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Abstract

Single crystals of [(H,O) C (DB18C6)(1,-H,0),,2][(H30) C (DB18C6)(1o-H20),0]15 1 were shown to possess ideally stacked crown ether
molecules which form channels running in one direction through the solid state structure. By immersion of single crystals of 1 into NaOH,
ion exchange takes place to yield the compound [(Na) C(DB18C6)(1,-H,0),/2][(Na) C (DB18C6)(1,-OH),/»]15 2, with slightly but significantly
different cell parameters. Both compounds were tested for transport properties through these channels by using two different devices, one for
water transport, the other for NaOH transport, through single crystals of 1 and 2, respectively. The results indicate that transport can take place
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via a hopping mechanism.
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1. Introduction

Water molecules and ions play important roles in the bio-
logical cells. To transport these species through cellular mem-
branes, life has produced a wide diversity of water molecules
and ion channels [1,2]. While large-pore channels permit the
passage of ions more or less indiscriminately, the archetypal
channel pore is just one or two atoms wide at its narrowest
point. It conducts a specific ion, such as sodium or potassium,
and conveys it through the membrane single file, nearly as
quickly as the ions move through a free fluid. Among the
most studied channels are (i) the potassium ion channel and
(ii) aquaporins. Aquaporins are a class of integral membrane
proteins that form pores in the membrane of biological cells
and selectively conduct water molecules in and out through
an unidirectional process, while preventing the passage of
ions and other solutes, thanks to simple electrostatic interac-
tions. Water molecules traverse the narrowest portion of the
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channel single file. The presence of water channels increases
the permittivity of membranes to water by as much as 10-
fold. However, because the process is passive, aquaporins can-
not reverse the direction of the osmotic gradient driving the
flow of water [3]. In cell biology, potassium channels are
among the most common type of ion channels together with
sodium or ATPase channels. They form potassium-selective
pores that span cell membranes [4]. These examples of chan-
nel systems furnish also good models of ion carriers which
could be used in nanotechnology. Therefore great efforts
have been made in chemical research to design mimicking
ion channels. Among the compounds used by chemists and bi-
ologists, two families have taken an important place in the lit-
erature: crown ethers and calix[n]arenes, though porphyrins
should be mentioned as well [5—31]. We focus here on the
use of crown ethers as scaffold molecules to build channels.
Some channel systems have already been realized earlier, for
instance the most known ‘“‘chundles” reported by Jullien and
Lehn [32], the bola-amphiphiles of Fyles et al. [33], Nolte’s
polymerized isonitriles [34], Voyer’s crown substituted pep-
tides [13], the redox-switchable systems of Hall et al. [35],
and the steroid-substituted crowns of Pechulis et al. [36].
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2. Results and discussion

Dibenzo-18-crown-6 (DB18C6) is a cyclic polyether ligand
with two phenyl groups at opposite positions to each other.
The structure is not planar and the mean planes of the phenyl
groups form an angle of circa 150°. This has been confirmed
by theoretical calculations to be a stable conformation of
this ligand [37]. Potentially, DB18C6 should be able to stack
on top of each other to yield a one-dimensional (1D) chain
structure due to packing via w—mt interactions. Upon stacking,
the aromatic rings could be packed in such a way as to obtain
interactions of H atoms of one with the ring current of the next
neighbor molecule. Indeed, with the aim of obtaining a 1D-
structure with a metal ion, the compound [(H,O)(DB18C6)
(H2-H20)2/2][(H30)(DB18C6)(12-H20)22](13) 1 was isolated
[38]. This compound was previously described by us [38,39].
In the present work, it was, however, obtained by a different
synthetic method, and since it is the basis of the results de-
scribed further on, its structure is briefly discussed again here.

Compound 1 crystallises as red-brown needles in the ortho-
rhombic space group Pccn (no. 56) with two independent half-
molecules per asymmetric unit (Fig. 1). The structure of 1 is
composed of two different channels in a crystallographic point
of view: channel 1, stacking almost perfectly around the oxy-
gen atoms O7 and O8, and channel 2, featuring an offset stack-
ing around the oxygen atoms O9 and O10. Although it was
impossible to attribute protons during the refinement of the
structure, the presence of H3O™" is necessary to keep the com-
pound neutral. At first sight, these cations seem to be statisti-
cally shared between both channels but only one channel
coordinates the hydronium ion. This can be derived from the
fact that packing in each channel is different. While channel

1 stacks closer to being eclipsed, channel 2 features a twist an-
gle from one DB18C6 to the next of circa 10°. This difference
in stacking can be attributed to a different filling of the chan-
nel. We propose that channel 2 carries alternately hydronium
ions and water molecules. Hydronium ion OS is coordinated
by the ligand crown ether and is almost included in the plane
defined by the six oxygen atoms of this latter. The coordina-
tion sphere is completed by the oxygen atoms O7 and its sym-
metry equivalent of the two nearby water molecules. Such an
arrangement generates an infinite H-bonded chain with the ox-
ygen atoms of H;O" and H,O on a twofold axis (1/4, 3/4,
z(d)). Channel 1 is similar to channel 2 but the hydronium
ions are replaced by water molecules. In this case, the infinite
column of water molecules 09, O10 is also situated on the
twofold axis (1/4, 1/4, z(c)). None of the oxygen positions in
the centre of the channels, O7, O8, 09, 010, could be refined
with alkali metal ions (refinement and structure factor are too
bad) instead of oxygen atoms of water molecules, as will be
important for the derived compound 2. The two channels are
parallel to each other and arranged in an alternating fashion
along the c-axis. The counter ions, the linear anions I3, follow
the same parallel orientation and fill the voids between the
channels.

With our new synthetic approach, large quantities of air-sta-
ble single crystals of cm-dimensions in length were obtained
(Picture 1). Under the polarisers of a light microscope, they
show a strong dichroism (measured by Dr. Jean-Pierre Rivera
at the University of Geneva) depending on the angles of the
polarisers [40]. The red-brown color is typical for the triiodide
absorptions at 288 and 350 nm. [41].

When single crystals of 1 are immersed into an aqueous
solution of NaOH, ion exchange and substitution of H,O by

Channel 1

-

.'c8 HO
I 0
$

Channel 2

Fig. 1. View on top of the channels formed in 1.
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Picture 1. Photo of single crystals of 1.

NaOH is observed without dissolution of the single crystals,
thus compound 2 is isostructural to 1, and compound 2 is
also obtained as red-brown needles in the orthorhombic space
group Pccn (no. 56) with two independent half-molecules in
the asymmetric unit. As shown in Fig. 2, the organisation of
the cell remains the same as in 1: two types of channels sur-
rounded by parallel triiodide anions. It was not possible to ob-
tain crystals of 2 by classical synthesis due to the reactivity of
diodine (I,) with sodium hydroxide. In 2, the unit cell param-
eters a and b are smaller by circa 0.1 A than in 1 which is

reflected in a smaller unit cell volume by 26 A3 Again two
different channels can be identified: channel 2 with an almost
perfect stacking of DB18C6 ligands and channel 2 with offset
packing of DB18C6 molecules. Channel 1 can be described as
a linear chain of alternating hydroxide anions and sodium
cations in which the cations are coordinated by DB18C6 in
a motif of a distorted hexagonal bipyramid (Fig. 3). Each
bipyramid is linked to the next via a hydroxide anion. On
the one hand, the distance Na™—OH™ is 1.92(1) A and thus
is shorter than the distance O8—QO7 in 1. On the other hand,
the distance Na™—OH (bridging) is longer than the distance
08—07 in 1 with a length of 2.771(1) A. The T-stacking is
weaker than in 1 with a distance of 3.877 A on an average be-
tween aromatic rings. The presence of OH™ is confirmed by IR
and a 'H NMR signal at 2.6 ppm which is in agreement with
the literature but slightly shifted by 0.4—0.6 ppm [42,43]. The
broad characteristic IR-band of water in 1 is replaced by two
signals around 3616 cm ! in 2. One can be attributed to voy
stretching deformation of hydroxide anions, and the second at-
tributed to the voy stretching of independent water molecules.
In the other channel of 2, there is an alternation of sodium ions
and water molecules. Here, the distance Nat—O0 is 2.35(1) A
and longer by circa 0.15 A than the O—O distance in channel
2 of 1. This effect results probably from the repulsive dipole—
dipole interactions between sodium cations and hydrogen
atoms of water molecules. The Na—O(DB18C6) distances
are between 2.645(7) and 2.800(7) A. This corresponds well
to average values observed in the literature [43,44]. The
Na—O (water) distance of 2.35(1) A fits also with literature

Fig. 2. View on top of the channels found in 2.
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Fig. 3. Side-view of the channel containing NaOH in 2.

with the cationic complex of [Na(DB18C6)(H,0),]" already
being reported [45]. In both channels of 2, the oxygen atoms
have elongated ellipsoids along the c-axis, and can be also re-
fined on 50:50 symmetric split positions which are on either
side of the sodium ions, indicating a certain degree of freedom
to move along the c-axis of the single crystal.

2.1. Measurement of water and ion transport

The transformation of the structure 1 into 2 indicates that
ions can be exchanged in the solid state, and therefore a study
of ion exchange was conducted. In the first part, water trans-
port was studied, and in the second part, ion transport was an-
alyzed in more detail. Compound 1 forms needle-like single
crystals, some of which have a rectangular hole inside, and
some of which are smaller and without hole (Picture 2). To
avoid the conduction via capillary like in a drinking straw,
crystals without hole were used for the following measure-
ments. In order to measure the ion conductivity across single

00059651

crystals of 1 which are not hollow, a small device A was con-
structed for the fixation of such a single crystal (Scheme 1a).
The device A is composed of four parts: one NMR tube (a)
(easy to remove to follow the experiment by 'H NMR), one
reservoir (b) to collect the excess of deuterated solution above
the NMR tube composed of a syringe with a needle descend-
ing into an NMR tube, one compartment (c) composed of a sy-
ringe where a single crystal of 1 is in touch with deuterated
solution, no grease was in contact with the deuterated solution,
one reservoir (d) containing slightly acidic water due to dis-
solved carbon dioxide and on which the crystal of 1 is fixed
with non-proton-conducting grease (the grease was tested pre-
viously as a blank and was proved to be non-conducting). A
single crystal of 1 without a hole bridges the two latter reser-
voirs, the crystal being oriented along the c-axis, this being the
direction of the channels. In the upper compartment of the de-
vice, a solution of a weak aqueous acid provides the protons
and water. In the lower compartment, a solution of D,O and
acetonitrile collects the protons and/or water exchanged via

N

300 pm

00059202

Picture 2. Microscope view of hollow single crystals of 1.
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Scheme 1. (a) Device A; (b) Device B.

the single crystal of 1. The measurement of proton concentra-
tion was followed with a 250 MHz Bruker Advance spectrom-
eter, at 298 K. In order to make sure that the grease is not
conducting and that nothing can pass via the interface
grease—single crystal, a long, non-hollow crystal of 1 was cho-
sen and put in contact with the deuterated solution only with
the tip of the crystal. The deuteration of the crystal does not
seem to occur during the experiment.

The measurement of proton/water transport is made with
a solution of water at pH = 6 (acidified by dissolved carbon di-
oxide). The D,O/CD;CN solution is in the ratio (3:1). The
measurements were done every 30 min at room temperature
(26 °C). Curve 1 reports the results as derived from the inte-
gration of the "H proton signals at 4.515 ppm; the signal for
water increases with time (Fig. 4). As we observe no shift of
the water signal during the time of the measurement, or ap-
pearance of a second signal, the concentration of H;O™ is ei-

( ther very much smaller than one of the H,O, and it is not

possible to differentiate two signals on the "H NMR spectrum,
or there is simply H,O transport through single crystals of 1.
Therefore the number of protons was integrated on the H,O
signal. As shown in curve 1, the transport is linear and around
9 to 10 H atoms exchange per hour with respect to the signal
for CD,HCN, which stem from the 99% deuterated acetoni-
trile molecules. Absolute quantification is, however, not possi-
ble here as the quantity of protonated H,O in D,O is not
indicated, but was present to some extent in the initial D,O
in spite of its indication of 100% D,0O. The channel 1 is prob-
ably the only one to conduct protons in the form of neutral
water because if hydronium ions were transported, moving
counter ions would also be needed. In the absence of moving
counter ions in the crystal structure, the conclusion is that only
half of the structure is conducting neutral water molecules.
This relatively slow process could be due to a hopping conduc-
tion through the channel as proposed in Scheme 2. The slight
difference of slope in the beginning may be due to the use of
a dried crystal.

For the measurement of ion (i.e. sodium ion) transport
through single crystals of 1 and 2, respectively, device B

was constructed (Scheme 1b). Device B is composed of three
parts: one reservoir (a) containing a 1M in Na® solution
(NaOH), one compartment (b) filled with deionised water on
which 1 is fixed, and one conductimeter (c) in this latter.
Again, a single crystal of 1 bridges the two compartments.
In the upper one, the dionized water will be enriched with
Na* due to osmotic pressure. The measurement of conductiv-
ity was recorded by a WTW Tetracon 325 conductimeter and
its WTW 720 unit. Upon ion or NaOH transport of 1, transfor-
mation into compound 2 should occur. In order to make sure
that the grease is not conducting and that nothing can pass
via the interface grease-single crystal, a long crystal of 1
was chosen and put in contact with the sodium hydroxide so-
lution only with the tip of the crystal.

The measurement of ion conductivity was carried out at
room temperature (26 °C). The conductivity was measured ev-
ery 30 min. Curve 2 shows the results (Fig. 5). Here again,
a linear behavior of the conductivity as a function of time is
observed. The same singularity noticed at the beginning previ-
ously for proton exchange is also present. Besides the fact of
crystal hydration, the ionic nature of the guest plays an impor-
tant role in the shape of the curve 2. The conductivity aug-
ments fast, which is probably due to cation and anion
migration, in that case N a™ and OH™. After the measurement,
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Fig. 4. Curve 1 showing the increase of the 'H NMR signal for water as a func-
tion of time.
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Scheme 2. Proposed hopping mechanism through the 1D-channels maintained by the DB18C6 molecules in 1.

an iodide test with silver nitrate was made. No iodide trace
was found in the final solution. Na™ ions seem to move faster
in the channel because the slope change occurs after 60 min
instead of 120 min as in the case of H,O. This can be due to
the fact that DB18C6 is fitted to sodium ions with a diameter
of 1.90 A while water molecules are bigger with a diameter of
2.8 A. Another effect can be the hydration energy set free
upon migration of Na* from the channel into the water solu-
tion. Analysis of the water enriched with sodium ions via
this osmotic process, using AAS, reveals a concentration of
6.50 x 107* mol/L. In other words, for an initial volume of
4 mL, 2.60 x 10~° mol of sodium ions are present in the solu-
tion after 6 h. If these moles are reported to the crystal surface,
it is 3 x 107> mol/mm?¥h of sodium ions which are passing
through the crystal. If this number is related to the surface
of the used monocrystal of 1 and the number of conducting
channels running through this surface, there are 7.31 X
10~"7 mol/h of sodium ions going through a single channel

21

(a)

y=0.0218 + 12.695
R’ =0.9962

T T T T T T 1
0 50 100 150 200 250 300 350 400
t (time)

40 b CUT —>
5 | (0)

38 1 y=0.0109 +36.11
2
47 R*=0.9962

36 1
35 A
34

4

Conductivity (microS/cm)

33

0 50 100 150 200 250 300 350
time (min)
Fig. 5. Curves 2 and 3 showing the increase of conductivity of the solutions

obtained after osmotic migration of NaOH without (a) and with cutting (b)
of the used single crystal of 2.

of 1. This rate lies in the same order of magnitude as transport
processes through single crown ether molecules which have
been implemented into synthetic cell membranes, and indi-
cates a hopping process as transport mechanism in the solid
state [46].

In a third experiment, similar to the second, the crystal was
cut to half of its length in order to find out a length dependency
of the conduction process. As the slope remains the same, such
a length dependency can be excluded. This experiment is in
favor of the hopping process theory for NaOH. The data in
curve 3 (Fig. 5) also support a hopping process as revealed
in Scheme 2.

3. Conclusions

Crystals of 1 can be transformed into 2, and can thus trans-
port ionic species or water molecules through the crown ether
tunnels arranged along the c-axis of the single crystal. From
the speed of transport, one can deduce that the channels
show a preference for transporting Na* and OH™ ions as com-
pared to water transport. It seems to be a specific transport de-
pending on the ion size. Furthermore, only one channel, i.e.
the overall neutral channel containing water molecules or pairs
of ions (cations and anions), is conducting. The speed of trans-
port indicates a hopping process through the channels. Such
large single crystals could therefore be employed as tiny ion
conducting electrodes for small samples.

4. Experimental

Synthesis of 1: a procedure different from that given in
Ref. [1] is described here to obtain single crystals of 1.
0.532 g (1.85 mmol) dibenzo-18-crown-6 were dissolved in
20 ml THF and 20 ml 0.05 M aqueous I,-solution. The beaker
was closed with parafilm and the solution was allowed to stand
at room temperature for several weeks. After evaporation of
solvent, crystals of 1 in the form of dark brown needles
were isolated, and used for single crystal diffraction. Yield:
circa 90% referring to iodide. '"H NMR: (CDCl3, 250 MHz):
6 (ppm) 6.94 (ArH), 6.89 (ArH), 4.98 (H;0" -nH,0), 4.16
(md, CH,), 1.54 (H,0); IR cm™": 3649 (s), 2900 (vs), 2724
(m), 2669 (m), 1592 (m), 1455 (s), 1376 (s), 1254 (m), 1217
(m), 1127 (m), 1069 (sh), 951 (sh), 722 (m).

Synthesis of 2: a single crystal of 1 was immersed into
a 0.1 M NaOH solution for one day. The crystal was used
for diffraction measurements. Yield 100%. "H NMR (CDCl;,
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250 MHz): 6 (ppm) 6.94 (ArH), 6.89 (ArH), 4.16 (md, CH,),
2.61 (s, OH), 1.64 (H,0) IR cm ™ ': 3616 (w), 2925 (w), 2871
(w), 1593 (m), 1504 (s), 1448 (s), 1335 (w), 1326 (m), 1247
(s), 1217 (s), 1126 (s), 1060 (s), 1051(s), 941 (s), 910 (m),
854 (m), 781 (s), 738 (s), 599 (w).

Single crystal data for 2: CyHuslzsNaOpy, M=
1179.46 gmol_l, orthorhombic, space group Pccn (no. 56),
a=21.988(4), b="21.988(4), c =9.393(2) A, V=4541.2(2) A>,
Z=4, T=203K, Dgeq=1725Mgm™>, u (Mo Ko)=
2.146mm~", F (000) =2324, 22,110 reflections collected of
which 3415 unique and observed, 270 parameters refined,
R(int) =0.0775, R1=>_|F,— F/>_F,=0.0800, wR2=
0.2208 for I > 20 and R1 =0.816, wR2 = 0.2218 for all data,
GooF = 1.117.

Crystals of 2 were measured on an STOE IPDS with graph-
ite monochromated Mo Ka radiation and an Oxford Cryosys-
tems open flow cryostat [47] on a crystal of 0.10 x 0.08 x
0.06 mm, and with an absorption correction by analytical inte-
gration [48]. The structure was solved with direct methods and
refined by full matrix least squares on F* with the SHELX-97
package [49]. All non-hydrogen atoms were refined with an-
isotropic displacement parameters. The hydrogen atoms
were placed in geometrically calculated positions and refined
using a riding model. Not all hydrogen atoms for H,O and
OH"™ could be found in the Fourier map and were thus not
modelled, their positions being ambiguous. The corresponding
oxygen atoms could be refined also on split positions on either
side of the sodium ions. Crystallographic data for structure 2
have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication no. CCDC-
643299. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: (444)1223 336 033; or
deposit@ccdc.cam.ac.uk).
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