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Anisotropic properties are widely exploited in many high-
technology fields such as polarized-lighted microscopy, quartz
wedges for determining birefringence and optical sign, liquid
crystals in large displays (LCDs),[1a] thermal conductivity in
microelectronic devices of solid-state transducers, and pyro-
electrics in infrared detectors. Artificial dielectric resonators
with anisotropic characteristics have also received much
attention owing the needs of the electronics industry for
materials with such properties.[1b] In general, large anisotropic
effects on dielectric permittivity are only known to occur with
a phase transition and disappear outside of the phase-
transition-temperature range.[1c] An excellent illustration of
such behavior is given by Horiuchi et al. , who reported the
dielectric properties of co-crystals of phenazine (phz), chlor-
anilic acid (H2ca), and bromanilic acid (H2ba) along two
different axes to display a huge anisotropic anomaly approx-
imately 11 times larger than that along a third axis.[2a–d] More
recently, Kobayashi and co-workers described the occurance
of anisotropy of permittivity in the metal–organic framework
(MOF) [Mn3(HCOO)6(C2H5OH)] that was three to five times
larger than that along another axis and than in the guest-free

framework [Mn3(HCOO)6], which exhibited essentially only
isotropic permittivity.[3] However, these large anisotropic
effects only take place near the phase transition temperature
and either disappear or remain isotropic beyond this temper-
ature. In addition, examples of anisotropic effects on temper-
ature[4] and permittivity have been limited to systems
displaying active hydrogen exchange with deuterium (for
OH–OD exchange systems) that were strongly temperature-
dependent. Thus, the development of large temperature-
independent anisotropy and isotope effects on permittivity is
an important and significant challenge.[5]

Recently, the nature of the s-and p-bonding components
of the bond between an olefin moiety and a copper(I) atom
has been reported to result in their coordination not being
very stable. This lability leads the resultant copper p complex
to be easily polarized by an external electric field. Such a
copper p complex may then display a larger molecular
polarizability (c) and thus also a larger dielectric response
(e= 1+ 4pc ; e= dielectric permittivity; in addition, the
dielectric constant abides by the Debye equation: (e�1)/
(e+2)=NA(ae+ad+m2/3kT)/3e0; ae= electronic polarizability,
ad=molecular deformation polarizability, m=molecular
dipole moment) than normal coordination compounds.[5c,d]

In this context, we envisioned a new building-block ligand
that would bind to a CuI atom to create novel, discrete,
neutral macrocyclic molecules, as shown in Scheme 1. Single
crystal permittivity measurements of these new complexes
showed that the dielectric constant of the partially deuterated
compound displayed significant enhancement along the three
crystallographic axes with a permanent and stable anisotropy
and a temperature-independent increase in permittivity to
more than twice that of its non-deuterated counterpart.
Moreover, the anisotropy of dielectric permittivity in the
deuterated and non-deuterated complexes along the three
different axes (a, b, and c) showed huge differences, with a
large permanent and stable anisotropy and an independent
increase in permittivity by a factor of more than 20. To our
knowledge, this is the first example of metal complexes
showing such large anisotropy at high frequency (1 MHz).[2]

As shown in Scheme 1, the ligand 2-(N-allylpyridinium-3-
yl)-1H-benzo[d]imidazole bromide (L1) reacted with CuCl
under methanolothermal conditions at 70 8C to give neutral
macrocycle 1. Under similar conditions, partially deuterated
ligand 2-(N-allyl-2,6-dideuteriumpyridinium-3-yl)-1H-
benzo[d]-imidazole bromide (L2) also reacted with CuCl to
afford neutral macrocyclic complex 2.

X-ray single crystal structure determination of macro-
cyclic 1 reveals that L1 acts as bidentate spacer that links two
Cu(I) centers through the N atom of the imidazole group and
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the olefin moiety. This arrangement results in the formation
of a large neutral molecular macrocycle with a 22-membered
ring along the bond sequence Cu2A-Br2A-Cu1A-N1A-C7A-
C8A-C12A-N3A-C13A-C14A-Cu2-Br2-Cu1-N1-C7-C8-C12-
N3-C13-C14, as shown in Figure 1a.[6] The space-filling
diagram depicted in Figure S1 in the Supporting Information
reveals that there is no free cavity to accommodate guest

molecules. This assessment is further
supported by elemental analysis and
thermogravimetric analysis, which
indicate that no guests or absorbed
molecule persists in the cavity before
the decomposition temperature (see
the Supporting Information Fig-
ure S11). There are two crystallo-
graphically independent Cu atoms,
each of which displays a distorted

trigonal coordination geometry formed by a N atom from
the imidazole unit, a m2-Br atom, and a terminal Br atom for
the Cu1 center, and by a terminal Cl ligand, a m2-Br atom, and
the olefin moiety of the allylic group for the Cu2 center. The
Cu�Cu distance is about 2.871 ?, thus indicating there is
weak interaction between the two Cu atoms. Inspection of
Figure 1b, which shows a packing view of 1, reveals formation
of a three-dimensional polymer through weak supramolecular
interaction with H····Br distances of 2.910 ?.

As anticipated, macrocycle 2 consists of a 22-membered
ring along the bonding sequence Cu2A-Br2A-Cu1A-N1A-
C7A-C8A-C12A-N3A-C13A-C14A-Cu2-Br2-Cu1-N1-C7-
C8-C12-N3-C13-C14 (Figure 2a), since it is isostructural to
1.[6] The weak supramolecular interactions with D····Br
distances of 2.804 ? are stronger than those of macrocycle
1, which suggests that the anisotropy along the c axis may be
quite different on going from 1 to 2 (Figure 2b). There are no
abnormal C�C, C�N, C=C, Cu�N, Cu�Cl, or Cu�Br bond
lengths in either 1 or 2. The Cu�Colefin bond lengths (2.028–
2.083 ? for 1 and 2.058–2.066 ? for 2) are also in good
agreement with those previously reported for Cu olefin
complexes.[7]

The temperature dependence of the alternating current
(ac) permittivity was investigated. Measurements of single
crystals 1 and 2 were carried out on an impedance analyzer
between 5 and 300 K and from 103 to 106 Hz. Electrical
contacts were prepared using gold paste to attach the 10-mm
diameter gold wires to the single crystals. The permittivity of a
single crystal of 1 along three crystallographic axes (E k c, E k
a, E kb for the electric field approximately parallel to c, a, and
b axis, respectively; Figure 3) reveals that the permittivity
remains essentially unchanged over the entire temperature
range and from 104.5 to 106 Hz, reaching values of 640, 71, and
28 forE k c,E k a, andE k b, respectively (see Figures S2–S4 in
the Supporting Information). This temperature independence
resembles that of organic crystals of squaric acid derivatives
(SQA) reported by Sugawara and co-workers[8] and by
Moritomo et al.[9] The magnitude of the dielectric constant
in a single crystal of 2 (Figure 4) along the c axis (E k c) is
much larger than that of 1 over the entire temperature range
and reaches a value of 1392 (2.18 times the value for 1).
Nevertheless, the dielectric behavior displays a temperature
independence similar to that of 1 (Figure S5). Similarly,
enhancements of a factor of more than 2.4–2.5 compared to 1
(179/71 and 68/28) are also observed for the a and b axes
owing to deuteration. This result is comparable to examples in
the literature showing large anomalies on permittivity arising
from deuteration, such as the [Mn3(HCOO)6-
(C2H5OH)]/[Mn3(HCOO)6(C2H5OD)] system for which the

Scheme 1.

Figure 1. a) Crystal structure of 1 in which four Cu atoms and two L1

ligands form a 22-membered ring and all of the Cu atoms display
distorted trigonal geometry. b) Packing view of 1 revealing a pseudo-
three-dimensional polymer through weak supramolecular interactions
along the c axis with H····Br distances (dotted lines) of 2.910 H.

Angewandte
Chemie

6853Angew. Chem. Int. Ed. 2007, 46, 6852 –6856 � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


permittivity increases from 45 to 57 between a non-deuter-
ated and a deuterated guest.[3] SQA also displays a strong

isotope effect with the permittivity increasing from 9 to 18
between non-deuterated and deuterated SQA.[8]

Dynamic H-bonds may play an important role in the
isotope effect on the dielectric constant in both the MOF and
SQA systems, with dielectric anomalies (or peaks) rapidly
disappearing with increasing temperature beyond a phase-
transition region or displaying close temperature-dependent
characteristics. Weak supramolecular H···Br (or D···Br)
interactions in 1 and 2 may also be responsible for the large
isotope effect on the dielectric constant through changes in
dipole arrangements and lattice modulations of the crystals.
The static supramolecular C�H···Br and C�D···Br interac-
tions between the aromatic rings and neighboring Cu
coordination environments result in a static and stable MOF
lattice, for which the deuterated mass effect is constant and
permanent, remaining unchanged with increasing temper-
ature. This situation strongly suggests that the permittivity in
the present case displays temperature-independent behav-
ior.[8] Since the absolute magnitude of the dielectric constant
depends on the molecular polarizability and on crystal
density, deuterated C�D···Br interactions in compound 2
increase the molecular polarizability and the density of the
packing structure. In fact, the much shorter D····Br interaction
and larger crystal density in 2 than in 1 may also partially
contribute to the occurrence of a large isotope effect on
permittivity. To our knowledge, such a large, permanent, and
stable effect of deuteration on permittivity (erkcD/erkcH, erkaD/
erkaH and erkbD/erkbH, see Figures S6–S8 in the Supporting
Information) that is also temperature-independent is unpre-
cedented.

The temperature dependence of dielectric anisotropy of
single crystals of 1 and 2 was investigated using the same
single crystals as for the permittivity studies discussed above.
These anisotropy measurements revealed that the dielectric
behavior of 1 and 2 displayed significant anisotropy. The
largest anisotropic effect on the dielectric constant between
the c and b axes (defined as erkc/erkb, where er is the real part of
the complex permittivity (e= er+ iei), and the subscripts k c
and k b indicate that the electric field is parallel to the c and
b axes) was observed to reach an enhancement of more than a
factor of 20–22; this very large anisotropic effect resembled
the anomaly found in the ternary cocrystal system phz–H2ca–

Figure 2. a) Crystal structure of 2 in which four Cu atoms and two L2

ligands make up a 22-membered ring and all of the Cu atoms display
distorted trigonal geometry. b) Packing view of 2 revealing a pseudo-
three-dimensional polymer through weak supramolecular interactions
along the c axis with a D····Br distance (dotted lines) of 2.804 H.

Figure 3. Temperature dependence of dielectric permittivity (er) of non-
deuterated 1 for the electric field Ek c axis, Eka axis, and Ekb axis at
1 MHz.

Figure 4. Temperature dependence of dielectric permittivity (er) of
deuterated 2 for the electric field Ek c axis, Eka axis, and Ekb axis at
1 MHz.
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H2ba between the b and c axes with a dielectric-constant
enhancement of approximately a factor of ten.[2] On the other
hand, the dielectric anisotropy in single crystals of 1 and 2
between the c and a axis and the a and b axis (erkC/erka and erka/
erkb) is much lower, with increases by factors of 7.8–8.8 and
2.5–2.7, respectively (Figures 5 and 6). It is interesting to note

that the temperature independence of permittivity remains
constant. Such large and stable anisotropy occurring in three
different crystal axes could be due to the anisotropy of
molecular polarizability and molecular orientation in the
crystal, which results in solid-state molecular polarity differ-
ences (see Figures S9–S10 in the Supporting Information).[1b]

To our knowledge, this phenomenon in metal complexes is
not known to date.

In summary, we have demonstrated that the dielectric
behavior in two novel CuI olefin complexes with partial
deuteration on the aromatic ring displays a permanent and
stable isotope effect and anisotropy. It is envisioned that our
findings will provide a new impetus to devising new strategies
to applications in high-technology fields, such as anisotropic
dielectric detectors or resonators.

Experimental Section
See the Supporting Information for experimental details on the
synthesis of ligands L1 and L2.

1: Thermal treatment of CuCl (1 mmol) and L1 (1 mmol) in
methanol (2 mL) at 70 8C over 1–2 days gave pale yellow crystalline
blocks of 1 in approximately 45% yield based on the amount of L1

consumed; only one pure phase was found. Elemental anal. calcd (%)
for C20H28Br4Cl2N6Cu4: C 21.48, H 2.51, N 7.52; found: C 21.53,
H 2.48, N 7.61; IR (KBr): ñ= 3447(s), 3104(s), 1633(m), 1594(w),
1536(w), 1498(w), 1475(s), 1438(m), 1418(m), 1386(w), 1323(m),
1281(w), 1258(w), 1225(w), 1151(m), 1135(m), 992(m), 942(w),
818(w), 795(w), 751(s), 678(s) cm�1.

2 : Following the same procedure as for 1 but replacing L1 with L2

affords 2 as pale yellow crystalline blocks in 50% yield based on the
amount of L2 consumed. Elemental anal. calcd (%) for
C20H24D4Br4Cl2N6Cu4: C 21.31, H 2.14, N 7.49; found: C 21.47,
H 2.09, N 7.38; IR (KBr): ñ= 3445 (m), 3335(m), 3054(w), 2362(w),
2305(w), 1610(m), 1577(w), 1549(w), 1494(w), 1494(w), 1424(s),
1424(w), 1337(w), 1280(m), 1228(w), 1177(w), 986(w), 938(w),
876(w), 763(s), 621(w), 575(m) cm�1.
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