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Mononuclear and dinuclear zinc(II) and cadmium(II) complexes, [ZnLCl2] (1) and [Cd2L2Cl4] (2), with a
chiral pentacyclic dihydrophenanthroline ligand L bearing a natural monoterpene (–)-a-pinene fragment
were synthesized. DFT calculations of the specific rotation [a] and an NMR study show that the molecules
of ligand L, complex 1 and the monomeric form of complex 2 exist in CDCl3 solutions with the P-helix
conformation for the dihydrophenanthroline moiety. The dihydrophenanthroline fragments of L and
mononuclear complex 1 also exists as a P-helix in the solid state, whereas the crystalline dinuclear
complex 2 exists as an asymmetric dimer, [Cd2Cl4L

PLM], where LP and LM are the ligand with P-helix
and M-helix conformations of the dihydrophenanthroline fragment respectively. Full sets of photophys-
ical parameters for L and complexes 1 and 2 have been determined. Compounds L, 1 and 2 display blue
luminescence (kmax = 427, 405 and 415 nm in the solid state, respectively). The ligand L and complex 2
show moderate-to high quantum yields of 44% and 24%, respectively. The quantum yield for complex
1 is 6%. The emission lifetimes increase on going along the spectrum of luminescence, and in the deep
red region, a rise of luminescence with times of 200–500 ps is observed. These processes can be explained
by the migration of excitons and the capture of excitation by ‘‘defective” centers.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The stereoselective synthesis of coordination compounds has
attracted considerable interest over the past two decades [1–3].
Chiral coordination compounds are of special interest for asym-
metric catalysis and metallosupramolecular chemistry [4–6]. In
addition, chiral coordination compounds can demonstrate non-
trivial physical properties, like circularly polarized luminescence,
and often show various kinds of biological activity [7]. The use of
optically pure ligands, especially natural products or their deriva-
tives, is an effective method for the stereoselective synthesis of chi-
ral coordination compounds [7–9]. Terpenes ‘as is’ are inactive
ligands or demonstrate a weak coordination ability toward metal
ions, whereas synthetic nitrogen-containing derivatives of natural
terpenes are promising ligands for transition metals [10–12], espe-
cially in the case of the integration of the terpene moiety and aza-
heterocycles (pyrazoles, pyrazolinols, etc.) to give hybrid
multidentate chiral ligands [13–17]. Chiral hybrids with the pinane
moiety fused to a 2,20-bipyridine backbone can form chiral lumi-
nescent metal complexes [18–20].

Luminescent zinc(II) and cadmium(II) complexes are of interest
as promising fluorescent materials and sensors [21–32]. We have
recently reported zinc(II) and cadmium(II) chloride complexes
with an achiral pyridophenazine ligand prepared by functionaliza-
tion of chiral pinopyridine [33]. Coordination of the ligand with
zinc(II) and cadmium(II) ions leads to a spectacular increase in
luminescence intensity, the mononuclear and dinuclear zinc(II)
and cadmium(II) complexes showing bright photoluminescence
both in the solid state and in solutions due to a considerable reduc-
tion of non-radiative rate constants knr in comparison with the free
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ligand. The example mentioned demonstrates the use of a fused
tetracyclic compound as a ligand showing a promising approach
to metal complexes with intensive photoluminescence. Thus, the
syntheses and spectroscopic study of new chiral luminescent zinc
(II) and cadmium(II) complexes of pentacyclic nitrogen-containing
fused terpene-based heterocycles are of great interest.

In this context we have endeavored to synthesize luminescent
metal complexes with a new pentacyclic chiral ligand, (2R,4R,
9R,11R)-3,3,10,10-tetramethyl-1,2,3,4,6,7,9,10,11,12-hexahydro-
2,4,9,11-dimethanobenzo[b,j][1,10]phenanthroline (L) (Scheme 1),
whose hybrid molecule contains two (–)-a-pinene moieties fused
to an N,N-chelating dihydrophenanthroline core [34]. Luminescent
zinc(II) and cadmium(II) complexes with a pentacyclic N-heterocy-
cle containing two (–)-a-pinene fragments have not beenpreviously
described. We expected that the new chiral complexes would be
good candidates for observing circularly polarized luminescence
[35]. Here we describe (i) the synthesis of new zinc(II) and cad-
mium(II) complexes with the chiral ligand L, (ii) the X-ray single
crystal structures of the ligand and the complexes, (iii) calculated
(DFT) and experimental values of the specific rotation [a] for the free
ligand and for the complexes, as well as NMR data demonstrating
peculiarities of the conformational behavior of both the free ligand
and the complexes (iv) detailed photophysical studies on the lumi-
nescence of all the compounds in both solution and the solid state.
2. Experimental

2.1. Reagents and methods

Reagent L was prepared by a technique reported in Ref. [34].
The following compounds were used for the synthesis of the com-
plexes: ZnCl2 and CdCl2�2.5H2O (pure for analysis), EtOH (rectified),
and CH2Cl2 and i-PrOH (chemically pure). Elemental analysis was
performed using an Euro EA 3000 analyzer. The molecular weight
of complex 2 was determined on a KNAUER R-7000 vapor
pressure osmometer in CHCl3. The optical rotation angle was

measured on a PolAAr 3005 instrument: L (½a�20589-184, ½a�20546-224,
½a�20436-431, ½a�20405-559 (c 2.91, CHCl3), ½a�30589-177, ½a�30546-221,
½a�30436-435, ½a�30405-600 (c 1.04, EtOH)); 1 (½a�26589-170, ½a�26546-218,
½a�26436-520, ½a�26405-790 (c .191, CHCl3)); 2 (½a�25589-157, ½a�25546-195,
½a�25436-461, ½a�25405-692 (c 0.524, CHCl3)). IR absorption spectra were
recorded on SCIMITAR FTS 2000 and VERTEX-80 spectrophotome-
ters in the range 4000–100 cm�1. NMR spectra of solutions of the
compounds in a CDCl3-CCl4 mixture (1:1 v/v, 5–20 mg/ml) were
recorded at 300 K using a Bruker DRX-500 instrument
(500.13 MHz for 1H, 125.75 MHz for 13C). NMR spectral data for
the ligand L and complexes 1 and 2 are listed in Tables S1 and S2
(Supporting information).

Geometry optimization and optical activity calculations ([a])
were carried out using Density Functional Theory with the hybrid
exchange–correlation functional B3LYP (6-31G⁄ for L and for com-
Scheme 1. The structure of the ligand L (atomic numbering is given for assignment
of the NMR spectra).
plex 1, LanL2DZ [36] for complex 2). All the calculations, except for
the dimeric form of complex 2, were carried out while maintaining
C2-symmetry. The X-ray crystallographic data were used as the
starting coordinates in the geometry optimization of the dinuclear
complex 2. The solvent influence was taken into consideration
using the Polarizable ContinuumModel (PCM) [37]. All the calcula-
tions were carried out using the Dalton 2015.0 program [38,39].
The calculated values of the optical rotation are shown in Figs. 1,
S1 and S2. Semi-empirical calculations were carried out using the
ORCA program system [40]. Optimized geometries of the ligand L
and complexes 1 and 2 were used in the estimation of 1H1H vicinal
spin–spin coupling [41].

The excitation and luminescence spectra of the compounds in
the solid state were detected using an FLS920 spectrofluorimeter
(Edinburg Instruments) at room temperature. The solid samples
for recording the luminescence spectra and kinetics were prepared
by grinding the compounds to a powder between two quartz
glasses. A thin layer of powder between glasses was placed at
45� to the excitation light beam. A xenon Xe900 lamp was
employed as the excitation light source for the steady-state lumi-
nescence spectra. To record the kinetics, a diode EPLED-320 laser
(kex = 320 nm, pulse duration 0.6 ns) and a diode laser (kex = 375 -
nm, pulse duration 60 ps) were applied. The complicated lumines-
cence kinetics were fitted by mono- and triexponential
approximations using the FLS920 program or FAST program (Edin-
burg Instruments). Anthracene was used as a standard to calculate
the quantum yields. The optical absorption spectra were recorded
on an HP 8453 spectrophotometer (Agilent Technologies) with a
diode line.
2.2. Synthesis of the complexes

2.2.1. Synthesis of [ZnLCl2] (1)
A solution of ZnCl2 (0.020 g, 0.15 mmol) in i-PrOH (2 mL) was

added dropwise to a stirred solution of L (0.037 g, 0.1 mmol) in a
mixture of i-PrOH and CH2Cl2 (1:1 v/v, 4 mL). The solution was stir-
red and kept at room temperature. Small crystals formed when the
volume of the solution became ca. 1–2 mL. The white precipitate
Fig. 1. DFT calculated and experimental values of [a] for compound L.



Scheme 2. Conformations of 1,3-cyclohexadiene.
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was filtered off, washed with cold i-PrOH and dried in vacuo at
room temperature. Yield 0.033 g (65%). Anal. Calc. for C26H30Cl2N2-
Zn (506.8): C, 61.6; H, 6.0; N, 5.5. Found: C, 61.5; H, 5.8; N, 5.5%.
Single crystals of complex 1 were grown by slow evaporation of
a solution of this compound in an acetone-EtOH (1:1 v/v) mixture.
2.2.2. Synthesis of [Cd2L2Cl4] (2)
A solution of L (0.037 g, 0.1 mmol) in 3 mL of CH2Cl2 was added

to a stirred solution of CdCl2. 2.5H2O (0.023 g, 0.1 mmol) in 3 mL of
EtOH. The resulting solution was stirred and evaporated to a min-
imal volume (�1 mL). After that, the precipitated yellow residue
was filtered off, washed with cold i-PrOH and dried in vacuo at
room temperature. Yield 0.040 g (72%). Anal. Calc. for C52H60Cl4N4-
Cd2 (1107.7): C, 56.4; H, 5.3; N, 5.1. Found: C, 56.0; H, 5.3; N, 5.0%.
Molecular weight. Calc. for C52H60Cl4N4Cd2:1107.7 and C26H30N2-
CdCl2: 553.8. Found in CHCl3: 552 ± 5. Single crystals of complex
2 were grown by slow evaporation of the mother liquor.
2.3. X-ray crystallography

Single crystals of Lwere prepared by slow evaporation of a solu-
tion of this compound in a benzene-ethylacetate mixture. X-ray
analysis for L was performed on a KAPPA APEX II (Bruker) diffrac-
tometer with a two-axis CCD detector using x-u scans. The unit
cell parameters and intensities of reflections were measured at
298 K for 1 and 150 K for 2 on a Bruker X8 Apex CCD diffractometer
equipped with a two-axis detector by standard techniques (Mo K
radiation, k = 0.71073 Å, graphite monochromator). Crystallo-
graphic characteristics, experimental data and structure refine-
ments are listed in Table S3. Calculations on the structure of L
were conducted with PLATON [42] and MERCURY [43] programs. The
structures of complexes 1 and 2 were solved by direct methods
and refined by the full-matrix least-squares method on F2 in an
anisotropic approximation for non-hydrogen atoms using the

SHELXL-97 program package [44,45]. The H atoms on the C atoms
were located geometrically and refined using a riding model.
Selected interatomic distances and bond angles are given in Tables
S4 and S5 (Supporting information). Simulated X-ray diffraction
patterns of the compounds agree well with the experimental
patterns.
Scheme 3. Ligand L as P-he
3. Results and discussion

3.1. Synthetic aspects

Complexes 1 and 2 were synthesized by reacting Zn(II) and Cd
(II) chloride with L in i-PrOH-CH2Cl2 and EtOH-CH2Cl2 mixtures
respectively. A zinc-to-ligand molar ratio of 1.5:1 was applied for
the synthesis of 1. The complex 2 was prepared using a 1:1 cad-
mium-to-ligand molar ratio. According to the data of vapor-phase
osmometry the dinuclear complex 2 dissociates into CdLCl2 mono-
mers in CHCl3 solution.

3.2. DTF-calculation and NMR study

Quantum chemical calculations were used to predict the optical
rotation ([a]) and to estimate the NMR parameters (some spin–
spin couplings) of the levorotatory starting ligand L, complex 1
and the monomeric form of complex 2 in solution.

The 1,3-cyclohexadiene moiety of molecule L can exists in two
C2-symmetric conformations (Scheme 2).

Combining this 1,3-cyclohexadiene moiety with two pyridine
rings results in two conformations of the dihydrophenanthroline
fragment, with the P- or M-helicity: the sign (+) of the dihedral
angle N�C–C�N corresponds to the P-helicity, while the sign (�)
corresponds to the M-helicity. The two forms of the dihy-
drophenanthroline fragment lead to two diastereomeric conforma-
tions of the starting ligand L (Scheme 3).

Both semi-empirical quantum chemical calculations (AM1,
MNDO, PM3) and DFT calculations (B3LYP/3-21G, B3LYP/6-311G,
B3LYP/6-31G(d), B3LYP/6-31G(d,p) B3LYP/6-31G⁄ without a sol-
vent or in solution) predict that the M-helix and P-helix are isoen-
ergetic. Calculations for 1,3-cyclohexadiene and related structures
[46] allowed us to estimate the inversion barrier for these confor-
mations: it appeared to be less than 4 kcal/mol. Thus, the confor-
mation exchange should be fast on the NMR timescale, resulting
in narrow averaged lines in the NMR spectra.

The two conformations of the dihydrophenanthroline frag-
ments are transformed one to another by a ring inversion of the
1,3-cyclohexadiene moiety, so the equatorial and the axial hydro-
gen atoms of the dimethylene linkage –CH2CH2– are in exchange.
In the 1H NMR spectrum, the –CH2CH2– fragment appears at d
2.84 ppm as a spin system of the AA’BB’ type with the following
parameters: DdAB = 27.5 Hz, JAB = JA’B’ = -15.1 Hz, JAA’ = 10.6 Hz,
JAB’ = JA’B = 6.1 Hz, JBB’ = 7.3 Hz (see Table S1). The calculated
1,2-diaxial vicinal coupling (uH�C�C�H = 171�, 3JH–H � 12 Hz) and
1,2-diequatorial vicinal coupling (uH�C�C�H = 63�, 3JH-H � 3 Hz) do
not agree with the experimental values (coupling constants
JAA’ b JBB’). The set of experimental values (JAA’, JAB’, JA’B, JBB’) corre-
sponds to a fast two-positional exchange with one of the forms
to be predominant (ca. 80–90% in the equilibrium mixture).

The–CH2CH2– fragment of complexes 1 and 2 appears in the 1H
NMR spectra as an AA’BB’ type spin system with sets of parameters
which are practically the same as were found for the free ligand L.
Therefore the complexation of the ligand L with ZnCl2 or
CdCl2 does not affect the nature of the conformational exchange.
lix (a) and M-helix (b).



Fig. 2. Fragment of the 1D zigzag chains in the structure of L.

Fig. 3. Molecular structure of 1.
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Moreover, 13C�1H spin–spin couplings for complex 1 are in agree-
ment with the presence of a spin system of the AA’BB’ type for the–
CH2CH2– fragment.

The dihydrophenanthroline fragment in the P or L helix form is
an inherently dissymmetric chromophore, so the P and L helices
should give opposite contributions to the total optical activity of
the ligand L and its complexes. The experimentally determined
optical rotations of complexes 1 and 2 are similar to that of the free
ligand L. Quantum chemical calculations of optical activity ([a]) of
the free ligand L or for the ligand L solvated by different solvents
predict that the solvents do not significantly affect the strength
of the rotation, although the exact values may differ (Fig. 1). There-
fore, the observed pattern of optical activity is mainly due to the
configuration of the molecules of L and complexes 1 and 2, and
the contribution of the solvent is less important. The experimental
values of [a] fit well to the calculated curves for the P-helix, but not
for the M-helix (Figs. 1, S1 and S2). Thus, we can assume that in
solution, the ligand L, complex 1 and the monomeric form of com-
plex 2 exist predominantly in the conformation with the P-helicity
of the dihydrophenanthroline fragment.
3.3. X-ray structures

3.3.1. Crystal structure of L
The molecular structure of the compound L is shown in Fig. S3.

The geometric parameters of the molecule correspond to average
values in range 3r [47]. The pyridine cycles are planar. In the
pinene fragments, the six-membered carbocycles have the ‘‘Y” con-
formation. The C4, C5, C20, C1, C2 and C13, C12, C17, C16, C15
atoms are nearly coplanar. The mean deviations from the least
squares plane are 0.014 and 0.007 Å, respectively. The C3, C21,
C14 and C22 atoms deviate from these planes by �1.073(3),
1.081(3) Å, 1.063(3) and �1.075(3) Å, respectively. The molecules
of L are assembled in 1D zigzag chains due to weak CH. . .N hydro-
gen bonds (H. . .N 2.870 Å) between the N atom of the pyridine
cycle and the methyl groups of the terpene fragments and due to
short CH� � �C contacts (H. . .C 2.759 Å) between the C atoms of pyr-
idine cycle and the CH groups of the six-membered pinene carbo-
cycles of a neighboring molecule (Fig. 2).

3.3.2. Crystal structure of [ZnLCl2] (1)
The crystal structure of 1 is built from mononuclear [ZnLCl2]

molecules (Fig. 3). The Zn2+ ion coordinates two N atoms of the
bidentate chelating ligand L and two Cl atoms in cis-positions.
The Cl2N2 polyhedron is a distorted tetrahedron, having a s4-value
of 0.9 [48]. The five-membered chelating ZnN2C2 ring closes as a
result of the ligand coordination. The moiety consisting of the che-
late and five six-membered organic cycles without gem-methyl
atoms have a virtually planar structure. An average deviation from
the root-mean-square atomic plane of the cycles is 0.013(6) Å, the
Zn atom is deflected by 0.139 (5) Å. The Cl(1) and Cl(2) atoms devi-
ate from this plane by �1.663(7) and 2.126(7) Å, respectively, on
different sides. The six-member terpene carbocycles have the ‘‘Y”
conformation with a low distortion, without the gem-dimethyl
fragments. The supramolecular 3D structure of 1 is governed by
van der Waals interactions and weak H bonds only. Packing of
the molecules of 1 show CH. . .Cl contacts (H. . .Cl 2.84–2.86 Å)
between the Cl atoms and the CH groups of the terpene fragments
(Fig. S4a and b).

3.3.3. Crystal structure of [Cd2L2Cl4] (2)
The crystal structure of 2 consists of acentric molecules of the

dinuclear complex [Cd2L2Cl4] (Fig. 4). According to the s5-values
of 0.41 and 0.48 for the Cd(1) and Cd(2) atoms, respectively, the
Cl3N2 polyhedron is an intermediate form between rectangular
pyramid and trigonal bipyramid [49], with the two N atoms of
the bidentate chelating ligand L and two bridging Cl atoms in the
base. The Cd�Cl distances are 2.569(1) Å in the base (Table S4).
The terminal Cl(1) and Cl(4) atoms occupy the axial pyramid ver-
tices at shorter distances. Two Cl3N2 polyhedra share the Cl(2). . .
Cl(3) edge with distance of 3.418(2) Å. In the molecule, there are
two five-membered chelate CdN2C2 rings and a Cd2Cl2 metallocy-
cle. The Cd2Cl2 unit is planar. The average deviation from the



Fig. 4. Molecular structure of 2.

Fig. 5. The optical absorption (1, 2, 3) spectra of compounds L, 1 and monomeric
form of 2 in CH3CN.
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root-mean-square atomic plane of the cycle is 0.032(1) Å. In the
dinuclear Cd2Cl2 unit the Cd. . .Cd separation is 3.888(3) Å and
the Cd–Cl–Cd angles are 98.3� and 96.4�. The terminal Cl(1) and
Cl(4) atoms are situated in trans-positions relative to the dinuclear
Cd2Cl2 unit. The six-membered terpene carbocycles of complex 2
have the ‘‘Y” conformation with a slight distortion with respect
to the gem-dimethyl fragments. The molecules of the dinuclear
complex 2 are assembled in 1D linear double chains due to two
CH. . .Cl contacts between the Cl atom and CH groups of the pyri-
dine cycle and six-membered carbocycle of the dihydrophenantro-
line fragment (H. . .Cl 2.76–2.77 Å) and due to CH. . .Cl contacts
between the Cl atoms and the CH groups of the pyridine cycle
(H. . .Cl 2.86 Å) of a neighboring molecule (Fig. S5a and b).

3.3.4. General remarks
According to the X-ray data, the dihydrophenanthroline frag-

ments of L and 1 have a P-helix conformation in the solid state.
The N2–C18–C19–N1 torsion angle is 12.1� in L, and this angle is
4.6� in 1. In the solid state the dinuclear complex 2 is an asymmet-
ric dimer, [Cd2Cl4LPLM], where LP is the ligand with the P-helix con-
formation for the dihydrophenanthroline fragment (in Fig. 4, the
atoms of this fragment are labeled with the letters A) (NA2–
CA18–CA19–NA1 = 13.1�), and LM is the ligand with the M-helix
conformation for the dihydrophenanthroline fragment (N2–C18–
C19–N1 = �9.6�).

3.4. IR spectra

Bands at 1601, 1562 and 1547 cm�1 are observed in the IR spec-
trum of compound L, in the range for valence-bending vibrations of
heterocycles. The positions of these bands are shifted to higher fre-
quencies in the spectra of complexes 1 and 2 (1613, 1591, 1574
and 1577, 1561 cm�1 respectively). These shifts of the bands indi-
cate the coordination of the N atoms of the ligand L to the metal
ions. The far-IR spectra of complexes 1 and 2 exhibit bands for
the stretching vibrations of the M–N bonds at 286 and 225 cm�1.
These observations are consistent with the coordination of the N
atoms of the L molecules. A split m(Zn–Cl) band with intensive
maxima at 332 and 315 cm�1is observed in the IR spectrum of
the mononuclear complex 1. The IR spectrum of complex 2 exhibits
two split intensive bands at 266, 248 and 179, 168 cm�1 which can
be attributed to stretching vibrations of the terminal and bridging
Cd–Cl bonds, respectively. The far-IR spectra of 1 and 2 are similar
to the spectra of Zn and Cd complexes having analogous structures
[33].

3.5. Luminescence of the free ligand L and complexes 1 and 2 in
solution and in the solid state

Fig. 5 shows the optical spectra of the ligand L and complexes 1
and 2 in CH3CN. The absorption of the complexes is determined
mainly by the ligand L, however, the incorporation of L into the
coordination spheres of the Zn2+ and Cd2+ ions leads to a noticeable
red shift of the absorption bands by 20 nm. This shift demonstrates
that complex 1 and the monomeric form of 2 are not dissociated in
solution.

The excitation luminescence spectra for the free ligand L and
complexes 1 and 2 in CH3CN and CHCl3 solutions coincide with
the absorption spectra of these compounds. Fig. 6a shows the exci-
tation and luminescence spectra for the free ligand L in CH3CN
solution. The kinetics of the luminescence in this case (Fig. 6b) is
well fitted by a mono-exponential approximation with a time of
0.66 ns. The emission spectra and kinetics for complexes 1 and 2
in CH3CN are presented in the Supporting Information (Figs. S6
and S7, respectively). The coordination of the ligand L with the
Zn2+ and Cd2+ ions in CH3CN leads to a red shift of the lumines-
cence bands by 27 and 9 nm, respectively. The kinetics of lumines-
cence of the complexes 1 and 2 in CH3CN are also well fitted by the
mono-exponential approximation with times of 1.61 and 0.67 ns,
respectively. The luminescence lifetimes of L and complexes 1
and 2 in CH3CN do not depend on the wavelength of registration
along the spectrum (from the blue to red wings of the lumines-
cence bands). Table 1 shows the quantum yields and kinetic
parameters of the luminescence decay for the ligand L and com-
plexes 1 and 2 in acetonitrile.

In the solid state the luminescence spectra and kinetics for all
our compounds become more complex. Fig. 7 shows the excitation
and luminescence spectra for the free ligand L in the solid state.
The maxima of luminescence bands in this case are red shifted in
comparison with those for spectra in CH3CN solution by 70 nm
(4620 cm�1). The same red shift is observed for the maxima of
excitation bands. The kinetics of luminescence in the solid state
become more complicate and can be fitted satisfactorily only in a
two or three exponential approximation.

IðtÞ ¼ A1e
� t
s1 þ A2e

� t
s2 þ A3e

� t
s3 ð1Þ



Fig. 6. The luminescence spectra (a) and kinetics (kex = 300 nm, kem = 356 nm) (b)
of the ligand L in acetonitrile. In (a) 1–3 – the excitation (kem = 356 nm), emission
(kex = 300 nm) and absorption spectra, respectively. RF in (b) – response function.

Fig. 7. The excitation (kem = 427 nm) (1) and luminescence (kex = 300 nm) (2)
spectra for the ligand L in the solid state.
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At the maximum of the luminescence band (427 nm) for the
ligand L, the kinetics are well described by two exponents with
the times of 1.37 (95% of emitted photons in this exponent) and
4.73 (5%) ns. It should be also noted that the kinetics strongly
depend on the wavelength of registration. On going along the lumi-
nescence spectrum from the blue to red region, the luminescence
lifetimes (the times of exponents) significantly increase. For the
ligand L this effect is shown in Fig. 8a, which demonstrates the sig-
nificant difference of the kinetics at 427 and 575 nm. Furthermore,
the use of an EPL-375 diode laser with a pulse duration of 60 ps
allowed us to fix a negative A1 amplitude of the first fast exponent
(Eq. (1)) with a lifetime of 196 ps at 575 nm (Fig. 8b) for the ligand
L in the solid state. The negative amplitude (the leading edge of the
luminescence appearance) means that a substantial portion of
luminescence at 575 nm occurs with a delay caused by the migra-
tion of excitation and a subsequent light emission at the centres
with more low-lying energy levels. The decay of luminescence at
575 nm is described also by two exponents with times of 2.3
(63%) and 6.8 (37%) ns

The luminescence bands of complex 1 in the solid state are red
shifted in comparison with those in CH3CN solution by 21 nm
(Fig. S8). In the center of the luminescence band (405 nm), the
kinetics are described by two exponents with times of 0.33 (48%)
Table 1
The maxima of the luminescence bands (kmax/nm), the wavelengths of the recording of lum
the processing of kinetics in two or three exponential approximation for compounds L, 1

Compound Condition uf kmax kreg A1

L CH3CN 0.53 357 357 1
Solid 0.44 427 427 1

575 �0

1 CH3CN 0.74 384 384 1
Solid 0.06 405 405 1

600 �0

2 CH3CN 0.33 366 380 1
Solid 0.24 415 415 0.2

600 �0
and 1.38 (52%) ns (Fig. S9). On the far-red wing of the spectrum
(600 nm), a rising edge of increasing luminescence intensity is seen
with time of about 255 ps. The decay at this wavelength obeys a
two exponential approximation with times of 2.02 (56%) and
6.03 (44%) ns. The same behavior of luminescence is observed for
complex 2 (Figs. S10 and S11). In the blue range (415 nm) the
decay of luminescence intensity occurs three times – 0.22 (7%),
1.17 (73%) and 2.16 (20%) ns (Fig. S11). At the red position
(600 nm) the rise time is about 543 ps and the decay times are
3.01 (57%) and 7.91 (43%) ns. Table 1 presents the data of the lumi-
nescence of the ligand L and the complexes in the solid state.

This behavior of the luminescence kinetics of the free ligand L
and the complexes in the solid state is not unusual. For example,
the red shift of the luminescence band on going from solution to
the solid state and the increase of the decay time in the red wing
of the luminescence band were observed for anthracene [50]. Fur-
thermore, in the solid state the luminescence kinetics of anthra-
cene is also complicated (it can be fitted using three exponents)
and depends on the registration wavelength. On going from 425
to 500 nm, the lifetimes of the exponents increase and at 600 nm
the A1 amplitude of the first exponent becomes negative with a
duration of 1.4 ns. For anthracene, as well as for our compounds,
this time is the duration which is required for an excitation to
reach the molecules located near the ‘‘defect” centres. The same
lifetimes were detected in Ref. [50] for thin films of solid anthra-
cene deposited in a vacuum on quartz glass.

The luminescence quantum yields of the free ligand L and the
complexes in the solid state have been determined relative to the
quantum yield of anthracene in the polycrystalline state, which
has quantum yield close to unity (0.93) [51]. The sharp decrease
of the quantum yield of complex 1 in the solid state (Table 1) can
be associated with the increased rate constants of non-radiative
inescence kinetics (kreg/nm), quantum yields (uf), lifetimes (si/ns) and amplitudes (Ai)
and 2 in CH3CN and in the solid state.

s1 A2 s2 A3 s3

0.66
1.37 0.015 4.73

.091 0.196 1 2.3 0.201 6.79

1.61
0.33 0.255 1.38

.191 0.235 1 2.02 0.268 6.03

0.67
24 0.37 1 1.32
.187 0.543 1 3.01 0.293 7.91



Fig. 8. The luminescence kinetics at 427 (1) and 575 (2) nm (kex = 375 nm) for the
ligand L in the solid state (a) and (b) the kinetics for 20 and 2 ns time intervals,
respectively. RF – response function.
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transitions, either to the ground state (S0) or to the first triplet state
(T1). The same reasons can lead to a decrease of the quantum yields
for the ligand L and complex 2 in the solid state, although to a lesser
degree as compared with complex 1.
4. Conclusions

For the first time, the synthesis and photophysical properties of
luminescent zinc(II) and cadmium(II) complexes with a pentacyclic
N-heterocycle containing two (–)-a-pinene fragments are
reported. The complexes [ZnLCl2] (1) and [Cd2L2Cl4] (2), where L
is (2R,4R,9R,11R)-3,3,10,10-tetramethyl-1,2,3,4,6,7,9,10,11,12-hex-
ahydro-2,4,9,11-dimethanobenzo[b,j][1,10]phenanthroline, were
obtained. Complex 1 is a mononuclear compound with the dis-
torted tetrahedral structure of the Cl2N2 polyhedron, while 2 is a
dinuclear complex with the distorted tetragonal pyramidal coordi-
nation polyhedron Cl3N2.

The P-helix conformation of the dihydrophenanthroline frag-
ment of L is found in the crystal structure of L and in the structure
of complex 1. For the dinuclear complex 2, one L molecule has the
P-helix conformation for the dihydrophenanthroline fragment,
whereas the other L molecule has the M-helix conformation of this
fragment. The specific rotation [a] for the optimized structures of
the compounds was determined by DFT calculations. An NMR
study shows that the ligand L, complex 1 and the monomeric form
of complex 2 in CDCl3 solution show mainly the P-helix conforma-
tion of the dihydrophenanthroline fragment.

A full set of photophysical parameters for the free ligand L and
complexes 1 and 2 was determined. The free ligand L displays
bright blue luminescence (kmax = 427 nm in solid state). The quan-
tum yield of L is 44%. The coordination of the ligand L with Zn2+

and Cd2+ions leads to a blue shift of the luminescence bands by
21 and 9 nm, respectively. In the solid state both complexes have
a lower quantum yield compared with the free ligand L, however,
their quantum yields are about an order of magnitude higher than
the quantum yields of Zn(II) and Cd(II) complexes with a pyri-
dophenazine ligand derived from chiral pinopyridine [33]. The
quantum yield of dinuclear complex 2 is 24%. For the solid samples
the excitation and luminescence spectra are significantly red-
shifted as compared with the spectra in solution. The luminescence
kinetics in the solid state for all the compounds is non-exponential
and they depend on the wavelength of registration. On moving
along the luminescence spectra to the red side, the decay times
increase, and in the deep red region a rise in luminescence with
times of 200–500 ps is observed. These processes are explained
by the migration of excitation and the capture of excitation by
molecules with low energy levels located close to ‘‘defective” cen-
tres in the crystal lattice.
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