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Materials with a macroscopic polar order display a
variety of useful properties, such as second-order non-
linear optical activity, piezoelectricity, ferroelectricity,
pyroelectricity, and triboluminescence.1 Among these
properties, ferroelectric behavior is particularly desir-
able, and materials exhibiting this behavior are the
focus of intense studies because it is possible to switch
rapidly between different states by an external electric
field.2 Such materials may be useful in a variety of new
technologies such as electric-optical devices, information
storage, switchable NLO (nonlinear optical) devices, and
light modulators.3

One well-known ferroelectric compound that is also
second-harmonic generation (SHG) active is the Fdd2
phase of KDP (KH2PO4). There is extensive H-bonding
in its structure that gives rise to a diamondoid network.4

Recent interest in the use of crystal engineering to
generate coordination polymers has provided many
examples of network structures where H-bonding and
coordination bonds are dominant structural influences.
It is conceivable that such networks may exhibit the
types of properties that make KDP such an important
material. We have accordingly become interested in
generating coordination polymers that possess useful
physical properties such as ferroelectric behavior. We
note that ferroelectric behavior requires the adoption
of a space group that is associated with one of the polar
point groups. For this reason, we have focused on the
use of chiral network building blocks to encourage
crystallization in an appropriate space group. Quinine,
an alkaloid, is an attractive candidate as a component
of a network structure with the aforementioned physical
properties. The molecule chiral and, in addition, its two
nitrogen atoms have the potential to coordinate to a
metal center or participate in H-bonding.

Herein, we report the synthesis, solid-state structures,
thermal stabilities, and ferroelectric properties of Cu5-
Cl9(H2Quinine)2 (1) and Cu3Br7(H2Quinine)2(H2O) (2).
1 was obtained by the reaction of CuCl, quinine, and
HCl in methanol under solvothermal conditions at 60-
70 °C.5 2 was obtained under similar conditions using
CuBr and HBr.5 These reactions are represented in
Scheme 1. Thermogravimetric analysis (TGA) of these
polycrystalline complexes indicated no weight loss below
ca. 200 and 240 °C for 1 and 2, respectively. EPR spectra
of the complexes are all silent, confirming that the
oxidation state of Cu ions in these solid complexes is
+1.

The crystal structure of 1 reveals an anionic one-
dimensional polymer of composition [Cu5Cl9

4-]n (Figure
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1a).6 This polymer contains Cu4Cl6
2- adamantane-type

aggregates that are linked to two identical units by
CuCl3

2- bridges.7 The CuCl3
2- bridge is disordered

around a 2-fold axis. There are three unique Cu atoms,
two of which are in trigonal coordination environments
while the third is in a tetrahedral environment. The
anionic charge of this highly unusual Cu(I)-Cl polymer

is balanced by diprotonated quinine cations. The protons
that are bound to the nitrogen atoms of the quinoline
and quinuclidine ring participate in hydrogen bonding
with chlorine atoms belonging to two Cu4Cl6 aggregates
that are each part of two separate polymeric chains. As
a consequence of the extensive coordinate and hydrogen
bonding, a homochiral 3D network is produced, as seen
in Figure 1b.

In 2, diprotonated quinines play a similar role, serving
as countercations for anionic [Cu3Br7

4-]n chains (Figure
2a).6 The copper(I) centers in this structure have a
distorted tetrahedral environment formed by bridging
and terminal bromide ions. As was the case with 1 there
are significant interactions between the H atoms bound
to the N atoms of the quinoline and quinuclinde rings
and Br centers of the Cu3Br7

4- polymer, resulting in the
formation of a 3D homochiral network (Figure 2b).

Given that the products 1 and 2 crystallize in a chiral
space group (C2) which belong to a polar point group
(C2), their optical properties were studied. Preliminary
examinations of a powdered sample indicate that both
1 and 2 are SHG-active with approximate responses 4.0
times that of KDP. The space group C2 is associated
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Figure 1. (a) The structure of 1, showing the [Cu5Cl9
4-] anion chain composed of alternating Cu4Cl6 and CuCl3 units. The

countercations are diprotonated quinines. Each CuCl3 unit is disordered around a 2-fold axis (only one orientation of the CuCl3

unit is shown). Color code: Cu blue, Cl green, O red, N pale blue, C black. H atoms have been omitted for clarity. (b) H-bonds
between diamond-like net and diprotonated quinine in a 3D network of 1.

Figure 2. (a) The structure of 2, showing the [Cu3Br7
4-] anion chain. The countercations are diprotonated quinines. Color code:

Cu blue, Br green, O red, N pale blue, C black. H atoms have been omitted for clarity. (b) H-bonds between the CuBr cluster and
diprotonated quinine in a 3D network of 2.
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with the point group C2, one of the 10 polar point groups
(C1, C2, Cm, C2ν, C4, C4ν, C3, C3ν, C6, C6ν) required for
ferroelectric behavior. Experimental results indicate
that 1 does indeed display good ferroelectric behavior
while 2 shows relatively low ferroelectric responses.8

Figure 3 clearly shows there is an electric hysteresis
loop in 1, which is a typical ferroelectric feature with a
remanent polarization (Pr) of 0.28 µC‚cm-2 and coercive
field (Ec) of 16 kV cm-1.8 The saturation spontaneous
polarization (Ps) of 1 is ca. 2.0 µC cm-2 compared to that
of ferroelectric KDP, which is 5.0 µC cm-2.9 The similar-
ity in the values found in 1 and KDP is interesting given
that both form 3-D networks that involve H bonding.
Furthermore, although 1 does not form a diamond-type

net like KDP, it does possess adamantane-type units
(in the anionic polymer), which are a characteristic
structural feature of diamond nets. To the best of our
knowledge, 1 represents the first example of a homo-
chiral metal-organic coordination polymer with a dia-
mondoid-like network that exhibits ferroelectric behav-
ior.
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(8) The measurement of SHG responses: Approximate estimations
of the second-order nonlinear optical intensity were obtained by
comparison of the results obtained from a pellet (Kurtz powder test)
of powdered sample (80-150 µm diameter),9 with that obtained for
KDP. A pulsed Q-switched Nd:YAG laser at a wavelength of 1064 nm
was used to generate the SHG signal. The backward scattered SHG
light was collected using a spherical concave mirror and passed through
a filter that transmits only 532-nm radiation. Thus, the SHG responses
of 1 and 2 are about 4 times that of KDP, respectively. The measure-
ment of an electric hysteresis loop: The ferroelectric property of the
solid-state sample was measured by a pellet of powdered sample using
an RT6000 ferroelectric tester at room temperature while the sample
was immerged in insulating oil. The electric hysteresis loop was
observed by Virtual Ground Mode. The relatively low Ps value is
perhaps because the sample pellets are too thick to use a high voltage.
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Figure 3. Electric hysteresis loop of a pellet of powdered 1
observed by Virtual Ground Mode using an RT6000 ferroelec-
tric tester at room temperature.
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