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Effect of the Dipole-Dipole Interaction on the Self-Assembly
of Cyclodextrin Inclusion Complexes
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We performed scanning tunneling microscopy (STM) observations on self-asserabjetbdextrin (CyD) inclusion com-
plexes on HOPG for the guest compounds of (3PH(2) MeOH (Methanol) and (3p-NP (p-nitrophenol). The observed
structures ofr-CyD-H,0 anda-MeOH complexes were channel-like with twofold symmetry, howeveCyD-p-NP showed
a structure different from that of the others, namely, a threefold symmetric arrangement. On the other hand, the dipole moments
calculated fore-CyD-H,0O anda-MeOH complexes were similar and directed from the secondary to the primary hydroxyl
groups of thex-CyD. However, the dipole moment on teCyD-p-NP complex was oblique to the axis for the other two
complexes. Taking into account this difference in the dipole moment and the hydrogen bonding between the CyDs, the struc-
tural differences observed by STM could be explained comprehensively. The obtained results indicate the existence of a high
potential for the structural control of the self-assemble@yD complexes by changing the guest compounds.
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) and their arrangements were different from those of the three-
1. Introduction dimensionally grown crystal&® The arrangements of the
Recently, self-assembly of molecular arrangements hasCyD inclusion complexes differed, and the included guest
been attracting considerable attention because of its high puelecules were considered to strongly influence the interac-
tential as a nano-science technology for the realization of déens between the CyDs. However, since the effect of the
sired materials. Since the ordering of a self-assembled molegiest-dependent conformation is not sufficient to explain the
ular arrangement depends on the intermolecular forces, ndiifferences in the arrangements, it is necessary to provide
croscopic analysis is important for understanding the seléome other mechanism to understand the phenomenon.
assembly mechanism. A rather large dipole moment (10—20 D) is known to exist
Scanning tunneling microscopy (STM) is a very powerfubn CyDs, and its effect on the formation of inclusion com-
tool for studying nanostructures on an atomic scale and hpkexes was reported in a previous papéintil now, no atten-
been widely used for the direct observation of self-assembl¢idn has been paid to the relation between the dipole moment
molecules. Many STM observations have been conducteghd CyD molecular arrangement. In this paper, we analyze
such as for linear n-alkanethiblplanar liquid cryst&t® and  the effect of the dipole moment on the arrangement of the
spherical Fullerene moleculésHowever, the intermolecular self-assembly-ordereg-CyD inclusion complexes.
interactions in these materials are mainly due to van der Waals ) )
forces, and studies on molecules with anisotropic interactioss EXPerimental and Calculation
are still insufficient. Three types of inclusion complexes, @)CyD-H;0, (2)
Cyclodextrins (CyDs) are cyclic oligosaccharides and cone-CyD-MeOH, and (3)x-CyD-p-NP, were prepared as sam-
sist of 6-12 glucopyranose units in a chair conformatiorples by dropping a 1.0 mM solution of each onto a freshly
Schematic model af-CyD, which consists of six glucopyra- cleaved HOPG surface, and then drying naturally. As is
nose units, is shown in Fig.%1% Hydroxyl groups are located schematically shown in Fig. 2, eaehCyD cavity includes
on both ends of the torus-shaped structure, and are termed tagtwo H,O molecules, (b) a single MeOH molecule and (c)
primary and secondary hydroxyl groups. Due to the presenaesingle p-NP molecule'®*? STM observations were per-
of these hydroxyl groups, the external wall of a CyD is hy-
drophilic and there is a strong anisotropic interaction between
CyDs. On the other hand, many methyl groups exist on the Primary hydroxyl groups
inner wall of the cavity, and the nonbonding electron pairs of
the glucosidic oxygen bridges are directed towards the cavity
interior. Therefore, the cavity has a hydrophobic characteris-
tic, and CyDs include various hydrophobic molecules therein.
From these characteristics, CyDs are expected to play an im-
portant role in the field of artificial enzymes and biosensor
devices. Therefore, the study of CyD self-assembly is very
important from both the fundamental and practical points of
view.
Recent STM observations revealed tkaCyD inclusion
complexes were self-assembly-ordered on a HOPG substrate,
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formed in air at room temperature using a Pt/Ir tip. All STM i )
images were obtained in the constant height mode. 3. Results and Discussion
In order to analyze the molecular interactions, the dipol8.1 «-CyD-self-assemblies observed by STM

moment was calculated for each case. For the atomic coordi-Figure 3 shows STM images of (13-CyD-H,O, (2)

nates of the guest compounds, the parameters determinedde€yD-MeOH, and (3x-CyD-p-NP. As shown in Figs. 3(a)

the crystal structures by the X-ray diffraction method werand 3(b),a-CyD-H,O and«-CyD-MeOH complexes show

used!%-12) channel-like structures with twofold symmetry, which is
schematically shown in Fig. 3(d). On the other hand, the
a-CyD-p-NP complex (Fig. 3(c)) has a threefold symmet-
ric arrangement as schematically shown Fig. 3(e). Since all
molecules are completely included in theCyD cavity as
shown in Fig. 2, they could not have a direct influence on the

(a) (b) arrangement. Therefore, some secondary effect on the inter-
action is expected. In the following sections, we analyze the
[ effect of the dipole moment on the self-assembly arrangement
D q of CyD inclusion complexes.
3.2 Dipole moment induced @rCyD inclusion complexes
The dipole moments calculated for (&}CyD-H,0, (2)

a-CyD-MeOH, and (3)a-CyD-p-NP inclusion complexes
a~CyD-H0 o —CyD-MeOH are shown in Fig. 4. The dipole moments induced on
complex complex a-CyD-H,0 anda-CyD-MeOH complexes are directed from
the secondary to the primary hydroxyl groups, as shown
in Figs. 4(a) and 4(b), respectively. However, on the
a-CyD-p-NP complex, the dipole has an oblique orientation
relative to the other cases. (Fig. 4(c)).

Since the dipole moment of the NP molecule itself is di-
rected from the primary hydroxyl groups to the secondary hy-
droxyl groups, the component from the CyD molecule must
contribute to the dipole structure. How does this occur? When
a-CyD includes small molecules, such agsHand MeOH,
two glucose residues of the CyD molecule are rotated inward,

o —CyD—-p-NP so that the CyD molecule has a distorted structir®) How-
complex ever, whemnx-CyD includes a larger molecule such psS\P,
Fig. 2. Schematic structures of (@)CyD-Hy0, (b) ¢-CyD-MeOH, and the ro'Fatiqn 'of the glucose residue is suppressgd, and little
(c) a-CyD-p-NP inclusion complexes. distortion is induced on the CyE) Therefore, the difference

o-CyD-MeOH a-CyD-p-NP
complex complex complex
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Fig. 3. STMimages of (ag-CyD-H;0, (b)«-CyD-MeOH, and (cix-CyD-p-NP inclusion complexes and their structural models with
(d) twofold and (e) threefold symmetric arrangement.



3890 Jpn. J. Appl. Phys. Vol. 38 (1999) Pt. 1, No. 6B BsYDA et al.

(b)

a —CyD-Ho0 a —CyD-MeOH a —CyD-p-NP
complex complex complex

Fig. 4. Dipole moments induced on @CyD-H,0, (b)a-CyD-MeOH, and (c}x-CyD-p-NP inclusion complexes.
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Fig. 6. Structural models with (a) twofold and (b) threefold symmetric ar-

rangement. Arrows indicate the dipole moments induced on CyD inclusion
complexes.

Therefore, the dipole-dipole interaction works together with
Fig. 5. Dipole moments induced on (a) distorted and (b) non-distortethe hydrogen bond interaction in the same direction, and pos-
«-CyD molecules. sibly results in the arrangement of the channel-like struc-

ture with twofold symmetry as shown in Fig. 6(a). On the
other hand, the dipole moment of theCyD-p-NP com-
in the distortion may influence the electronic structure of thplex is obliquely induced as shown in Fig. 4(c), and the
inclusion complexes. In order to clarify this point, we calcustrongest orientation of the dipole-dipole interaction is differ-
lated the dipole moments of distorted and undistoate@yD  ent from that of the hydrogen bonds. Therefore the channel-
molecules without any guest compounds. like arrangement shown in Fig. 6(a) may be suppressed for
Figure 5(a) shows the dipole moment for a distorted the «-CyD-p-NP complex. A possible structure for the
CyD. Rotated glucose residues are indicated by dotted circlesCyD-p-NP complex is shown in Fig. 6(b). These models
The dipole is directed from the secondary to the primary hyshow good agreement with the observed structures.
droxyl groups. On the other hand, for the undistote@yD, .
the dipole is induced differently from the case involving dis# €onclusion
tortion, as shown Fig. 5(b). The result indicates that the dis- We performed STM observations of the self-assembled
tortion of one glucose residue strongly influences the dipolgyD inclusion complexes by changing the guest compounds.

moment induced on the-CyD molecule as predicted. The structure of the-CyD-p-NP complex was different from
those ofa-CyD-H,O anda-CyD-MeOH complexes, which
3.3 Structural analysis af-CyD self-assemblies could not be explained solely by the conformational differ-

Next, taking into account the effect of the dipole momentence related to the guest molecules. Taking into consideration
we consider the difference in the arrangement observed the effect of the induced dipole moment on the molecules, we
STM. For thea-CyD-H,O and «-CyD-MeOH complexes, could comprehensively explain the structural arrangement ob-
their dipole moments are directed from the secondary to ttserved by STM. In addition, the change in the distortion of the
primary hydroxyl groups as shown in Figs. 4(a) and 4(b)-CyD molecules was found to strongly influence the direc-
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