FULL PAPER

Ordered Arrays of Molecular Monolayers of Macrotricyclic
Ammonium Cage Hosts as Chloride Receptors

Kazuhiko Ichikawa,* Masanori Yamada, and Naohito Ito

Abstract: In a study of the chloride-ion-
assisted assembling process at the inter-
face between the NaCl(001) surface and
water, atomic force microscopy (AFM)
images showed an ordered array of the

(CsHyp)g]*) was observed in the AFM
image, but the interaction between the
monolayer and the surface of NaCl(001)
was so weak that no ordered array of
these cage hosts was observed in the

AFM image; the intramolecular cavity
of 3 is too small to encapsulate Cl~. The
ordered array of cage hosts 1 or 2 was
established as a result of their self-
assembly through their encapsulation

chloride receptors 1 ([Me,N,(CsH,g)s-
(CeHyo)s]*) or 2 ([(PhCH,)4N4(CsH )s-
(C¢Hy,)5]*"); these cage hosts can encap-
sulate Cl~ into their own cavities. On
the other hand, a molecular monolayer
of fluoride receptor 3 ([(PhCH,),N,-

self-assembly

Introduction

Molecular recognition of anionic substrates by artificial
receptors is an area of intense current research due to the
importance of anions in biochemical processes.! Ordered
arrays and crystals of anion-encapsulation host cages give
useful insights into the noncovalent interactions which play an
important role in building supramolecular structure.? 3 The
creation of molecular assemblies by means of specific non-
covalent couplings (crystal engineering) has recently become
a hot topic.P!

Scanning tunneling and atomic force microscopies (STM
and AFM) are useful for the observation of the surface
structures of various materials with atomic or molecular
resolution. Both STM and AFM have been of benefit in two
types of studies: 1) the study of two-dimensional arrays of the
molecules adsorbed on the lattice sites of substrates, for
example, of porphyrins on iodide-modified Ag(111)# and of
cyclodextrins on molybdenum disulfide.! The regular array of
these molecules is controlled by the lattice matching with the
surface structure of the substrate. 2) As an alternative case,
the electrostatic, hydrogen-bonding, and hydrophobic inter-
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of Cl- belonging to the metastable
monatomic layer at the interface be-
tween the NaCl(001) surface and water
as well as through their steric fit con-
trolled by their own exo hydrophobic
groups.

supramolecular

actions among molecules in water give rise to their self-
assembly and organization at the interface. Thus, the two-
dimensional molecular patterns of organic acid on hydro-
talcite at the solid —liquid interface and of dialkylmelamine on
barbituric acid at the air—water interface were constructed
through molecular recognition of hydrogen bonds without any
assistance from the lattice structure of substrate.[®7]

This paper reports the ordered array of chloride-receptor
cage hosts at the surface of an NaCl crystal. The ordered array
resulted from self-assembly associated with the encapsulation
of a chloride ion into each cage host and was controlled by the
steric fit among the exo hydrophobic groups of the cage hosts.

The cage hosts  [Me,Ny(CsHy)s(CeHp)sl*" (1),
[(PhCH,),N4(CsH0)3(CeHyp)s]** (2), and  [(PhCH,),N,-
(CsH,p)6]** (3) have the characteristic feature of four positive
binding sites around the center, the capabilities of both
encapsulation of and selectivity for chloride or fluoride ions,
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and a variety of noncovalent recognitions which result from
their own exo hydrophobic groups. Since the selectivity for
chloride or fluoride ions can be determined by the size of
intramolecular cavity, which can be controlled by varying the
number of cyclic methylene groups, 1/2 and 3 selectively
recognized chloride and fluoride ions, respectively, by encap-
sulating them into their intramolecular cavities.® !l Scheme 1

Scheme 1. Space-filling molecular structure of 1-Cl- viewed from a
(CsH,)(C¢H,y), face (left) and a (CsH,); face (right).

illustrates the different sizes of quasitetrahedral faces bound-
ed by (CsH,y); and (CsH,()(CsHy,), (in this case the face is
surrounded by one (CH,); chain and two (CH,)4 chains); the
structures were obtained by X-ray crystallography.'l The
chloride receptors 1 and 2 can encapsulate a Cl~ into their
own cavities, and the fluoride receptor 3 can encapsulate a F~
and no Cl~. The 'H, “F, and ¥*Cl NMR data for the aqueous
solutions of 2-4BF; + NaCl and 3-4BF; + (CH;(CH,);),NF
have shown that the cage hosts 2 and 3 have high encapsu-
lation and selectivity for chloride and fluoride ions, respec-
tively.l0- 11

It is very interesting to fix a molecular monolayer of the
chloride-receptor cage hosts on an NaCl(001) surface from
the point of view of the deposition of cage hosts on a substrate
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that consists of their guests. Since a big difference exists for
the lattice matching between the ordered array of cage hosts
of 2 or the crystalline structure of 2-4Cl~-3H,OM! and the
NaCl(001) surface, the ordered array of cage hosts cannot be
established as an epitaxial growth on the NaCl(001) surface,
where CI™ is their guest. The observed nonequilibrium and
flexible structure of the monatomic layer at the interface
between NaCl(001) surface and water!'?! is favorable for the
chloride-ion-assisted assembly and the steric fit of 1 or 2;
flexible means that since the two-dimensional number density
of ions in the metastable layer is lower than that of the
NaCl(001) surface, the chloride ions in the above-mentioned
monatomic layer may themselves be displaced under the
effect of molecular recognition of chloride receptors 1 or 2.

Results and Discussion

Figure 1 shows the AFM image of the ordered array of 1 at a
surface of the NaCl crystal (10 x 10 nm? area): the unit
structure of the array is a square of the size of 1.05 x 1.05 nm?.
The separation between peaks in the cross-section profiles in
Figure 1 is about twice as long as the distance between like
ions for the ionic arrangement of the NaCl(001) surface. The
corrugation amplitude of the cross-section profiles is twice or
more than twice as high as the difference between the ionic
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Figure 1. Unfiltered molecular resolution AFM image for the ordered
array of cage hosts 1 on the NaCl crystal surface. The bright spots
correspond to the protrusions of each cage host. The white square in the
image indicates a unit structure of the array.

radii of sodium and chloride ions at the NaCl(001) surface.
Therefore, it was concluded that the observed AFM image is
not reflected from the lattice structure of the NaCl(001)
surface. Figure 2 shows the AFM image (20 x 20 nm? area) for
the ordered array of 2 on a surface of a NaCl crystal. The array
of the bright spots indicates a parallelogram as a unit structure
of the array which has the size of 2.05 x 2.20 nm?. The
separations between the bright spots in both directions are
about four times as long as the lattice constant of the NaCl
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Figure 2. Unfiltered molecular resolution AFM image for the ordered
array of cage hosts 2 on the NaCl crystal surface. The white parallelogram
in the image indicates a unit structure of the array.

crystal. The corrugation amplitude of the cross-section
profiles is more than five times as high as that of NaCl
crystal. Therefore, the observed AFM image does not
correspond to the lattice structure of NaCl(001) surface. The
dark spots in Figure 2 correspond to indentions attributed to
the much smaller NaCl(001) surfaces: the spots were too
narrow and low to observe an atomic-resolution AFM image.
The two-dimensional number densities n, of the bright spots
for the cage hosts 1 or 2, obtained from the AFM images of
Figures 1 and 2, are 0.94 nm~2 and 0.23 nm~2, respectively,
because of the different steric fits due to the different sizes of
the exo hydrophobic groups CH; and C;H;CH, of 1 and 2,
respectively.

Figure 3 shows that the height (0.50 & 0.03 nm) of the steps
of the ordered array of cage host 1 is not equal to the height
(0.30 £ 0.01 nm) of the observed steps in AFM images of
NaCl(001) surfaces covered with both air and water (Figures 1
and 3 in ref. [12]), which corresponds to half the unit cell
length (0.284 nm). This observation demonstrates that the
ordered array of 1 or 2 was constructed by molecular
recognition associated with the encapsulation of chloride
ions which belonged to the metastable monatomic layer at
the interface between NaCl(001) surface and water. For
aqueous solutions containing 1-4BF;, the crystal growth
proceeds by ion agglomeration at the many steps observed
in Figure 3: the agglomeration is produced by motion of the
chloride ions, both encapsulated and unencapsulated by cage
hosts 1, and sodium ions on the terraces of the interface
between the NaCl(001) surface and water. Here, the cage
hosts 1 or 2 were able to become components of the interface
only through their own encapsulation of the chloride ions.
For aqueous solutions of 1-4Cl~ (or CI-C1-3Cl"), 2-4Cl~
(or CI-C2-3Cl"), and 3-4BF;, on the other hand, all the
observed steps had a height of 0.3 nm, which was equal to
the height observed in the AFM images of NaCl(001) surfaces
covered with either air or water.'?l The chemical species
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Cl-c1, ClI" €2, and 3 cannot encapsulate the chloride ions.
Since the chloride-encapsulating cage hosts 1 or 2 and the
free cage host 3 were unable to participate in the ion motion,
the height of steps was necessarily equal to that produced by
the ion motion of Cl- and Na*, covered with water, on
terraces. Here, these monolayers are simply held in place by
electrostatic forces between the positively charged ammoni-
um ions and the metastable monatomic layer of Na* and Cl~
at the interface between the NaCl(001) surface and water.
Here, the cross-section profile of the observed molecular
monolayer showed the height of their cage hosts. But it was
impossible to observe an ordered array pattern of a molecular
layer of CI~ C 1, CI~ C 2, or free 3 because such a layer would
be disrupted by the scanning force of not less than 10 nN,
which is a minimum value for observation of the ordered array
of cage hosts. As a conclusion, the observation of the ordered
array of 1 or 2 can be explained mainly in terms of the
chloride-ion-assisted assembly associated with encapsulation
of ClI- in the nonequilibrium and flexible structures of the
monatomic layer at the interface between the NaCl(001)
surface and water.

The AFM images of Figures 1 and 2 have been simulated on
the basis of the following assumed possible processes: 1) Since
the AFM images showed the nonequilibrium structure at the
interface between the NaCl(001) surface and water,[? the
structure of the NaCl(001) surface can transform to the
nonequilibrium and flexible structure after an aqueous
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Figure 3. a) Many steps in an AFM image of the NaCl surface used for

Figure 1. b) Cross-section profile in the direction of the arrow in (a). The

height (0.50 & 0.03 nm) of steps is not equivalent to that of the monatomic

layer of the NaCl(001) surface shown in Figures 1 and 3 of ref. [12].
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solution of 1-4BF; or 2-4BF; has been dropped onto the
NaCl(001) surface. 2) Compound 1 or 2 can then encapsulate
a chloride ion which belongs to the nonequilibrium structure
of the interface between NaCl(001) surface and water. 3) As
the chloride ion can be encapsulated only through the face of
quasitetrahedral (CsH;()(C¢Hy,), (see Scheme 1), this face
must be face down on the interface. 4) The three positive sites
of the nitrogen atoms at the three apices of a face of
(CsH,()(C4Hy,), recognize each chloride ion in the nonequili-
brium structure of the interface covered with water as a result
of electrostatic interaction. In fact, the distances 0.66—
0.70 nm between nitrogen atoms in the X-ray crystal structure
of 2-4Cl- "] correspond approximately to the distances 0.63 -
0.74 nm between chloride ions in the nonequilibrium struc-
ture (see Figure 4 in ref. [12]). 5) The possible orientation of
the cage hosts 1 or 2 is controlled by the effect of the steric fit
of the exo hydrophobic groups R. 6) The ordered array of the
cage hosts established by the anion-assisted assembling

Figure 4. Simulations of the observed arrays of cage hosts 1 (top) or 2
(bottom). The square and parallelogram of solid lines correspond to the
unit structures in Figures 1 and 2, respectively. The observed indentations
in the ordered array of the chloride-encapsulating cage hosts 1 or 2
correspond to the NaCl(001) surfaces which were divided into pieces and
transformed from the nonequilibrium structure after the evaporation of
water.
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process of steps 1-5 can be frozen by the evaporation of
the water. However, the nonequilibrium structure at a bare
region of NaCl surface can be preserved only under water and
returned to the equilibrium structure of the NaCl(001) surface
after evaporation.['”! 7) The molecular structure of 1 or 2
encapsulating a chloride ion was given by X-ray diffraction.!'!]
8) The exo hydrophobic group CH; or C;H;CH, was assumed
to stand perpendicular to the NaCl surface. 9) The BF;
counterions exist apart from 1 or 2: they were not encapsu-
lated into 1 or 2 as deduced from the '’F NMR experiments. ']

Figure 4 shows that the possible arrays of 1 and 2 thus
simulated do indeed resemble the observed arrays (see
Figures 1 and 2). The two-dimensional number densities, n,,
of 1 and 2 were calculated to be 0.87 and 0.22 nm~? from the
top and bottom of Figure 4, respectively: they should be
compared with the observed densities 0.94 and 0.23 nm—
from the AFM images. The big difference between their
densities results from the different steric fits due to the
different sizes between the exo hydrophobic groups CH; and
CsHsCH,. The sizes of the unit structures calculated for each
array of 1 or 2 agree acceptably with the values obtained from
the observed AFM images of the arrays of 1 and 2.

Conclusions

The ordered array of cage hosts 1 ([Me,N,(CsHy)s-
(CeHyp)s]*") or 2 ([(PhCH,),Ny(CsHy)5(CeHy,)s]*) was pro-
duced as a result of their self-assembly through the process of
their own encapsulation of chloride ions, which belong to the
nonequilibrium and flexible structures of the monatomic layer
at the NaCl - water interface, and through the process of their
steric fit controlled by their own exo hydrophobic groups.
Since the cage hosts of 3 ([(PhCH,),N,(CsH,,)¢]**) cannot
encapsulate Cl-, the molecular monolayer of 3 was disrupted
by the minimum scanning force needed to observe the
ordered array of the cage hosts.

Experimental Section

The novel cage hosts of the macrotricyclic ammonium salts, 1-4BFZ, 2-
4BF;,['13-4BF;,"1-4Cl, and 2- 4 Cl-I"'l were dissolved in pure water or
aqueous solutions of CH;OH (50 % v/v). The aqueous solutions, in which
the concentrations resulted in numbers of solute species equal to the total
number of chloride ions at the NaCl(001) surface (ca. 1 cm? area), were put
onto the surface and left under air to dry for more than one day. In the
AFM experiments the scanning force to observe the ordered array of 1 or 2
was 10—20 nN;; the image acquisition time was less than about 20 s.['¥l The
molecular monolayer of 3 was disrupted by the scanning force of 10 nN,
which was the minimum possible for the observation of the ordered array of
cage hosts 1 or 2 by the contact mode.
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