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Abstract: By means of scanning tunneling microscopy (STM), we succeeded for the first time in the
guantitative analysis of the intramolecular conformation of a supramolecule, cyclodextrin (CyD) necklace,
driven by hydrogen bonding. Contrary to the current model, based on macroscopic analyses, which indicates
that all CyDs are arranged in head-to-head or tail-to-tail (secondary-secondary or primary-primary hydrogen
bonding) conformation, about 20% head-to-tail (primary-secondary hydrogen bonding) conformation was
found to exist in the molecule. In addition, comparing the STM results with the theoretical model of the
necklace formation, the formation ratio of the tail-to-tail and head-to-tail conformations due to the strength
difference between primary—primary and primary—secondary hydrogen bonds of CyDs was directly obtained,
for the first time, to be 2:1.

1. Introduction (a) Primary hydroxyl groups

Understanding and optimizing the high potential of supramol-
ecules is one of the most intriguing objectives in current
nanoscience and technoldgsince supramolecules are one of
the promising candidates for future molecular devices. For the
further development of supramolecular materials, it is extremely
important to determine their intramolecular conformations and
structures and the relationship between their conformations and

Secondary hydroxyl groups

functions. In addition, because noncovalent bonding between (hl,._q....%- P PR | W
component molecules strongly affects the conformational oy = o
preferences and functions of a supramolecule, such as molecular Molecular Necklace
recognition, catalysis, and reactivity, an understanding of the K----
intermolecular interaction between molecules is also important. M\Mw

In particular, hydrogen bonding has been attracting considerable Molecular Tube

attention because of its high selectivity and directionality. L .
. (c) head-to-head (d) tail-to-tail (e) head-to-tail
Cyclodextrin(CyD) necklace (molecular necklace) has a —

\ ) =1 L

polyrotaxane structures-cyclodextrins ¢-CyDs) consisting of b " ~ T

six glucose units are threaded on a poly(ethylene glycol) (PEG) Figure 1. Schematic structures of (a) cyclodextrin, (b) molecular necklace
chain (Figure 1a,b). This material has been attracting consider-and molecular tube, and molecular conformations of (c) head-to-head, (d)
able attention because of its high potential for use in future @i-to-tail, and (d) head-to-tail structures.

molecular devices, such as molecular shuttles, molecularis entropically unfavorable and is known to be promoted by
memory, and molecular machings. the attractive interactions between the chain and the cyclodex-

The inclusion of a polymer chain into the cyclodextrin cavity trins such as van der Waals and hydrophobic interactions. The
importance of these interactions has been clarified by previous
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sharply include the polymer chain with increase of the attractive
interaction between adjacent CyDs. Therefore, in addition to
the interaction between CyDs and PEG, interaction between
adjacent cyclodextrins, hydrogen-bonding, on the polymer chain
plays an essential role in the inclusion behavior.

To educe and develop the high potential of the structure of
polyrotaxanes, it is important to determine the conformation of
the elemental molecules threaded on the molecular chains. In
addition, since the conformation of theCyDs in a molecular
necklace directly reflects the formation process, analysis of the
o-CyDs conformation is important to understanding the mo-
lecular interaction from both fundamental and practical points
of view.

Even when the chain PEG molecule is modified with small
end groups such as methyl, dimethyl, and amino groups, they
also form complexes and their yields are somewhat higher than
that of unmodified PEG.This indicates that the interaction
between OH groups of PEG andCyD is not the dominant
driving force for complex formation, and formation of the
complex is driven by the hydrogen bonding between two Figure 2. STMimages ofi-CyDs on (a) highly oriented pyrolytic graphite
a-CyDs. Namely, he hycrogersbonding interaction plays an (1OPS) (anrle basl. 5o mv el e, = 00 4 12
important role in the threading of another cyclodextrins. As a myv, |, = 1.0 nA, 15 nmx 15 nm). (c) and (d) show the schematics of the
result, the hydrogen-bonding interaction between twGyDs lattice matching ofx-CyD with HOPG and Mo respectively.
is considered to determine the conformation of th€yDs in
a molecular necklace. Therefore, in this paper, we focused onSupramolecule, CyD necklaéédriven by the hydrogen bonding
how the hydrogen-bonding interaction determines the conforma-Petween component CyDs.

tion of thea-CyDs in a molecular necklace. 2. Analysis Model: Lattice Matching Model
a-CyDs are thought to be threaded one by one from the edge
of the PEG chain. Since a-CyD has two different hydroxyl
groups on the two ends of its cavity, a primary and a secondary
hydroxyl group (Figure 1laj-CyDs can have three conforma-
tions, namely, head-to-head (secondary-to-secondary; Figure 1c)

tail-to-tail (primary-to-primary; Figure 1d) and head-to-tail 1, or previous work, we developed an analysis method by

(secondary-to-primary; Figure 1e). which the conformational structure of the molecular necklace
The structure of the molecular necklace was characterized can be determined directly on a molecular le%ghn overview

by nuclear magnetic resonance (NMR), ultraviolet spectroscopy, of the method is given below.

and X-ray diffractior? and 100% head-to-head and tail-to-tail 2.1. Cyclodextrins on HOPG and Mo$S. Figure 2 shows

structure is concluded. However, the arrangemeit-GfyD in typical STM images ofx-CyDs on (a) HOPG and (b) MaS

the necklace is still unclear because these methods only givesubstrates. Since the surfaces of these substrates are hydropho-

macroscopic and averaged information about the conformationshic, it is natural fora-CyDs to be lying with their apolar outside

of these supramolecules. wall on the apolar substrates. This lying conformation is more
Scanning probe microscopy (SPM) is a leading technique for favorable than the sitting conformation where theCyDs

the analyses mentioned above because of its high potential and

has been applied to the structural analysis of various mol-

,10 i (7) Harada, A.; Li, J.; Kamachi, MMacromoleculesl993 26, 5698-5703.
ecules®0 |n fact, some molecular conformations such as (8) Harada, A~ L J: Kamachi, M) Am. Chem. Sod994 116 3192

chirality have been directly identified.1213 However, these 3196.
H i ~ati i i i (9) Wiesendanger, FScanning Probe Microscopy and Spectroscopy: Method
were |qlent|f|cat|ons of single mqlecules, and the determination and Application Cambridge University Press: New vork. 1994,
of the intramolecular conformation of supramolecules has not (10) Bai, C. Scanning Tunneling Microscopy and its Applicatid®pringer
Publishing: New York, 1995.

If the structures of supramolecules could be visualizde in real
space, we could directly analyze the structures of supramol-
ecules, such as conformation and stoichiometry. However, it is
difficult to determine which side of the STM image corresponds
to the head or tail of the molecule.

(6) Okumura, Y.; Ito, K.; Hayakawa. Rolym. Ad. Technol2000Q 11, 815—
819.
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(a)

Figure 3.
conformations on a MoSsurface. (b) Lattice matching between@&CyD
and S atoms on a MeSubstrate.

(a) CyDs with head-to-head (tail-to-tail) and head-to-tail

hydroxyl residues are contacting the apolar substrates. In the
case of HOPG substrate, the interaction between CyDs and
substrate is weak. Therefore, self-assembie@yD layers
(Figure 2a) in the two-dimensional growth mode are formed
by the interaction between adsorbed CyDs when the CyDs are
sufficiently dense to form the monolay¥r.18 However, it is
difficult to stabilize individual CyD molecules given the low
concentration of the solution. On the other hand, individual
a-CyDs can be observed on the Mcstibstrate stably as shown

in Figure 2b, even when the concentrationccCyD in the
solution was diluted. Therefore, Me$s appropriate for the
observation of the individuak-CyD molecules.

This difference in interaction comes from the difference in
lattice matching between anCyD molecule and the substrate.
Parts ¢ and d of Figure 2 show the schematicsgZyD on
HOPG and Mo§ respectively. On HOPG substrate, there exist
many equivalent physisorption sites fo-CyD. Therefore,
o-CyD molecules can easily move to the neighboring stable
sites on HOPG substrate. This, however, makes it difficult to
observe the individual-CyDs on HOPG substrate. On the other
hand, the arrangement of sulfur atoms of the Me&face is
commensurate with the contour afCyD molecules.

The commensurability betweerCyD and HOPG and MoS
is used to determine the relative orientation of adjace@lyDs
in the molecular necklace as described below.

2.2. Lattice Matching Model for the Analysis of the
Relative Conformation of a-CyD on MoS,. By use of the
lattice constants of S atoms on the Ma8rface § anda shown
in Figure 3a), the interstick between two adjacemnt-CyDs in
the [110] direction and the shift of the axis between two
adjacento-CyDs along the [10] direction of MoS can be
described as

L=1Id
L' = m(a/2)

@
2
whered = ~0.27 nm,a = ~0.32 nm, and andm are integers.
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o-CyD has an anisotropic shape and the positions of S atoms
on the Mo$ surface are shifted bg/2 along the [110] direction.
Therefore,L and L’ depend on the relative conformations of
the two adjacent-CyDs. For example, when two-CyD
molecules are closely located along theQJldirection of MoS$
without shifting in the [110] directionnf = 0), the lattice
matching conditions of the head-to-tail and head-to-head (tail-
to-tail) arrangement are maintained fo== even (Figure 3b)
and| = odd (Figure 3c), respectively.

In consideration of this lattice matching, the relative confor-
mation of the two adjacenti-CyDs can be determined by
measuringL and L' between two adjacert-CyDs in STM
images, namely, the arrangement of two adjaeei@yDs is
head-to-head (or tail-to-tail) and head-to-tail for{ m) being
even and odd, respectively.

3. Experimental: STM Imaging of the Cyclodextrin
Necklace

3.1. Sample Preparation for STM Observation.For the analysis
of the conformation of the CyD necklace, STM imaging of a single
molecular necklace on MeSubstrate was performed. CyD necklace
molecules are insoluble in water but are soluble in 0.1 M NaOH.
Therefore, these molecules were dissolved in 0.1 M NaOH, and the
aqueous solution was added dropwise onto fleshly cleaved,MoS
substrates. The samples were dried in air at room temperature, and
then STM was performed in air at room temperature. The concentration
of CyD necklace was sufficiently diluted to enable observation of an
isolated chain ofx-CyDs.

To confirm that the obtained STM images correspond with the
molecular necklaces we used, two kinds of molecular necklaces, which
have different molecular weights (MWSs) of the polymer chain, were
used in this experiment. One is prepared from PEG of MV8350,
which has about 220-CyDs on a PEG chain (MN-3350). This
corresponds to a molar ratio of 3.9, that is, more than half of the polymer
chain is covered witlw-CyDs. The other has about 15CyDs on a
PEG chain that is prepared from PEG of M# 1450 (MN-1450).

The molar ratio of ethylene glycol units t6CyDs is 2.3. This indicates
that the complex is almost stoichiometric, i.e., the CyDs are packed
from end to end of a polymer chain. The numberoe€yDs in the
molecular necklace and the molar ratio of ethylene glycol units to
o-CyDs were estimated from the results of NMR measurerifent.

3.2. STM Images of Cyclodextrin NecklaceFigure 4 shows the
STM images of the molecular necklaces, in which the molar ratios of
ethylene glycol units tax-CyDs are (a) 3.9 (MN-3350) and (b) 2.3
(MN-1450), respectively. The molar ratio of PEG ¢6CyDs was
determined by théH NMR.%° In both cases, an MeSubstrate was
used. The molecular necklaces were stably observed during STM scan.
Regularly alignedx-CyDs were clearly observed as shown in Figure
4. In the case of MN-335Qy-CyDs were observed separately in their
linear forms and an interstice between two adjagei@@yDs on the
PEG chain was observed, as shown in Figure 4a. On the other hand,
closely packedr-CyD molecules were observed in the case of MN-
1450, as shown in Figure 4b. The observed structures were in good
agreement with the molecular structures previously proposed, in which
o-CyDs were threaded on a PEG chain. In addition, the molar ratios
of MN-3350 and MN-1450 estimated from STM images were about 4
and 2, which also agree well with the results of NMR measureffent.

4. Determination of the Relative Orientation of Adjacent
a-CyDs

4.1. Measurement ProcedureThe structure and molar ratio
of the CyD necklace were visualized in real space at the

(19) Harada, A.; Li, J.; Nakamitsu, T.; Kamachi, Nl. Org. Chem1993 58,
7524-7528.
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(@)

Figure 4. STM images of molecular necklaces, where the molar ratio of
ethylene glycol units te-CyDs is (a) 3.9 (MN-3350)\(s = —250 mV, I;
=2.0nA) and (b) 2.3 (MN-1450Ms = 200 mV,l; = 0.9 nA), respectively.

Figure 5. Determination procedure of the relative orientation of adjacent
o-CyDs.

molecular level by using STM. However, as mentioned in
section 3, since the primary and secondary hydroxyl groups
cannot be discriminated in the STM image, it is difficult to
determine the conformation of adjacent CyDs in the molecular
necklace. The conformations are determined by using the lattice
matching model.

We determined the relative orientations of adjaaeityDs
from STM images by the following procedures (Figure 5).

1. Highest positions of the twe-CyD molecules were
determined as the reference points ((1) ar).(1

2. Four straight lines passing through the two reference points
of the molecules were drawn along the [110] andD]idirection

(a)
nm
15

10

Figure 6. STM image {s = —200 mV, | = 1.0 nA) of a molecular
necklace (a) and its magnification of the squared part in (a) with the contrast
focused on the MoSlattice (b) Vs = —130 mV, | = 1.0 nA).

(four red dotted lines). And the two intersections were marked
((2) and (2)).

3. The valuet' can be determined by measuring the distance,
(1)—(2) or (1)—=(2).

4. On the other hand, in the caselotthe rim-to-rim distance
is necessary. Therefore, the size ai-&£yD molecule €0.70
nm) was subtracted from the measured distance of() or
(1)-(@).

5. From egs 1 and 2, the integdrandm were obtained by
dividing L and L' by d (=0.27 nm) anda/2 (=0.16 nm),
respectively.

6. Then, whenl(+ m) became odd (even), the arrangement
of the two adjacenti-CyDs was determined as head-to-head
or tail-to-tail (head-to-tail).

4.2. Example of Conformational Analysis and Statistics.
Figure 6a is a STM image of a molecular necklace. A
magpnification of the square part in Figure 6a is shown in Figure
6b with the contrast focused on the Molfattice. Following
the procedure described in 4.1, the valuesand L' were
measured as 2.20 and 2.75 nm, respectively. Pamttim were
determined as 8L{d = 2.20/0.27~ 8.15) and 17I('/(a/2) =
2.75/(0.32/2y~ 17.19), respectively. Thereford,£ m) is 25,
namely, odd, in this case, and indicates that the conformation
of the two adjacenti-CyD molecules is head-to-tail

This result also indicates that there must exist eight sulfur
rows along the [110] direction between adjacent CyD molecules.
Here, since contrast is focused on the Mtfftice, the existence
of the eight sulfur rows can actually be observed between CyD
molecules.

We measured. andL' for about 100 CyD molecular pairs,
and the results are summarized in Figure 7a. The head-to-head
and head-to-tail conformations are represented®bgnd H,
respectively. Figure 7b and c show the histograms of the
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Figure 7. (a) Experimentally obtained values ldfandL'. (b) (c) Histograms of the difference between the measured valdesrdf' and the ideal integer
multiples of the elementary lattice constants of the axes, respectively.

80 between a theoretical model with the result shown in Figure 8,
the formation ratio of the tail-to-tail and head-to-tail conforma-
70 tions is analyzed. CyDs are included from the left side here,
60 following the schematic model shown in Figure 9. If the
§ secondary secondary interaction is sufficiently strong compared
] 50 to the secondaryprimary interaction, only the secondary
g 40 secondary (head-to-head) conformation is realized when the left
* 30 end of the threaded CyDs is the secondary side (Figure 9a).
Therefore, the primarysecondary (head-to-tail) conformation
20 is introduced only when the left end of the threaded CyDs is
10 | the primary side (Figure 9c). In this case, the primasgcondary
(head-to-tail) conformation has a single orientation; the primary
0 T L hydroxyl of the head-to-tail unit (tail side) is oriented toward
head':)?'head head to tail the left side, as indicated by solid triangles in Figure 9d. In
tail-to-tail fact, the experimentally observed head-to-tail CyD units are in
Figure 8. Number of head-to-head (or tail-to-tail) and head-to-tail the expected single orientation extending ov&i0 CyDs from
conformations determined from STM measurements. each end (approximately the center from either edge of a
difference between the measured valuek of L' and the ideal molecular necklace).
integer multiples of the elementary lattice constants of the axes, 52 Model for the Analysis.To reproduce the experimental
respectively. As shown in the figuresl. andoL’ are within  regyits in Figure 8 by calculation, we adopt the following
0.05 nm, resulting in the differences from the integerslas conditions. When the end of the threaded CyD molecules is

~0.2 anddm < ~0.3, respectively. These values are sufficient e secondary side, it forms a hydrogen bond with the following
to determine the relative orlentatlon_s by using our model. CyD by secondarysecondary (head-to-head) conformation
4.3. Re_sults of the R_elat|ve Orientation of Adjacent (Figure 9a). On the other hand, when the last end is the primary
a-CyDs. Figure 8 summarizes the numbers of head-to-head (or side, both tail-to-tail and head-to-tail conformations are realized.
tail-to-tail) and head-to-tail conformations determined from STM ) o
measurements. As shown in Figure 8, about 80% of the Because CyDs are included from the left side in this model,
conformation is head-to-head or tail-to-tail, contrary to the model Nydroxyl groups on the right-hand side form hydrogen bonds
proposed on the basis of the macroscopic analyses. Namely,"‘”th an included CyD at first. Therefore, we focused on the
20% head-to-tail conformations were found microscopically, for conformation of the right-hand side of each CyD. When the

the first time, to exist. conformations of the right-hand side of CyD are head-to-head,
) ) tail-to-tail, and head-to-tail, they are called h-h, t-t, and h-t,
5. Analysis of Formation Process respectively. On the basis of this assumption, the total number
5.1. Formation Process and Observed StructuredNow let of CyD molecules in a single CyD necklacBld,) can be

us examine the inclusion process in detail. From comparison represented by
5084 J. AM. CHEM. SOC. = VOL. 125, NO. 17, 2003
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(a) secondary - secondary

L
(d) CyD conformations in a molecular necklace
(b) primary- primary

B\ =S =¢ Kgrx lt.ﬂb&

a a

or:::»

(c) secondary- primary A
a
1 ==3 -
w9
Figure 9. Three different conformations appearing in the inclusion process of a molecular necklace formation: (a) secmudagary, (b) primary
primary, and (c) secondanprimary and (d) CyD conformations in a molecular necklace.

Niotas = Ny + N T Ny +1 (3 (@) c=0

__.): -
.y e

total —

whereNp-p, Ni—, andNp—¢ are the numbers of h-h, t-t, and h-t
CyDs; i.e., they correspond to the numbers of head-to-head,

tail-to-tail, and head-to-tail conformations, respectively. Here (b) c=
the term+1 corresponds to the first included CyD molecule in _— — o — — _):
the molecular necklace. I Y

The ratio of the head-to-tail conformatiorran be expressed (€ c=0
as

F=Np /(Npp + N + Ny (4) .
(d) c=-

Here, supposing that the head-to-tail conformation is intro- —_ e o g

duced with a probability of Iy, it can be written as T T T TS

_ Figure 10. Four conformations of the CyDs in a molecular necklace and
In= Nhft/(Ntft + Nhft) ®) the corresponding values ofippearing in eq 6: (a) and (c) CyD molecules
with both ends having the same orientatian= 0). (b) CyD molecules

When Nital is constantNp—p and Ni—; have the relationship ~ with both ends having the tail-to-tail conformation € 1). (d) CyD
molecules with both ends having the head-to-head conformatisn-1).

N =N_+c (c==xl1lor0) (6)
This result indicates that the primargecondary (head-to-
When the left end of the CyD included first is the secondary tail) hydrogen bonding is 2 times more difficult to realize than
side as shown in Figure 10a, the valuecdfecomes 0 or 1 for ~ the primary-primary (head-to-head) configuration during the
the orientation of the last CyD molecule to be the same as inclusion process. This is the first quantitative determination
(Figure 10a) or opposite to (Figure 10b) the first one, respec- of the hydrogen bonding between CyDs during the supramo-
tively. On the other hand, when the left end of the CyD included lecular formation process.
first is the primary side as shown in Figure 10c, the value of . Conclusion
becomes 0 or-1 for the orientation of the last CyD molecule
to be the same as (Figure 10c) or opposite to (Figure 10d) the
first one, respectively.
From egs 3, 4, 5, and 8,is expressed as

The intramolecular structure of the molecular necklace was
analyzed on a molecular level for the first time. The role of
hydrogen bonding in the formation process was confirmed.
Contrary to the current model that is based on macroscopic
1 c analyses, indicating that all CyDs are arranged in head-to-head
on — 1\1 - Nigga — 1) (7) and tail-to-tail conformations, about 20% head-to-tail conforma-

tion was found to exist in the molecule. From the analysis of
this result with a stochastic model, the formation ratio of the
tail-to-tail and head-to-tail conformations due to the primary
primary and primarysecondary hydrogen bonding of CyDs,

= 1 ®) was quantitatively evaluated, for the first time, to be 2:1.
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r=

Since CyD molecules are randomly included, the average
value ofc becomes 0. Therefore, the average valuelcomes

5.3. Results of AnalysisUsing eq 81 becomes 0.20 fon
= 3, which corresponds to the experimental resuld., Figure
8). JA026224U
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