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Probing the competition between acetate and
2,20-bipyridine ligands to bind to d-block group
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Herein, we were interested in probing the competition between 2,20-bipyridine (2,20-bipy) and acetate

ligands in binding to Zn2+, Cd2+ and Hg2+. We have obtained eight new supramolecular architectures

through tuning the proportion of these two ligands. On doubling the acetate availability compared to

2,20-bipy, complexes with either Zn2+, Cd2+ or Hg2+ were formed with one 2,20-bipy and two acetate

ligands coordinated to the metal center. One water molecule is also coordinated to Zn2+ and Cd2+ in

these two complexes, which are reported here for the first time. One 2,20-bipy is still coordinated to the

three metal ions with an acetate excess of 10-times, but another trinuclear Zn2+ complex is formed with

two 2,20-bipy and six acetate ligands (1 : 3 2,20-bipy : acetate stoichiometry). Upon setting an equimolar

ratio of the ligands, the complex [Zn(CH3CO2)(2,20-bipy)2]+ is formed, while two 2,20-bipy and two

acetate ligands are coordinated to Cd2+, giving rise to a [Cd(CH3CO2)2(2,20bipy)2] complex. On doubling

the 2,20-bipy availability compared to acetate, the former does not coordinate to Zn2+ and Cd2+, as

observed in the acetate salt form of [Zn(2,20-bipy)3]2+ and in [Cd(2,20-bipy)3]2+. This last Cd2+ complex did not

crystallize, revealing its unfavorable crystallization as an acetate salt form. However, under this last ligand ratio,

the persistence of at least one coordinated acetate was observed in the Hg2+ complex with 2 :1 2,20-

bipy : acetate stoichiometry. Furthermore, there is a cocrystallized 2,20-bipy in the acetate salt form of

[Hg(CH3CO2)(2,20-bipy)2]+, which is not able to win the competition with acetate for the third coordination site

to Hg2+. Even if the 2,20-bipy amount is 10-times higher than that of acetate in the reaction batch, one acetate

remains coordinated to Hg2+. Our crystal form of [Zn(CH3CO2)(2,20-bipy)2]+ is strongly photoluminescent, with

highly efficient emission centered at 356 nm (external and internal quantum yields of 14.2(1)% and 41.3(1)%),

whose optical efficiency was rationalized on the basis of time-dependent DFT calculations.

Introduction

Coordination chemistry has been well developed in the past few
decades.1 Besides the interest in coordination compounds due
to the possibility of the progress in basic structural chemistry,2

they can have many desirable properties, such as in nonlinear

optics and luminescence,3–5 catalysis,6 pharmaceuticals,7,8

electronics4,9 and others. The arrangements and structures of
coordination complexes can be infinite because of the multiple
valences and different coordination geometries of the metal
center. Besides, there are an enormous amount of organic
binders which can be used in the synthesis. Therefore, there
are many types of supramolecular assemblies with different
topological types, such as discrete molecules and dimers,
chains, sheets, and three-dimensional networks.10 The coordination
structure can also be influenced by synthetic factors (such as
temperature,11,12 solvent system and reaction stoichiometry13,14)
and packing (such as hydrogen bonds,15 p–p stacking,16 steric
hindrance from organic ligands and lattice counterions16c,17) aspects,
unveiling the difficulty in obtaining a structurally designed complex.

Among all possible strategies for synthesis, the stoichiometry
of metal ions in solution has a critical role in the self-assembled
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construction. The use of different proportions of stoichiometry
can lead to the formation of completely different structures, because
the number of possible binding sites is influenced by the number of
molecules available to coordinate to the metal ion.18

In this work, we present new structures synthesized from
metals of group 12: Zn2+, Cd2+ and Hg2+ with the ligands acetate
and 2,20-bipyridine (2,20-bipy). The former has been extensively
used in the construction of metal–organic complexes due to its
bidentate coordination mode associated with packing function-
alities, such as versatile non-classical hydrogen bonding donor
moieties and p-clouds that are able to establish p–p stacking
interactions promptly, which means the possibility to control
the geometry and connectivity of the generated coordination
polymers.19 More precisely, herein, we were interested in probing
the competition between 2,20-bipy and acetate ligands to bind to
Zn2+, Cd2+ and Hg2+. Coordination complexes of these d-block
metals were already reported,16,20–25 but no systematic investigation
of the role of the ligand ratio in the complex formation and crystal
assembly is available. With our ongoing research on novel
functional metal–organic compounds, we have obtained eight
new supramolecular architectures of d-block group 12 metals
through tuning the 2,20-bipy : acetate ratio in the synthesis. In
addition, two of them are made up of new molecular entities.
Such a trivial synthetic approach has increased both molecular
and structural diversity in the d-block group 12 metal complexes
with these two common ligands, providing a new photo-
luminescent crystal form of high quantum efficiency. Therefore,
this straightforward and practical strategy based on the ligand
ratio range has been successfully employed here as a source of
new complexes and crystal forms possessing the desired optical
properties, which can motivate its application to other ligands
and metal ions.

Experimental

All reagents were obtained from commercial sources and were
used without further purification. In order to assess the competition
between 2,20-bipy and acetate ligands we carried out a crystallization
screening with the stoichiometric ratio between them ranging from
1 : 10 to 10 : 1. All reactions were performed at room temperature
by directly mixing the reagents in solution. Glass crystallizers
containing the mixtures were then allowed to evaporate at room
temperature and, after one week, crystals could be isolated from
the mother solution. The crystallization batches that yielded
new crystal forms of complexes comprising 2,20-bipy and acetate
ligands will be described in sequence (see Fig. 1). Moreover, unit
cell determination was performed for crystalline products
obtained from initial ligand ratios other than those described
in sequence, assigning, together with high resolution mass
spectrometry (HRMS), which complex was obtained from each
starting ligand ratio (Fig. 1).

Synthesis and crystallization

[Zn3(CH3CO2)6(2,20-bipy)2] (1A). An ethanolic solution (5 mL)
of 2,20-bipy (0.10 mmol, 15.6 mg) was mixed together with an
aqueous solution of Zn(CH3CO2)2�2H2O (0.50 mmol, 109.8 mg).

[Zn(CH3CO2)2(2,20-bipy)(H2O)] (1B), [Cd(CH3CO2)2(2,20-bipy)-
(H2O)] (2A) and [Hg(CH3CO2)2(2,20-bipy)] (3A). A solution of
2,20-bipy (0.10 mmol, 15.6 mg) in methanol was added to an
aqueous solution of Zn(CH3CO2)2�2H2O (0.10 mmol, 21.9 mg).
Compounds 2A and 3A were prepared similar to 1B, although
Cd(CH3CO2)2�2H2O (0.10 mmol, 26.7 mg) and Hg(CH3CO2)2

(0.10 mmol, 31.8 mg) were used instead.
[Zn(CH3CO2)(2,20-bipy)2]+ (1C) and [Cd(CH3CO2)2(2,20-bipy)2]

(2B). Compound 1C was prepared similarly to compound 1B, but,
in this case, an amount of 2,20-bipy (0.10 mmol, 15.6 mg) and
Zn(CH3CO2)2�2H2O (0.05 mmol, 11.0 mg) was used. To prepare
complex 2B, Cd(CH3CO2)2�2H2O (0.05 mmol, 13.3 mg) was used
rather than the zinc acetate salt.

[Zn(2,20-bipy)3]2+ (1D) and [Hg(CH3CO2)(2,20-bipy)2]+ (3B).
Compound 1D was prepared by adding a methanol solution
of 2,20-bipy (0.32 mmol, 50 mg) to an aqueous solution of
Zn(CH3CO2)2�2H2O (0.016 mmol, 3.5 mg). Compound 3B was
synthesized using the same ligand ratio for 1D, however
Hg(CH3CO2)2 (0.016 mmol, 5.0 mg) was used instead.

Structure determination of compounds

All reflection data were obtained on a Bruker-AXS Kappa Duo
diffractometer with an APEX II CCD detector with a mono-
chromated X-ray beam (Mo Ka radiation = 0.71073 Å). For the
data frame integration, the SAINT and SADABS programs were
used.26 Structures were solved by direct methods of phase

Fig. 1 General scheme of the preparation of the coordination complexes.
Chemical diagrams are shown in the synthetic batches from which single
crystals were isolated for structure determination.
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retrieval with SHELXS-2014,27 and the refinement was performed
by full-matrix least squares on F2 with SHELXL-2014.27 All non-
hydrogen atoms were refined with free anisotropic displacement
parameters, while the hydrogen atoms had their displacement
parameters fixed and set to isotropic. Their isotropic thermal
parameters were set to 1.2 times the Ueq of the bonded sp2 carbon
or nitrogen or 1.5 times the Ueq of the bonded sp3 carbon or
oxygen. The hydrogen positions were calculated according to
both intramolecular and intermolecular requirements and were
constrained following a riding model. In the structure of complex
1A, the zinc atom Zn2 lies on a crystallographic inversion centre
at the (0.5, 0.5, 0.5) position. Therefore, its occupancy factor was
set to 50%. In the crystal structure of complex 1C, there is one
water molecule whose atomic occupancy factors were restrained
to 50%. Furthermore, there is also one acetate counterion
disordered over two site sets of 50% occupancy, which balances
the charge within this crystal lattice. The structure analysis and
preparation of artwork were performed with MERCURY28 and
ORTEP-329 within the WinGX29 software package. The details of
the single crystal X-ray diffraction experiments are presented in
Table S1 in the ESI.†

Mass spectrometry, nuclear magnetic resonance (NMR),
infrared (IR) and UV spectroscopy

The positive ion high-resolution mass spectra were obtained on
a Orbitrap Q-Exactive mass spectrometer (Thermo Scientific,
Bremen, Germany) equipped with a heated electrospray ion
source. The parameters used were: spray voltage 3 kV; capillary
temperature 250 1C; Fourier transform MS resolution 140 000;
S-Lens Level 50; sheath gas 10 (arbitrary units). The mass
spectra were recorded in continuous monitoring mode with a
mass range of 200–1000. The crystalline products from all
synthetic 2,20-bipy : acetate ratios (Fig. 1) were dissolved in methanol
to a concentration of 100 ng mL�1 using methanol, without the
addition of a base or an acid. The resulting solution was analyzed by
direct infusion through a syringe pump (Hamilton 1750RN) at a
flow rate of 3 mL min�1. The data were evaluated using the
XCALIBUR software 2.7 SP1 (Thermo Scientific, Bremen, Germany).
The 1H and 13C NMR experiments were performed at 298 K on a
Bruker Avance III 500 spectrometer, operating at 500.13 MHz for
1H and 125.03 MHz for 13C, equipped with a 5 mm z-gradient TBI
probe (1H, 13C and XBB), using methanol-d4 (500 mL) to prepare a
solution with 1 mg of each complex. Transmission infrared spectra
were recorded using a Spectrum 400FT-IR/FT-FIR spectrometer
(PerkinElmers). Samples were analyzed with KBr pellets (200 mg
of KBr and 1 mg of each complex). Each FT-IR spectrum was
averaged on 16 acquisitions at a spectral resolution of 4 cm�1.
UV-vis spectra were recorded in water solution at room temperature
using a PerkinElmer model Lambda 45 – UV/VIS spectrophotometer
in the 220 to 800 nm range with a fixed resolution slit of 2.0 nm. No
absorption bands were observed in the visible region.

Photoluminescence (PL) excitation and emission
measurements

PL excitation and emission spectra of the powdered crystals were
acquired using a double monochromator and a Hamamatsu

photomultiplier tube as a detector (Fluorolog FL3-221 from
Horiba Jobin-Yvon), under excitation from a Xe arc lamp delivering
a potency of 450 W. The used bandpass was 1.0 nm with a record
step of 1.0 nm.

Theoretical calculations

In order to rationalize the photoluminescence observed for
complexes 1C and 2B, we performed density functional theory
(DFT) calculations.30,31 The hybrid functional B3LYP32,33 was
used coupled with the 6-31G* basis set for H, C, O and N atoms,
and the Los Alamos effective core potential plus double zeta
(LANLDZ)34 basis set for Cd and Zn atoms. The geometries of
1C and 2B were extracted from their crystal structures deter-
mined in this work, and the coordinates of all hydrogen atoms
were optimized while freezing the internal coordinates of all the
remaining heavy atoms. Further FMO and TD-DFT calculations
were next carried out at the same level of theory using the partially
optimized geometries as inputs. Similar calculations were also
conducted using the fully optimized geometries (with no con-
straints) at the same level of theory. Frequency calculations were
performed for the fully optimized geometries, which were found
to be similar to the corresponding partially optimized ones, to
determine the nature of the located stationary point. In all cases,
positive definite Hessian matrices were found. All calculations
were performed with the Gaussian 09 program package.35

Results and discussion
The role of the ligand ratio in synthesis

In this study, eight new crystal forms (Table S1, ESI†), two of
which are composed of new coordination complexes, were
obtained using 2,20-bipy and acetate as ligands and metals
from d-block group 12. Their labeling scheme was denoted with
numbers 1, 2 or 3 for Zn2+, Cd2+ or Hg2+ followed by a capital
letter ordered according to increasing number of coordinated
2,20-bipy (Fig. 2). By doubling the acetate availability compared
to 2,20-bipy, three coordination complexes of either Zn2+ (1B),
Cd2+ (2A) or Hg2+ (3A) with 2 : 1 2,20-bipy : acetate stoichiometry
were prepared. Complexes 1B and 2A also have one coordinated
water molecule and they were not known thus far. Complexes 1A, 2B
and 3A had their crystal structures elucidated for the first time
here,16,22,24 while complexes 1C, 1D and 3B were obtained in crystal
forms different from those already reported in the literature.20,21,25

The persistence of at least one coordinated 2,20-bipy or one
acetate was observed even with either a 1 : 10 or 10 : 1 2,20-
bipy : acetate ratio, respectively. A trinuclear Zn2+ complex with
1 : 3 2,20-bipy : acetate stoichiometry (1A) was obtained under
such acetate excess. On the other hand, an acetate salt form of
the Hg2+ complex with 2 : 1 2,20-bipy : acetate stoichiometry (3B)
was isolated in the presence of excess of 2,20-bipy. In this last
structure, one 2,20-bipy molecule is cocrystallized in the lattice
as it is present in excess, even though it is not able to substitute
for the persistent coordinated acetate.

If a 2,20-bipy excess is used, the Zn2+ and Cd2+ behaviors did
not match that of Hg2+. A synthetic 2 : 1 2,20-bipy : acetate ratio
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is already enough to unbind all acetate ligands. With this ratio
and also using a larger 2,20-bipy excess, an acetate salt form of
the Zn2+ complex with three 2,20-bipy ligands (1D) is formed.
Such a Cd2+ complex with three 2,20-bipy ligands (2C) is also
obtained from both 2 : 1 and 10 : 1 2,20-bipy : acetate ratios.
However, 2C did not crystallize as an acetate salt form, which
indicates the role of the counterion in its crystal assembly. The
perchlorate salt monohydrate of complex 2C was already deter-
mined by a single crystal X-ray diffraction technique.23 Herein,
however, 2C was identified by HRMS in methanol solutions
prepared with non-crystalline products obtained from both
initial 2 : 1 and 10 : 1 2,20-bipy : acetate ratios (Fig. 3). The
formation of a crystalline acetate salt was unfavorable for 2C,
different from that in the presence of perchlorate counterions.

With an equimolar ligand proportion, a new highly efficient
photoluminescent crystal form of the known Zn2+ complex with
2 : 1 2,20-bipy : acetate stoichiometry (1C) was obtained. Equimolar
stoichiometry of ligands was observed only in another Cd2+

complex (2B), synthesized from the same equimolar ligand
ratio. This solid state material also presented significant photo-
luminescence properties (see below). Based on all products from
different starting ligand ratios, it was possible to conclude that
the increase in sensibility was due to the changes in the
proportion of these ligands from Hg2+ to Zn2+.

A summary of the starting ligand ratios used to obtain each
complex is shown in Fig. 1. All products obtained from each
initial ligand ratio, crystalline or not, were characterized in
methanol solution by HRMS (Fig. 3 and Fig. S1–S7, ESI†) and
the identity of all of them (except 1A) was in agreement with
that found from single crystal structure determination and
unit cell screenings (except for 2C which was not crystalline).

In addition, all complexes were characterized by NMR (1H and
13C, Fig. S8–S16, ESI†), IR (Fig. S17, ESI†) and UV spectroscopy
techniques (Fig. S18–S20, ESI†). All spectral assignments can be
found in the ESI† in the corresponding figure caption and are
in agreement with the structures determined crystallographically
(or by HRMS in the case of 2C), besides showing their bulky
purity.

Crystal structures with Zn2+

1A: [Zn3(CH3CO2)6(2,20-bipy)2]. The crystal structure of 1A
was found to be similar to those already reported in the
literature as a trinuclear complex with manganese ions, and
also as heterometallic complexes.16 The crystal structure of
complex 1A was solved in the P%1 space group of the triclinic
crystal system. Its unit cell is composed of a trinuclear complex
made up of three Zn2+ ions, two 2,20-bipy molecules and six
acetate anions. The peripheral Zn2+ cations (Zn1) are related by
inversion symmetry and therefore, have the same coordination
geometry, while the central metal (Zn2) lies on an inversion
center at the (0.5, 0.5, 0.5) position. Thus, in this trinuclear
complex with the general formula [Zn3(CH3CO2)6(2,20-bipy)2],
Zn1 and Zn2 have different coordination environments and
adopt different coordination geometries. Zn1 is five-coordinated
in a distorted trigonal bipyramidal geometry, with two 2,20-bipy
nitrogen atoms (N1 and N2) and one oxygen (O4) of an acetate
anion forming the basal plane, while the oxygens O2 and O5
of two different acetate ligands are in the axial positions.
Meanwhile, Zn2 is six-coordinated and assumes an octahedral
geometry with the surrounding (ZnO6) being defined by oxygen
atoms from the six acetate anions. Coordination angles and
lengths for 1A are summarized in Table S2 (ESI†) and all other
crystal forms are elucidated here. The geometry of hydrogen
bonds for this complex and all others is also presented in the
ESI† (Table S3).

Fig. 3 ESI(+)-orbitrap mass spectrum of complex 2C.Fig. 2 ORTEP view of coordination complexes reported here shown with
50% probability level ellipsoids. Hydrogen atoms, crystallizing water and
counter-ion species have been omitted for clarity. Only coordinated
atoms were labeled.
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Concerning the packing, non-classical hydrogen bonds
C–H� � �O are responsible for assembling infinite chains made
up of [Zn3(CH3CO2)6(2,20-bipy)2] units through the hydrogen
atoms (H4 and H7) of the 2,20-bipy ligand and the carboxylate-
oxygen O6 of the monodentate acetate. In addition, different
chains are interlinked by C–H� � �O contacts, generating a
layered structure (Fig. 4).

The dihydrate form of 1B: [Zn(CH3CO2)2(2,20-bipy)(H2O)]�
(H2O)2. The crystal structure of 1B was solved in the monoclinic
space group C2/c, with one complex and two crystallizing water
molecules in the asymmetric unit. The complex molecule
[Zn(CH3CO2)2(2,20-bipy)(H2O)] consists of one zinc atom coordinated
by one water molecule, two bidentate ligands (one 2,20-bipy and one
acetate), and one monodentate acetate. Such non-coordinated
acetate oxygen is intramolecularly bonded to water in complex
1B (Fig. 5a) by a hydrogen bond. This interaction introduces
a distortion in the octahedral coordination geometry. In such
a geometry, three oxygens from two acetate ligands and one
2,20-bipy nitrogen form the basal plane [root mean square deviation
(RMSD) from the least-square plane of 0.143 Å for O1, O2, O4 and
N1 atoms], while the other nitrogen (N2) and water oxygen (O3W)
are at the apices of the octahedra. The 2,20-bipy ligand is almost
perpendicular to each acetate. The angles between their mean
planes are 72.891(12) and 87.091(12).

The water molecules play a major role in the crystal packing
of complex 1B. Chains comprising 1B molecules intercalated
with lattice water ones are formed (Fig. 5a). Water O1W is
responsible for keeping the units of 1B together through the

donation of two hydrogen bonds to the oxygens O2 and O4 of
the acetate ligands. Besides, O1W is also a hydrogen bonding
acceptor from water O2W by means of the O2W–H22W� � �O1W
interaction. The water bearing O2W links two chains of
complex 1B by playing a dual role as a hydrogen bonding
acceptor and a donor from the coordinated water and to the
oxygen O1 of the bidentate acetate anion, respectively (Fig. 5b).
Furthermore, the chains connected by the nearly described
hydrogen bonding pattern are responsible for assembling sheets,
wherein hydrophobic groups are oriented to opposite sides
relative to the hydrophilic ones (Fig. 5c).

The acetate salt hemihydrate of 1C: [Zn(CH3CO2)(2,20-bipy)2]�
(CH3CO2)�(H2O)0.5. The crystal structure was solved in the
triclinic space group P%1 and is composed of a discrete motif
made up of two 2,20-bipy, one acetate and one Zn2+. The crystal
structure of this complex has been previously elucidated as a
hexafluorophosphate monohydrate20a and a perchlorate mono-
hydrate.20c,d Besides one unit of the [Zn(CH3CO2)(2,20-bipy)2]+

complex, there is also one water molecule in the asymmetric
unit and two acetate counterions. These last three species are in
50% occupancy sites and are lodged into hydrophilic channels.
In complex 1C, Zn2+ is coordinated to the four nitrogen atoms
from two 2,20-bipy and two oxygen atoms from acetate. Its
coordination fashion and therefore the whole molecule resembles
those reported previously for its other salt forms,20 which can
be observed in the low RMSD values calculated through the
coordinated atoms and Zn2+ (Fig. 6). The two 2,20-bipy ligands
are almost perpendicular, as occurs in other crystal forms of
this complex (hexafluorophosphate monohydrate and dicyanamide
salts, and tetracyanoquinodimethane solvate respectively),20a,b,e

while in perchlorate salts20c,d there are smaller angles (64.792(10)1)
and (65.863 (67)1) between the 2,20-bipy mean planes as can be seen
in the table of Fig. 6.

It is important to observe the chain formation through non-
classical C–H� � �O hydrogen bonding between 2,20-bipy and
acetate ligands (Fig. 7a). Such chains are also stabilized
by p� � �p interactions between the aromatic rings from neigh-
boring species of 1C. To assemble this crystal structure, the
chains are also packed on top of one another through C–H� � �p
contacts between the methyl moiety of the acetate ligands and

Fig. 4 (a) Chain made up of [Zn3(CH3CO2)6(2,20-bipy)2] units assembled
by C–H� � �O interactions. (b) Two neighboring chains interlinked by
C2–H2� � �O2 hydrogen bonds. Only the hydrogen atoms involved in
intermolecular interactions are exhibited in both panels. (c) An overall
packing piece of 1A.

Fig. 5 (a) Infinite chain consisting of 1B units and water. (b) Lattice water
O2W connecting two chains shown in (a). (c) Packing of complex 1B onto
the ac plane.

NJC Paper

Pu
bl

is
he

d 
on

 2
6 

Se
pt

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

ex
as

 L
ib

ra
ri

es
 o

n 
27

/1
2/

20
17

 1
7:

51
:2

3.
 

View Article Online

http://dx.doi.org/10.1039/C7NJ02393F


12848 | New J. Chem., 2017, 41, 12843--12853 This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017

2,20-bipy molecules. Finally, water molecules and non-coordinated
acetate counterions are engaged in the crystal packing, since they
form channels between the chains of 1C giving rise to a sandwich-
like layered structure intercalating water/CH3CO2

� species and
molecules of the complex (Fig. 7b).

The acetate salt 6.5-hydrate of 1D: [Zn(2,20-bipy)3]�(CH3CO2)2�
(H2O)6.5. The crystal structure of complex 1D was already solved
in hexafluorophosphate, perchlorate, sulfate and chromate salt
forms, but not as an acetate salt.21 Herein, its acetate salt is
crystallized in the monoclinic space group P21/c. The asym-
metric unit of the structure comprises two independent cationic
complexes 1D, four acetate anions and thirteen water molecules.
In this crystal structure there are two different Zn2+ ions where
both of them are six-coordinated with a distorted octahedral

geometry (the RMSD values for Zn1 and Zn2 are 0.291 Å for the
basal plane formed by N2, N3, N4 and N6 atoms, and 0.292 Å
for the basal plane made up of N7, N8, N10 and N12 atoms,
respectively) with their surrounding being defined by ZnN6. The
2,20-bipy molecules present in both cationic complexes are
almost orthogonal to each other, with angles between their
mean planes ranging from 81.44(13)1 to 87.50(11)1.

Similar to that observed in complex 1C, there is also the
formation of channels within the crystal structure of 1D (Fig. 8).
These channels are filled with acetate anions and crystallizing
water molecules. In complex 1D, the water molecules and the
acetate anions are engaged in a complex hydrogen bonding
network giving rise to a hydrophilic layer alternated with a
hydrophobic one built up of complex 1D molecules.

Crystal structures with Cd2+

The dihydrate of 2A: [Cd(CH3CO2)2(2,20-bipy)(H2O)]�(H2O)2.
Complex 2A was prepared similarly to complex 1B, although
cadmium acetate dihydrate was used instead of the corres-
ponding zinc salt. The same 1 : 2 2,20-bipy : acetate ratio was
used for their synthesis as mentioned earlier. This compound
resembles the complex 1B structure, with one 2,20-bipy and two
acetate ligands being present besides one coordinated water. In
fact, neutral complex 2A is very similar to complex 1B, differing
only in the coordination number around the metal center. In
1B, one of the two acetate ligands is monodentate rather than
bidentate as occurs with both acetate ligands of 2A (Fig. 2). This
similarity can also be viewed in Fig. 9, a molecular super-
imposition of complexes 2A and 1B (RMSD of 0.189 Å) through
the metal ions, nitrogen atoms and carboxylate-oxygens of the
bidentate acetate common to 2A and 1B.

Similar to the Zn2+ analog reported here, the crystal structure of
2A was solved in the monoclinic space group C2/c. The complex

Fig. 6 Molecular overlay for 1C found in different salt forms.

Fig. 7 (a) Chain composed of 1C units held together through non-
classical hydrogen bonding (C–H� � �O). Only hydrogen atoms involved in
the intermolecular interactions are shown. (b) Layered structure intercalating
water/acetate species and molecules of complex 1C. The channels filled with
water and acetates are highlighted in cyan.

Fig. 8 (a) Channels (blue arrows) filled with water and acetate species are
intercalated by layers made up of 1D. (b) Water and acetate anions
engaged in the hydrogen bonding network of the channels.
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molecule 2A consists of one Cd2+ coordinated with one water
molecule and three bidentate ligands (one 2,20-bipy and two
acetate anions). Its seven-coordinated geometry can be described
as a distorted pentagonal bipyramid, in which the four acetate
oxygens (O1, O2, O3 and O4) and one 2,20-bipy nitrogen (N1) form
a distorted basal plane (RMSD of the five fitted atoms is 0.796 Å),
while another ligand nitrogen and water oxygen are at the axial
positions. Each acetate ligand is almost orthogonal to the 2,20-bipy
mean plane, with angles between their mean planes measuring
72.0(4)1 and 78.5(3)1.

Despite their molecular similarity, complexes 1B and 2A differ
in their crystal packing. In 2A, hydrogen bonds O1W–H11W� � �O2
and O1W–H21W� � �O4 assemble infinite chains constructed only
with 2A units (Fig. 10a), while non-coordinated water molecules
have intercalated complex molecules of 1B into its chains (Fig. 5a).
Furthermore, non-coordinated crystallographically independent
water molecules are responsible for contacting the chains of 2A
(Fig. 10b and c).

The 2,20-bipy 0.5-cocrystal trihydrate of 2B: [Cd(CH3CO2)2(2,20-
bipy)2]�(2,20-bipy)0.5�(H2O)3. The structure of complex 2B was
solved in the triclinic space group P%1, with one complex unit,
three crystallizing water molecules and half of a 2,20-bipy molecule
in the asymmetric unit. This complex consists of one Cd2+

coordinated by four bidentate ligands (two 2,20-bipy and two
acetate). Cadmium is eight-coordinated with a distorted square
antiprismatic geometry, where each basal plane is formed by one
2,20-bipy and one acetate anion (RMSD of 0.191 Å and 0.242 Å for

the fitted atoms N1, N2, O3, O4 and N2, N3, O1, O2, respectively).
The 2,20-bipy and acetate ligands comprising a basal plane are
almost perpendicular, with the angle between their mean planes of
84.48(17)1 and 81.61(17)1. On the other hand, 2,20-bipy and acetate
from different basal planes are not so bent, with an angle between
their mean planes of 34.15(14)1 and 26.64(16)1.

Concerning the packing, there is the formation of hydrogen
bonded chains alternating 2B and two non-coordinated water
molecules (Fig. 11a). Besides, these water molecules and
another crystallographically independent molecule are also
responsible for connecting two different chains (Fig. 11b).
When viewed along the chain growth direction, it is possible
to observe that the complex units are arranged in a head-to-
head manner where the hydrophilic motifs and waters are
oriented towards each other, while the hydrophobic groups
are pointed towards the opposite side relative to the acetate
anions and water molecules. Finally, the cocrystallized 2,20-bipy
is held between the tails of complex 2B through p� � �p interactions
(Fig. 11c).

Crystal structures with Hg2+

The hydrate of 3A: [Hg(CH3CO2)2(2,20-bipy)]�(H2O). This
structure was solved in the monoclinic space group P21/c, with
one complex of formula [Hg(CH3CO2)2(2,20-bipy)] and one
crystallizing water molecule in the asymmetric unit. The
complex unit consists of Hg2+ coordinated by three bidentate
ligands (one 2,20-bipy and two acetate). The complex backbone
in this crystal structure resembles those observed for compounds
1B and 2A. The Hg2+ ion is six-coordinated with a distorted
trigonal prismatic geometry, whereas the triangular faces of the
trigonal prism are defined by two oxygens from two different
acetate anions (O2, O3 or O1, O4) and one nitrogen atom (N1 or
N2). The largest trigonal twist angle is 13.0(3)1 and the triangular
faces are parallel to each other making an angle of 4.93(2)1. The
2,20-bipy and one acetate are not so bent, with angles between
their mean planes measuring 36.8(2)1, while the other acetate
ligand is almost perpendicular to 2,20-bipy, with an angle of
78.8(3)1 between their mean planes.

Fig. 9 Molecular overlay of complex molecules of 2A (yellow) and 1B
(light gray).

Fig. 10 (a) Infinite chain found in the dihydrate of 2A. Only hydrogen
atoms of coordinated water are shown. (b) Lattice waters bearing O2W
and O3W connecting two chains shown in (a) and (c) their arrangement in
the overall crystal packing (non-coordinated water molecules are high-
lighted with cyan surfaces).

Fig. 11 (a) 2B molecules are connected by lattice water molecules into
the chain formed in its structure. (b) Two neighboring chains connected by
O–H� � �O hydrogen bonds involving non-coordinated water molecules.
(c) A packing view of the crystal structure of 2B showing the cocrystallized
2,20-bipy molecules between the hydrophobic groups.
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The crystal packing of 3A also features the formation of
molecular chains wherein complex units are connected by
crystallizing water molecules (Fig. 12). Besides, the other acetate
ligand is engaged in non-classical hydrogen bonds C–H� � �O
with the 2,20-bipy molecule, which assists in the stabilization of
such chains (Fig. 12).

The 2,20-bipy 0.5-cocrystal of the 3B acetate salt octahydrate:
[Hg(CH3CO2)(2,20-bipy)2](CH3CO2)�(2,20-bipy)0.5�(H2O)8. The
persistence of at least one coordinated acetate was found in
the new crystal form of the known [Hg(CH3CO2)(2,20-bipy)2]+

complex, whose previous crystal structure was present with
sulfate, chloride and sodium counterions.25 It is the 2,20-bipy
0.5-cocrystal of the acetate salt octahydrate obtained under
equimolar ligand ratios and even under twice and 10-times
2,20-bipy excess relative to acetate. This structure shows that
2,20-bipy can even be cocrystallized in the lattice upon high
availability, but no acetate substitution is possible. A similar
behavior of such persistence has been reported for mercury(II)
trifluoroacetate and 2,20-bipy ligands.36 In fact, the removal of
all acetate ligands occurred only in Zn2+ and Cd2+ complexes.

The crystal structure of 3B was solved in the monoclinic
space group P21/c and is formed by a discrete cationic complex
molecule made up of one Hg2+, one acetate, and two 2,20-bipy
ligands. In this complex, the metal center resides in an octahedral
geometry that is defined by the four nitrogen donor atoms of the
two 2,20-bipy ligands, and two oxygens of acetate ligands.

In addition, the asymmetric unit has one half of a 2,20-bipy
molecule, one acetate counterion and eight water molecules.
The coordination pattern of complex 3B bears a resemblance to
the structure reported by Ramazani and co-workers,25 since both
2,20-bipy molecules and acetate ligands are coordinated to Hg2+ in a
bidentate manner. The 2,20-bipy ligands are slightly more bent in
our structure than in the known sodium chloride sulfate salt.25

Here, the angle between the 2,20-bipy mean planes in complex 3B is
56.967(10)1, while it measures 68.634(21)1 and 73.621(20)1 for each
crystallographically independent molecule found in the structure
reported by Ramazani and coworkers.25 This occurs due to a
rotation about the Hg–N bond axis (Fig. 13). These conformational
features can also be observed by looking at the molecule overlay
between the complex molecules 3B found here and those reported
earlier.25 Since the structure reported by Ramazani25 has two motifs
of the cationic complex [Hg(CH3CO2)(2,20-bipy)2]+ in its asymmetric
unit, the calculated RMSD values through the coordinated atoms
and metal ions were 0.371 Å and 0.448 Å (Fig. 13).

Unlike the antecedent crystal forms,25,36 there is cocrystallization
of one 2,20-bipy molecule between two motifs of 3B. Thus, as

observed for complex 2B, this study strengthens the fact that the
ligand stoichiometry and reaction conditions are important factors
in the process of crystallization of coordination complexes, since on
changing their proportions new solid forms can be obtained even if
a certain complex molecular structure is retained. Similarly, as it
occurs in complexes 1C and 1D, this compound also shows the
formation of hydrophilic channels within this structure (Fig. 14).
Besides water molecules, there are also acetate units filling the
channels. In this way, the charge balance is achieved, since
complex 3B is positively charged.

The water molecules within the channels are engaged in a
complex hydrogen bonding network, giving rise to an inter-
molecular ring made up of water molecules bearing O4W, O6W
and O7W oxygens (Fig. 14a). The other water molecules are in

Fig. 12 The chain formed in the crystal packing of 3A.

Fig. 13 Molecular overlay of complex 3B backbones found in our complex
(red) and in sodium chloride sulfate salt (two crystallographically independent
molecules; light blue centered on Hg1 and blue centered on Hg2).25

Fig. 14 (a) Molecules of 3B connected with water molecules within the
channels. (b) Layered structure intercalating water and acetate species
with molecules of complex 3B and 2,20-bipy molecules. The blue arrows
indicate the channels filled with water and acetate units.
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charge of connecting this water ring and layers of complex 3B
through their hydrogen bonding functionalities. Also, the acetate
units help in the stabilization of this mesh of hydrogen bonding
(Fig. 14a). Therefore, resembling the structure of 1D, these sets of
hydrogen bonds give rise to a layered structure intercalating the
channels, filled with water and acetate units, and the molecules
of 3B and cocrystallized 2,20-bipy (Fig. 14b).

Photoluminescence emission measurements

In Fig. 15, the photoluminescence (PL) excitation and emission
spectra of crystal forms 1C and 2B are presented. These are the
only crystal forms prepared in this study exhibiting significant
PL [internal quantum yield (IQY) higher than 1%]. Even the two
Hg2+ complexes were extremely weak light-emitting materials
whose IQY couldn’t be measured even on using wider band
passes. Their excitation and emission spectra are shown in the
ESI† (Fig. S21 and S22).

The excitation spectrum of 1C was acquired by monitoring
the emission at 356 nm and 448 nm, however the only band
with a relevant emission was at 356 nm. Also, emission spectra
are shown for excitations at 272, 303, 326 and 380 nm wave-
lengths. Two bands between 270 and 330 nm are observed in
the excitation photoluminescence spectra, which led to a broad
band emission between 320 nm and 420 nm (ultraviolet, violet and
blue emissions), with the maximum at 356 nm, corresponding to
deep-blue colour (colorimetric coordinates x = 0.179 and y = 0.110;
for blue colour x = 0.17 and y = 0.00). A high external quantum
yield (EQY) of 14.2(1)% was observed with a corresponding IQY of

41.3(1)% under excitation at 326 nm. A less efficient PL emission
centered at 440 nm was observed for 2B under excitation at
378 nm, upon emission measurement from 388 nm to
746 nm, EQY and IQY values of 0.7% and 4.1% were found
for this light-blue colour emission (colorimetric coordinates
x = 0.170 and y = 0.124).

To rationalize this efficient optical property of 1C, we have
calculated for 1C and 2B the frontier molecular orbitals (FMOs)
and the first ten vertical excitations (from S1 to S10) using time-
dependent DFT. As can be seen in Fig. S23 and S24 (ESI†), the
HOMO and related high-energy occupied FMOs are mainly
localized in the acetate ligands, whereas the LUMO and related
low-energy unoccupied FMOs are most localized over 2,20-bipy.
A similar trend was observed when using the fully optimized
geometries (Fig. S25 and S26, ESI†). In Table 1 and Table S4
(ESI†), the main FMO transitions are shown for 1C and 2B,
respectively, along with the corresponding wavelengths and
oscillator strengths computed using the partially-optimized
geometries. It is possible to observe an excellent agreement
between the experimental and calculated excitation wavelengths
for 1C with large oscillator strengths (S5 at 323.64 and S10 at
279.56 nm). These theoretical wavelengths are very close to the
experimental excitation band centres at 326 nm and 272 nm,
rationalizing the high quantum yield of 1C. Interestingly, the
most intense vertical excitation computed from the fully optimized
geometry of 1C (278.2 nm, f = 0.15, Table S5, ESI†) was also in good
agreement with the experimental values (272 nm). Both transitions
at 279.56 nm (partially optimized geometry of 1C) and 274.5 nm
(fully optimized geometry of 1C) have strong contributions from
the HOMO�3 - LUMO and HOMO�3 - LUMO+1 (279.56 nm),
and HOMO�3 - LUMO and HOMO�2 - LUMO+1 (278.22 nm)
excitations, with these FMOs mainly localized on the 2,20-bipy
system. On the other hand, the oscillator strengths of the first ten
excitations of 2B are negligible, both from the partially and fully
optimized geometries (Tables S4 and S6, ESI†).

Conclusions

Herein we have prepared eight new metal-coordination based
crystal forms of Zn2+, Cd2+ and Hg2+ through investigating the
competition between 2,20-bipy and acetate ligands in metal

Fig. 15 Photoluminescence excitation and emission spectra of (a) 1C and
(b) 2B crystals.

Table 1 Time-dependent DFT wavelengths and oscillator strengths for
the first ten vertical excitations of 1C. Transitions with larger oscillator
strengths are denoted in bold

Excited state Main transition (% contribution) Wavelength f

S1 HOMO - LUMO (99.7%) 389.09 0.0008
S2 HOMO - LUMO+1 (99.7%) 377.47 0.0016
S3 HOMO�1 - LUMO (99.5%) 340.29 0.0015
S4 HOMO�1 - LUMO+1 (99.0%) 331.62 0.0017
S5 HOMO�2 - LUMO (97.3%) 323.64 0.0131
S6 HOMO�2 - LUMO+1 (97.7%) 316.83 0.0099
S7 HOMO - LUMO+2 (94.7%) 300.8 0.0015
S8 HOMO - LUMO+3 (93.6%) 293.56 0.0002
S9 HOMO - LUMO+4 (96.0%) 281.42 0.0013
S10 HOMO�3 - LUMO (46.9%) 279.56 0.0716

HOMO�3 - LUMO+1 (47.7%)
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binding. In addition, two new coordination complexes were
synthesized for the first time. It can be concluded that Zn2+

reacts better to changes in the ligand proportion, since complexes
with 1 : 3, 1 : 2, 2 : 1 and 3 : 0 2,20-bipy : acetate stoichiometry were
formed upon increasing the 2,20-bipy ratio in the synthesis. Cd2+

is less sensible to such changes, but complexes with 1 : 2, 1 : 1,
and 3 : 0 2,20-bipy : acetate stoichiometry were still formed, while
only the 1 : 2 and 2 : 1 stoichiometries were found in the Hg2+

complexes. Therefore, this study has demonstrated how mole-
cular and structural diversity of coordination complexes can be
easily broadened through a simple ligand ratio change, which
can be a useful method of getting new functional materials
such as the highly efficient photoluminescent crystal form of
1C obtained here. Furthermore, all syntheses are practical, easy
and rapid, requiring only one step, besides presenting low cost
and full yield. We believe that the ligand stoichiometric ratio is
an attractive approach to conceive new coordination complexes
and new crystal forms thereof, which can present desired
properties as the efficient PL profile of one of the solid state
materials discovered here.
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