the
complex preserves its helical conformation in solution.
It must also be noted that only one set of resonances is

observed in the NMR spectra of the trimetallic complex. This is
in contrast to what is expected from the crystallographic
information, where the Zn centers have differences in their
coordinative environments. Considering that these differences
arise from the presence of water or perchlorate as ligands in the
solid, it is reasonable to suggest that, in solution, the solvent
could be coordinating to the metal centers, which is possible in
the case of acetonitrile. In this case, the trimetallic complex
should be close to a D3 symmetry in acetonitrile as solvent,
which explains the single set of resonances observed.

Photophysical Characterization in Solution Phase.
Since Zn(II) has a d10 closed-shell electronic configuration, no
d-d metal-centered transitions are possible, but electronic states
with π-π* character or with metal-to-ligand charge-transfer
(MLCT) character can contribute to the electronic absorption
spectrum. In the d10 Cu(I) polypyridine complexes, suchMLCT
transitions are observed at λmax ≈ 450 nm. Considering the
different charge and differences in redox potentials of the Zn(II)
and Cu(II)metal centers, it can be anticipated that two relatively
weak bands at λ ≈ 350 nm in the absorption spectrum of the Zn
complexes, Figure 5a, have the MLCT character.44

The ligands and their metallic complexes luminesce in
deaerated ACN solutions at 298 K when they are irradiated at
the maximum of their excitation bands (λex = 271−277 nm),
Figures 5b and 5c. In the absorption spectrum, this is the region
of wavelengths associated with intraligand (IL) electronic
transitions, Table 2 and Figures 5 and 6. Time-resolved
measurements of the fast luminescence could not be made,
because the decay of the emission was faster than the time
response of our instrument, that is, emission lifetimes τ ≤ 1 ns.

Figure 5. (a) Electronic spectra of [Zn(L1)2(ClO4)]
+ (black), [Zn2(L

2)2(OH2)2]
4+ (blue), and [Zn3(L

3)3(ClO4)2(OH2)2]
4+ (red). (b) Excitation

(dotted line) and emission spectra (solid line) of [Zn(L1)2(ClO4)]
+ (black), [Zn2(L

2)2(OH2)2]
4+ (blue), and [Zn3(L

3)3(ClO4)2(OH2)2]
4+ (red). (c)

Excitation (dotted line) and emission (solid line) spectra of ligands L1−3 studied in this work. The emission spectra were recorded irradiating at the
wavelength of the maximum in the excitation spectra, λex ≈ 274 nm for the complexes and λex = 272 nm for the ligands, at 298 K in acetonitrile.
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The emission maxima of both bi- and trimetallic helicates at
λmax = 423 and 387 nm are broader and red-shifted in
comparison to the free ligands, Figure 5b,c, while their excitation
spectra are almost identical. These experimental observations
are accounted for in differences between the nuclear
configurations of the ground and excited states, for example,
of L2 and [Zn2(L

2)2(OH2)2]
4+. The relative positions of the

potential surfaces of excited states that account for these
observations are shown in Figure 6. While the parameter λX
measures the nuclear distortion with respect to the ground state,
the parameter ΔEx , x = [Zn2(L

2)2(OH2)2]
4+, L2 ,

[Zn3(L
3)3(ClO4)2(OH2)2]

4+ or L3, gives a measure of the
energy gap separating the low-lying excited and ground states. If
the nuclear configurations of the L2 and [Zn2(L

2)2(OH2)2]
4+

dictate the features of the emission and excitation spectra, they
must satisfy λL2 < λ[Zn2(L2)2(OH2)2]

4+ relative to the ground
state. Moreover, bands with λmax 340 and 360 nm in the
absorption spectrum show also in the excitation spectra at nearly
the same wavelengths. This observation suggests that the
electronic transitions associated with the λmax 340 and 360 nm
bands are not fully allowed transitions, which can be related to
long-lived excited states with some metal orbital contributions,
as discussed in the next section.
The trimetallic helicate [Zn3(L

3)3(ClO4)2(OH2)2]
4+ has an

emission maximum at 387 nm, that is, at a lower energy than the
emission band of the free ligand L3, where λmax = 371 nm, but at
a higher energy than the [Zn2(L

2)2(OH2)2]
4+. Differences

between the photophysical properties of [Zn2(L
2)2(OH2)2]

4+

and [Zn3(L
3)3(ClO4)2(OH2)2]

4+ can be attributed therefore to
the π-π stacking present both in solution phase and the crystal
structure of [Zn2(L

2)2(OH2)2]
4+. Moreover, a comparison of

the distortions made in Figure 6 for [Zn2(L
2)2(OH2)2]

4+ and L2

is also valid for [Zn3(L
3)3(ClO4)2(OH2)2]

4+ and L3. Namely,
the condition λL3 < λ[Zn3(L

3)3(ClO4)2(OH2)2](ClO4)4
accounts for the photophysical differences noted above. These
effects are also manifested in the emission quantum yields. For
[Zn2(L

2)2(OH2)2]
4+ the calculated quantum yield,Φ = 0.019, is

smaller than the value obtained for the free ligand L2,Φ = 0.026.
Instead the [Zn3(L

3)3(ClO4)2(OH2)2]
4+ trimer has a larger

Table 2. Values of the Maximum of Emission (λemi) and
Excitation (λex) Bands

a

compound λex, nm λemi, nm Φemi

L1 272 371 0.027
[Zn(L1)2(ClO4)]

+ 277 370 0.049
L2 271 370 0.026
[Zn2(L

2)2(OH2)2]
4+ 274 423 0.019

L3 272 371 0.021
[Zn3(L

3)3(ClO4)2(OH2)2]
4+ 276 387 0.031

aValues of the maximum of emission (λemi) and excitation (λex) bands
in acetonitrile, and quantum yield of complexes and ligands. The
quantum yield was calculated with 2-aminopyridine in 0.05 M H2SO4
solution (Φemi = 0.60).

Figure 6. Idealized potential surfaces of the ground and excited states of
L2 (red) and [Zn2(L

2)2(OH2)2]
4+ (blue) λX gages the distortion

from the ground-state nuclear configuration. EX is the energy of the
electronic states Si, i = 0, 1, 2, 3, and S1 is the excited state responsible of
the fast luminescence. Two gray, dashed line, potential surfaces are
associated with the absorption bands at λ≈ 350 nm shown in Figure 5a
and are responsible for the slow emission reported in the next section.

Figure 7. Decay of the spectrum generated when [Zn3(L
3)3(ClO4)2(OH2)2]

4+ in ACN (left) is irradiated at 308 nm. The decay of the spectrum is
kinetically of a first order in ΔA. The trace and the linear logarithmic fitting is shown in the figure (right).
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quantum yield than the quantum yield of the free ligand, 0.031
and 0.021, respectively. This observation suggests that different
contributions from the disparate structures of the complexes and
ligands affect the values of ΔEx. On the basis of the values
reported in Table 2, the excited-state energy gaps can be
expected to be in the order ΔE[Zn2(L2)2(OH2)2]

4+ <
ΔE[Zn3(L3)3(ClO4)2(OH2)2]

4+ < ΔE[Zn(L1)2(ClO4)]
+ ≈

ΔEL1 ≈ ΔEL2 ≈ ΔEL3.
Time-Resolved Studies in Solution Phase. The flash

photolysis technique was used to gain a deeper understanding of
the photophysical and photochemical processes in solution
phase. Although there are many similarities in behavior for the
three complexes, for ease of understanding, the work done with
each Zn complex is presented individually.
[Zn3(L

3)3(ClO4)2(OH2)2]
4+. When a deaerated solution of

[Zn3(L
3)3(ClO4)2(OH2)2]

4+ in ACN was irradiated at 308 nm,
a transient with the spectrum shown in Figure 7, left side, was
formed within the laser flash. A bleach at λob = 425−365 nm is
coincident with the fast luminescence, t ≪ 27 ns, observed in
steady-state fluorescence and flash-fluorescence experiments.
The longer-lived transient spectrum, with t ≥ 80 ns in Figure 7,
can be assigned to long-lived excited states, ([Zn3(L

3)3(ClO4)2-
(OH2)2]

4+)longlvd*.
An analysis of the spectrum decay showed that it takes place

with first-order kinetics and that the rate constant has a small but
significant dependence in λob, Figure 7. This dependence can be
explained by the presence of two photogenerated transients, that
is, two nonradiative excited states, decaying with slightly
different rate constants. Moreover, given that the ([Zn3(L

3)3-
(ClO4)2(OH2)2]

4+)longlvd* excited states have a longer lifetime
than those responsible for the emission detected in the steady-
state luminescence experiments, Figure 5, it implies that the fast-
em i t t i n g e x c i t e d s t a t e s a n d t h e ( [Zn 3 (L

3 ) 3 -
(ClO4)2(OH2)2]

4+)longlvd* excited states are populated through
parallel paths from a higher-energy excited state.
The role of the metal−ligand interactions and the

participation of 3d orbitals in the photophysical processes of
Zn-polypyridine complexes has been previously studied.45−47

Although the contribution of Zn in photoprocesses is considered
not significant, in this work, we take into account the possibility
that the HOMOs are ligand orbitals with some metal
contribution, that is, (d-Li), i = 2, 3, while the LUMO is almost
a pure π* ligand orbital. There are then two possible types of
excited states, that is, two manifolds, namely, (d-Li)π L

i*-type
excited states with some charge transfer character and higher-
energy πL

iπL
i*-type excited states.

In aerated solutions, the spectrum of ([Zn3(L
3)3-

(ClO4)2(OH2)2]
4+)longlvd* evolves rapidly into the spectrum of

an unstable product. The decay of this product was followed at
several wavelengths. The traces showed the decay of the
product’s spectrum with second-order kinetics, that is, 1/ξ(t)
has a linear dependence on time as it is illustrated in Figure 8.
A fast electron transfer quenching producing the reaction

products O2·
− and [Zn3(L

3)3(ClO4)2(OH2)2]
5+ followed by a

slower back electron transfer account for a the second-order
decay kinetics, eqs 1 and 2.

[ ] * +

→ [ ] + ·

+

+ −

L

L

( Zn ( ) (ClO ) (OH ) ) O

Zn ( ) (ClO ) (OH ) O

3
3

3 4 2 2 2
4

longlvd 2

3
3

3 4 2 2 2
5

2 (1)

[ ] + ·

→ [ ] +

+ −

+

L

L

Zn ( ) (ClO ) (OH ) O

Zn ( ) (ClO ) (OH ) O
3

3
3 4 2 2 2

5
2

3
3

3 4 2 2 2
4

2 (2)

T h i s b e h a v i o r s u g g e s t s t h a t ( [ Z n 3 ( L
3 ) 3 -

(ClO4)2(OH2)2]
4+)longlvd* is able to participate in redox

r e a c t i o n s . T o v e r i f y t h a t t h e ( [ Z n 3 ( L
3 ) 3 -

(ClO4)2(OH2)2]
4+)longlvd* excited states participate in such

processes, the complex was irradiated in a solution containing 8
× 10−4 to 3 × 10−3 M methylviologen, MV(ClO4)2. Reaction of
MV2+ with ([Zn3(L

3)3(ClO4)2(OH2)2]
4+)longlvd* produce the

spectrum of the radical cation MV·+, Figure 9, via a complex
mechanism. The formation of the MV·+ occurs in two steps.

Figure 8. Linear plot showing the transient observed when O2 reacts
with ([Zn3(L

3)3(ClO4)2(OH2)2]
4+)longlvd*with a second-order kinetics

on ΔA. (inset) The corresponding trace.

F i g u r e 9 . T r a n s i e n t s p e c t r u m r e c o r d e d w h e n
([Zn3(L

3)3(ClO4)2(OH2)2]
4+)longlvd* reacts with MV2+.
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First, an intermediate (λmax≈ 583 nm) is formed, Figure 10 (left
side). A log plot of ξ(t) versus time is linearly dependent on the
reaction time; that is, it is kinetically first-order, Figure 10 (left
side), and has a rate constant k = 2.4× 105 s−1. TheMV·+ (λmax≈
609 nm) that is formed decays by a process that is kinetically
second-order, that is, with t1/2 = 1/ksoC0 = 31.8 μs, Figure 10
(right).
One reasonable explanation is that the intermediate is an

exciplex of MV2+ with ([Zn3(L
3)3(ClO4)2(OH2)2]

4+)longlvd*
excited states, eqs 3−5.

λ

[ ] * +

→ { [ ] − · }*

≈

+ +

+ +

L

L

( Zn ( ) (ClO ) (OH ) ) MV
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3
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3 4 2 2 2
4 2
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Alternatively, irradiation of a ground-state adduct, that is,
{[Zn3(L

3)3(ClO4)2(OH2)2]
4+···MV2+}, also provides an ex-

planation of the spectroscopic changes, eqs 6−8. Such a ground-
state adduct as well as the exciplex can be stabilized by π-π
interactions.

ν

λ
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3
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3
3
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However, note that the spectra of solutions containing both
[Zn3(L

3)(ClO4)2(OH2)2]
4+ andMV2+ closely resemble the sum

of the respective [Zn3(L
3)3(ClO4)2(OH2)2]

4+ and MV2+

spectra, Figures S13 and S14, discounting the presence of the

Figure 10. Growth of the MV·+ spectrum (left). The rate of decay of the MV·+ radical (right) has a second-order dependence on its concentration.
(inset) The fitting of the second-order function to the corresponding trace.

Figure 11. Time-resolved spectroscopic changes occurring in short (left) and long (right) time scales when ([Zn3(L
3)3(ClO4)2(OH2)2]

4+)longlvd*
reacts with 2-propanol.
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{[Zn3(L
3)3(ClO4)2(OH2)2]

4+···MV2+} adduct and lending
support to the exciplex-mediated process, eqs 3−5.
The redox potentials of the couples CH3C·

+OHCH3/
CH3CHOHCH3 (≤0.8 V) and CH3CH·+OH/CH3CH2OH
(∼0.95 V) and the raw estimated potential of [Zn3(L

3)3-
(ClO4)2(OH2)2]

4+ (0.83 V) suggested that the oxidation of 2-
propanol will be possible, while that of ethanol might not occur.
To study the possible reductive quenching of ([Zn3(L

3)3-
(ClO4)2(OH2)2]

4+)longlvd*, [Zn3(L
3)3(ClO4)2(OH2)2]

4+ was
flash-irradiated in an ACN solution containing 1.3 or 2.1 M 2-
propanol. Transient spectra recorded at times t < 70 ns, Figure
11 (left), have, except for a weakened 338 nm fast luminescence,
a noticeable resemblance with the spectra in Figure 7.
On a longer time scale, the decay of the spectrum is

accompanied by the appearance of an absorption band at λmax ≈
370 nm, before the spectrum of the [Zn3(L

3)3-
(ClO4)2(OH2)2]

4+ is completely recovered at t > 0.1 ms, Figure
11 (right). These final spectroscopic changes are attributed to
the back electron transfer of the reduction products [Zn3(L

3)3-
(ClO4)2(OH2)2]·

3+ and (CH3)2C·OH via an inner-sphere
mechanism, eqs 9−11.
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Under pseudo-first-order conditions, the rate constants
calculated for the formation of [Zn3(L

3)3(ClO4)2(OH2)2]·
3+

are kpfo = 2.09 × 107 s−1 (λmon = 500 nm, [2-propanol] = 2.1 M)
and kpfo = 1.09× 107 s−1 (λmon = 500 nm, [2-propanol] = 1.3M).
The values of kpfo correspond to a second-order rate constant kso
= 9.1 × 106 M−1 s−1. The decay of the [Zn3(L

3)3-
(ClO4)2(OH2)2]·

3+ spectrum was followed at 350 nm. A value
for the quotient of the rate constant and the extinction
coefficient, kso/ε = 6.6 × 104 cm s−1, was calculated from a
linear plot of 1/ξ versus t for an initial absorbance changeΔAt=0
= 0.187 at λmon = 350 nm.
[Zn2(L

2)2(OH2)2]
4+. Flash irradiation of [Zn2(L

2)2(OH2)2]
4+

at λirr = 308 nm causes the growth of a transient spectrum that is
attributed to long-lived excited states, ([Zn2(L

2)2-
(OH2)2]

4+)longlvd*, Figure 12.
The rate of formation of ([Zn2(L

2)2(OH2)2]
4+)longlvd* is

slower than the rate of formation of the ([Zn3(L
3)3-

(ClO4)2(OH2)2]
4+)longlvd* shown in Figure 7. Subsequent

spectroscopic transformations, that is, the appearance of a
band at∼490 nm and a hypsochromic shift of the band from λmax
≈ 580 nm to λmax ≈ 560 nm, are observed in a 102 ns time
domain, Figure 12. The spectroscopic transformations corre-
spond to the formation of a transient species ExS. This species
(ExS) can be either another excited state, for example, the triplet
state, or an intermediate formed by a nuclear reorganization of
([Zn2(L

2)2(OH2)2]
4+)longlvd*. The formation of ExS is kineti-

cally first-order, as in an equilibrium relaxation, and oscillo-

graphic traces were fitted to a single exponential with τ1 = 48.3
ns, that is, a rate constant k = (2.07 ± 0.03) × 107 s−1. Since the
decay of ([Zn2(L

2)2(OH2)2]
4+)longlvd* is much slower than the

fast luminescence with τ < 27 ns, such a fast luminescence
cannot be associated with the decay of the ([Zn2(L

2)2-
(OH2)2]

4+)longlvd*. In addition, oscillographic traces showing
the transformation of the ([Zn2(L

2)2(OH2)2]
4+)longlvd* spec-

trum to the spectrum of [Zn2(L
2)2(OH2)2]

4+ could not to be
properly fitted to a single exponential. However, they were fit to
a biexponential with positive pre-exponential values, Figure 13.
The kinetics of the spectroscopic changes are accounted for

by a fast reaction followed by two slower reactions, eqs 12 and
13.

τ

τ μ τ μ

[ ] * =

= ↓ ↓ =

+ FL( Zn ( ) (OH ) ) ExS (formation with 48.3 ns)

( 1.37 s) ( 10.73 s)

2
2

2 2 2
4

longlvd 1

2 3

(12)

[ ] +LZn ( ) (OH )2
2

2 2 2
4

(13)

Like the ([Zn3(L
3)3(ClO4)2(OH2)2]

4+)longlvd*, the
([Zn2(L

2)2(OH2)2]
4+)longlvd* undergoes an oxidative electron

transfer reaction with MV2+.
Flash irradiation of [Zn2(L

2)2(OH2)2]
4+ solutions in

deaerated ACN containing 5 × 10−4 to 3 × 10−3 M MV2+

produce a transient absorption spectrum showing negative
values of ΔA in the 340−540 nm wavelength range at times t <
125 ns, Figure 14, left. The negative values of ΔA in this
wavelength region cannot be explained in terms of a bleach of
the solution spectrum. Flash fluorescence experiments showed
that they are a consequence of a slowly emitted luminescence
convoluted with the transient spectrum of ([Zn2(L

2)2-
(OH2)2]

4+)longlvd*, Figure 14, right.
The decay of the emission is kinetically of a first order, and

oscillographic traces, λ = 500 nm, were fitted to an exponential
function with a rate constant kem = (1.87 ± 0.02) × 107 s−1. The
decay of the absorption spectrum, shown in Figure 14, was
followed at λob = 620 nm and λob = 390 nm, where oscillographic
traces recorded at these wavelengths are kinetically second-
order with k/ε = (5.4 ± 0.02) × 104 cm s−1 at 620 nm. A
mechanism, eqs 14−18, involving an electronically excited

Figure 12. Transient spectrum photogenerated when
[Zn2(L

2)2(OH2)2]
4+ in ACN is irradiated at λirr = 308 nm.
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adduct, {([Zn2(L
2)2(OH2)2]

4+)···MV2+}*, accounts for the
experimental observations.
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→ { [ ] ··· }

+ +
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Changes in the absorption and emission spectra of
[Zn2(L

2)2(OH2)2]
4+ when MV2+ is present, Figures S13 and

S14, show that a {([Zn2(L
2)2(OH2)2]

4+)···MV2+} ground-state
adduct is formed.
On the basis of the redox potentials communicated above for

t h e r e a c t i on o f 2 - p r op ano l w i t h ( [Zn 3 (L
3 ) 3 -

(ClO4)2(OH2)2]
4+)longlvd*, the reductive quenching of ([Zn2-

(L2)2(OH2)2]
4+)longlvd* was investigated under similar exper-

imental conditions. A comparison of the spectra recorded when
2-propanol is present in the ([Zn2(L

2)2(OH2)2]
4+)longlvd*

solution, Figure 15, and when it is not, Figure 13, shows a
bathochromic shift of 25 nm in the former medium.

Figure 13. Decay of the ([Zn2(L
2)2(OH2)2]

4+)longlvd* transient spectrum in ACN (left) and the fitted biexponential decay (right and red line).
Parameters of the two exponentials are shown in the figure.

Figure 14. (left) Transient spectrum generated when [Zn2(L
2)2(OH2)2]

4+ reacts with 3 × 10−3 M MV2+. Emission from the sample gives rise to a
wavelength region whereΔA < 0. (right) Decay of the flash fluorescence recorded when a [Zn2(L

2)2(OH2)2]
4+ solution containing 3× 10−3MMV2+is

flash irradiated at 308 nm.
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In addition, the biexponential decay of the transient spectrum
in the absence of 2-propanol was replaced by a process that is
kinetically first-order in the 2-propanol-containing medium.
From the slope of the linear plot, ln(ξ) versus t, the rate constant,
calculated following the decay ofΔA at λob = 480 nm, is k = 6.9×
105 s−1. The reaction of 2-propanol with ([Zn2(L

2)2-
(OH2)2]

4+)longlvd* occurs in a time scale close to the conversion
of ([Zn2(L

2)2(OH2)2]
4+)longlvd* to ExS, and during this period a

new absorption feature appears. This observation shows that a
new species, that is, a [Zn2(L

2)2(OH2)2−(CH3)2COH]·3+

adduct that is formed during the decay of the spectrum,
mediates the electron transfer process and that its dissociation is
the rate-controlling process, Scheme I.

[Zn(L1)2(ClO4)]
+. Irradiation at 308 nm of a deaerated

[Zn(L1)2(ClO4)]
+ solution in ACN gives rise to a transient

spectrum that decays via a process that is kinetically first-order in
transient concentration, Figure 16.
By comparison to the experimental observations made with

[Zn3(L
3)3(ClO4)2(OH2)2]

4+ and [Zn2(L
2)2(OH2)2]

4+, the
transient can be characterized as a long-lived excited state and
labeled ([Zn(L1)2(ClO4)]

+)longlvd*. A rate constant k = 2.46 ×
104 s−1 was calculated from fitting to an exponential function
traces showing the absorbance decay. A comparison between the

spectrum of ([Zn(L1)2(ClO4)]
+)longlvd* and ([Zn3(L

3)3-
(ClO4)2(OH2)2]

4+)longlvd*, Figure 7, shows that the spectrum
of the former is weaker and exhibits some different spectroscopic
features. Namely, the ratio of the 340 to 540 nm absorbance is
ΔA340/ΔA540 = 1.23 in the spectrum of ([Zn3(L

3)3-
(ClO4)2(OH2)2]

4+)longlvd*, while it is ΔA340/ΔA540 = 6.67 in
the ([Zn(L1)2(ClO4)]

+)longlvd* spectrum. In addition, no bleach
at 390 nm is observed in the spectrum of the latter.
The reaction of ([Zn(L1)2(ClO4)]

+)longlvd* with MV2+ was
studied by flash irradiating a deaerated solution of [Zn-
(L1)2(ClO4)]

+ containing 5 × 10−4 to 3 × 10−3 M MV2+,
Figure 17.
At times t ≤ 1.5 μs, a species absorbing in the λ > 390 nm

wavelength region has, on the basis of the observations made
with [Zn3(L

3)3(ClO4)2(OH2)2]
4+ and [Zn2(L

2)2(OH2)2]
4+, the

expected features of a {([Zn(L1)2(ClO4)]·)−MV·+} adduct. At
longer times, for example, t ≈ 7.8 μs, the spectrum of MV·+ is

Figure 15. Spectra photogenerated when 1.3M 2-propanol is present in
the solution of ([Zn2(L

2)2(OH2)2]
4+)longlvd*.

Scheme I

Figure 16.Decay of the ([Zn(L1)2(ClO4)]
+)longlvd* transient spectrum

photogenerated when a solution of [Zn(L1)2(ClO4)]
+ in ACN was

irradiated at 308 nm.

Figure 17. Spectroscopic changes accompanying the reaction of
([Zn(L1)2(ClO4)]

+)longlvd* with 3 × 10−3 M MV2+.
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well-defined, and the MV·+ decay is observed at times even
longer.
Fitting of the traces to an exponential function when the

reaction was run under a pseudo-first-order regime gives the
reaction rate constant kpfo = 3.04 × 105 s−1. The kpfo constant
corresponds to a reaction that is kinetically of a second order, k
≈ 3.5× 108M−1 s−1, and that is slower than one with a diffusion-
controlled rate. Moreover, the MV·+ decays later via a back-
electron transfer process. This back-electron transfer process is
kinetically of a second order with k/ε = (1.41 ± 0.03) × 104 cm
s−1 (ΔA0 = 1.68 × 10−2) at λob = 370 nm. Finally, a summary of
the rate constants for the monometallic complex, the bimetallic,
and the trimetallic helicates is presented in Table 3.

■ CONCLUSIONS
Three novel zinc(II) complexes have been prepared with
phenanthroline-derived ligands as building blocks. A mono-
nuclear bis-complex is formed with the bidentate ligand, 2-
ethoxy-1,10-phenanthroline, L1. A bis-binuclear helicate com-
plex is formed when two phenanthrolines are linked by a four-
member spacer, L2, and a tris-trinuclear circular helicate
complex is formed when the two phenanthrolines are linked
by a five-member spacer, L3. Geometry at the zinc center varies
between five-coordinate and six-coordinate with four Zn−N
bonds in the range of 2.04−2.09 Å and additional coordination
from water or ClO4

−.
The even-number spacer, L2, promotes formation of a

bimetallic helicate through efficiently stacked π-π-interactions
of phenanthroline units on adjacent strands that stabilize the
helical structure of the dimeric complex. The addition of an extra
methylene in L3 increases the distance between where the
phenanthrolines can stack, and the trimetallic helicate formed
lacks such interactions. Instead, the analysis of the crystal
structure reveals the existence of CH−π noncovalent
interactions, which give stability to the circular supramolecular
architecture. Thus, both nuclearity and shape are defined by
small variations in linker length and noncovalent interactions to

produce large differences in the supramolecular structures that
are obtained. The conservation of the helical conformation for
the dimer and trimer in solution was confirmed by the
diastereotopic behavior of the aliphatic protons in the spacers,
observed by NMR.
All three complexes show emission spectra when excited

around 270 nm with the emission of the binuclear helicate
significantly red-shifted compared with the monomer and
trimer. Longer-lived excited states are formed with all three
complexes when irradiated at 308 nm in acetonitrile solution.
These long-lived excited states participate in oxidation of 2-
propanol to give the corresponding radical and in reduction of
methylviologen,MV2+, to formMV·+. While the overall behavior
of the three complexes is similar, details vary. For example, the
bimetallic helicate is able to form a ground-state adduct with
methyl viologen, while the trimer reaches the excited state to
form an exciplex with methyl viologen. These varying details are
attributed to the intrinsic structural features of the complexes.
That is, a structure that, in the bimetallic complex, stabilizes a
MV2+−[Zn2(L2)2(OH2)2]

4+ ground-state adduct through π−π
interactions. Such interactions must be too weak in [Zn3(L

3)3-
(ClO4)2(OH2)2]

4+ to stabilize a ground-state adduct but are
sufficiently strong in the excited state as to lead to the exciplex
formation.
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