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The exact positioning of molecules on surfaces has become
essential for the development of molecular electronics!) and
biochip applications,”! as well as for conducting single
molecule experiments. Commonly, one of two possible routes
is followed, either by chemically reacting molecules to
surfaces or to anchoring molecules present at a surface, or
by physisorption, that is, the use of nonspecific physical
interactions between molecule and surface, and between
molecules themselves. Covalent chemical modification usu-
ally requires synthetic effort, is hard to control at surfaces, and
does not allow either self-correction or (intentional) desorp-
tion. Physisorption does allow self-correction, which is
common for all self-assembly processes, but the thermody-
namic and kinetic parameters governing adsorption and
desorption are difficult to control. Moreover, neighboring
molecule-molecule interactions are usually needed for ob-
taining stable and ordered layers, thus the formation of
densely packed layers is a prerequisite.!

Supramolecular interactions serve as an intermediate case
with the possibility of employing advantages from both routes.
Supramolecular interactions, such as those observed in host—
guest complexes, are specific and directional, and a wealth of
information is usually available on their binding strengths and
kinetics. The application of molecules that allow the forma-
tion of multiple supramolecular interactions provides a tool to
tune adsorption and desorption process parameters because
thermodynamics and kinetics are, in principle, straightfor-
wardly related to the number of interactions, and the strength
and kinetics of an individual interaction.

It is therefore our goal to apply host surfaces as “molecular
printboards” at which multivalent guest molecules can be
positioned. Prerequisites will need to be identified to reach
thermodynamically and/or kinetically stable assemblies that
can be employed in nanotechnology. It is envisaged that one
can control adsorption and desorption by environmental
stimuli, for example, by competition with another host in
solution. Herein we address the thermodynamic and kinetic
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issues relating to the use of multiple interactions for stable
surface attachment. In the future, this will be extended to real
positioning, for example, by the use of dip-pen nanolithog-
raphy® for the delivery of molecules to a molecular print-
board.

Here, we describe the interaction between adamantyl-
(Ad-) functionalized poly(propylene imine) (PPI) dendrim-
ersPl ranging from 4-64 Ad groups per molecule, and self-
assembled monolayers (SAMs) of B-cyclodextrin (CD) ad-
sorbates!®”) (a host suitable for the complexation of Ad
derivativesl® and capable of forming well-ordered, densely
packed monolayers) on gold substrates. The delivery of such
dendrimers from solution-phase CD complexes to CD SAMs
is described, which makes use of the competition between the
solution and the surface host sites, as well as the cooperativity
of the surface sites. Furthermore, we will show the possibility
of switching between states of slow and fast desorption
kinetics by changing the CD concentration in solution, and
describe the use of densely packed dendrimer layers and
individually imaged and addressed dendrimer molecules.

We prepared SAMs of a p-cyclodextrin heptathioether
adsorbate (Figure 1) on gold substrates, as described previ-
ously.[*8] We have shown that such adsorbates form densely
packed, well-ordered SAMs, the hexagonal packing of which
can be visualized by using atomic force microscopy (AFM).[!
The binding of small univalent guest molecules to these SAMs
has been studied by electrochemical impedance spectroscopy
(EIS)" and surface plasmon resonance (SPR) spectroscopy.l!

The Ad-functionalized PPI dendrimers employed in the
present study (generations G2-G4, with 8-32 adamantyl

c)

> BB

endgroups, Figure 1) were solubilized in water using an excess
of CD in water at pH 2, which ensures the full complexation of
all adamantyl groups by CD and protonation of the core
amines.’¥ Such dendrimer assemblies have been employed as
nanocontainers for dye moleculesP? and as nanoreactors for
the formation of gold nanoparticles.[*"

By comparison of the molecular sizes of these dendrimers
(G2-G4) with the lattice constant (1.7 nm) of the hexagonally
ordered CD SAMs, it can be shown that G2 (with 8 Ad
endgroups) can interact with only two CD sites simultane-
ously at a SAM. Analogously, G3 (16 Ad groups) may interact
with three CD sites, whereas G4 (32 Ad groups) can access at
least four sites. Furthermore, the concentration of the Ad
endgroups of G4 matches the CD SAM lattice constant,
which makes this dendrimer an especially interesting case for
studying cooperativity of surface host sites in binding multi-
valent guests.

The (intrinsic) binding constant K; of an individual Ad-CD
interaction is known to be about 6 x 10*M~! (25°C), both in
solution and at CD SAMs, as determined previously® for an
Ad guest which closely resembles the Ad endgroups of the
dendrimers employed here. The kinetics of such CD com-
plexes commonly follow diffusion-controlled association (k; is
approximately 10°M~!s7!), and thus dissociation rates follow
directly from this association rate and from thermodynamics.

A mathematical model has been developed in which all
Ad-CD interactions are judged to be equal and independent,
both in solution and at a SAM, in which cooperativity on the
surface is only viewed as an increase of the effective molarity
of the CD host upon binding of the first guest site of a
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Figure 1. Adamantyl-functionalized poly(propylene imine) dendrimers (a), their formation of water-soluble assemblies by CD (b; see ref. [5a]), and the

adsorption of these assemblies onto a CD SAM on gold (c).
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multivalent guest.l’! This model implies that: a) simultaneous
use of at least four CD sites is needed to obtain kinetically
slow assemblies under certain conditions, and b) the desorp-
tion rate is (positively, but not linearly) dependent on
the CD concentration in solution. The results given below
are discussed partly as a validation of these model implica-
tions.

A CD SAM was immersed in a solution of the G4
dendrimer—CD assemblies, and the adsorption (Figure 1)
was studied by SPR spectroscopy. Figure 2a shows a typical
SPR time trace in which the adsorption rate and level were
studied as a function of dendrimer concentration and of
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Figure 2. Surface plasmon resonance (SPR) spectroscopy time traces of
the adsorption and (attempted) desorption of G4 a) and G3 b) dendrimer—
cyclodextrin assemblies onto a CD SAM on a gold substrate; solutions (all
in 0.01m aqueous HCl): A) dendrimer-CD, B) 0.01m HCI, C) 1 mm CD,
D) 8 mm CD.

washing conditions with 0.01M HCI and 8 mm aqueous CD in
0.01lm HCIL These results clearly show the adsorption of
dendrimer assemblies at the SAM. Water did not remove the
assemblies from the surface, and even 8 mm CD did not lead
to detectable desorption under the SPR conditions.

The presence of the dendrimer assemblies after adsorption
was verified by FTIR!Y and X-ray photoelectron spectro-
scopy (XPS).''l Water contact angle goniometry shows
increased wetting upon adsorption,''?l which implies that CD

Angew. Chem. Int. Ed. 2002, 41, No. 23
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molecules remain to cover the hydrophobic Ad endgroups of
the adsorbed dendrimers at the outer surface. EIS showed an
increase of the charge-transfer resistance upon adsorption of
G4-CD;, from 45 to 500 kQ when the positively charged
redox couple [Ru"(NH;)sJ>*/[Ru™(NH;)¢]*>* was used. This
increase results from charge repulsion with the protonated,
and thus positively charged, inner core of the dendrimers.["*]
In principle, the thermodynamics and/or kinetics of adsorp-
tion can be studied by using EIS,[) but this was not attempted
for practical reasons (relatively slow adsorption, response
dependent on charge and thus on protonation degree).

Immersion of a hydroxyundecanethiol SAM in a solution of
the G4 assemblies led to nonspecific physisorption as shown
by SPR. These assemblies were washed away rapidly,
however, using 8 mm CD. As indicated before, the CD SAMs
are much less prone to nonspecific adsorption. Combined
with the stability of the surface assemblies to water and 8 mm
CD, and the different adsorption behavior of individual
dendrimers at hydroxy- or CD SAMs (see below), we
conclude that the adsorption of the G4 dendrimers at the
CD SAMs stems from specific host—guest interactions. As a
result of the equal interaction strength of individual Ad-CD
interactions in solution and at SAMs, the adsorption solely
stems from cooperativity between the surface host sites.

The SPR traces (Figure 2a) do not allow any conclusions
regarding the adsorption*! or desorption kinetics. No appre-
ciable desorption occurs in either pure water, or in a relatively
concentrated (8 mm) CD solution. In principle, this could be
because of thermodynamic stability in the SPR setup and/or
the kinetic stability of the surface assemblies. The mathemat-
ical model sketched above is indicative of thermodynamic
stability in 8 mm CD, rather than kinetic stability, because of
the relatively small volume of the CD solution in the SPR
setup. In pure water, both thermodynamic and kinetic
stability may play a role.

The influence of the number of host—guest interactions on
the thermodynamic and kinetic stabilities of the surface
assemblies was assessed in the SPR experiments of the G2 and
G3 dendrimers. Both showed adsorption from solution (data
for G3 shown in Figure 2b). Changing the solution to pure
water did not result in loss of material, which indicates
thermodynamic and/or kinetic stability of the assemblies.
Application of 8 mm CD, however, led to rapid and consid-
erable desorption. The residual signal (20%) in Figure 2b
probably reflects a thermodynamic equilibrium in the SPR
setup at this CD concentration, which is indicated from both
the mathematical model and the relatively high desorption
rate.

AFM was used to image and study individual G4 dendrimer
assemblies at SAMs. Figure 3a shows an AFM image of a
CD SAM immersed for a short time in a dilute solution of G4
assemblies in water. The fact that such assemblies can be
imaged at all proves their relative robustness at the CD SAM
surface. In contrast, Figure 3 ¢ shows islands of G4 dendrimers
physisorbed onto a hydroxyundecanethiol SAM. No individ-
ual dendrimers can be visualized, which emphasizes the
different interaction mechanism of the G4 dendrimer assem-
blies binding to the CD and the hydroxyundecanethiol SAMs
(see above).

0044-8249/02/4123-4469 $ 20.00+.50/0 4469
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Figure 3. Tapping-mode AFM images (500 x 500 nm): after the adsorption
of G4 dendrimer—cyclodextrin assemblies onto a CD SAM on gold a), and
the washing of these surface assemblies with 8§ mm CD b); after the
adsorption of G4 dendrimer—cyclodextrin assemblies onto a hydroxyunde-
canethiol SAM on gold c), the washing of these surface assemblies with
8 mm CD d).

Water did not appreciably remove the adsorbed material
from either SAM. However, an 8 mm CD solution did
completely remove the dendrimer islands from the hydrox-
yundecanethiol SAM (Figure 3d). In contrast, a considerable
number of the individual dendrimers on the CD SAM
remained on the surface after treatment with 8 mm CD
(Figure 3b). Nevertheless, the diminished surface concentra-
tion is obvious. It implies a relatively high desorption rate
under these conditions, and thus confirms a thermodynamic,
rather than kinetic, stability.

In conclusion, these experiments show that stable assem-
blies on surfaces can be prepared by employing multiple,
intrinsically weak supramolecular interactions. Thermody-
namically stable complexes can be achieved when employing
two or three host-guest interactions of the strength found in
the Ad-CD system. Data on the G4 dendrimer, which
probably employs at least four such interactions, indicate that
the kinetics can be tuned from very slow desorption in pure
water to relatively fast (in the order of minutes) at high CD
concentrations. The removal of material in the AFM experi-
ment and the absence of desorption during SPR may be
attributed to different thermodynamic equilibrium concen-
trations, or maybe to different desorption rates for individual
dendrimers, compared to dendrimers packed in a full layer.
More detailed kinetic experiments, possibly in flow setups,
may validate the model in a more quantitative way.

This work may open new ways of preparing structured
surfaces, essential for nanotechnological, electronic, or bio-
chip applications. It shows that host surfaces can be employed
as molecular printboards on which molecules can be placed in
a firm manner, based solely on specific host—guest interac-
tions, and addressed individually.

4470 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental Section

CD SAMs on gold were prepared by the immersion of a clean gold
substrate (200 nm thick gold film on 2.54 cm glass wafers, coated with 2 nm
Ti) in a solution of the CD heptathioether adsorbate (100 mgL~') in
ethanol/chloroform (2:3) for 16 h at 60°C.

A typical SPR experiment consisted of increasing the concentration of G4—
CD;, in solution from 1 to 10 um in several steps. At 10 um, full surface
coverage was reached rapidly. When a stable signal was obtained, the
solution was replaced with 0.01m HCI. This led to a decrease of the signal
through both desorption of CD molecules from the surface assemblies and
to a change in the bulk refractive index. No subsequent slow desorption,
which might indicate desorption of the dendrimers, was observed. To probe
desorption, the cell was flushed with 8 mm CD in 0.01mM HCI. As a result of a
change of the bulk refractive index, the signal increased. After a stable
signal was obtained, the cell was flushed with water and the signal was
recorded again, which then became comparable to the signal obtained
before attempted desorption.

For AFM measurements, SAMs of the CD heptathioether adsorbate and of
hydroxyundecanethiol were briefly exposed (20-30 s) to a drop of a 0.5 um
solution of G4 and rinsed with water. The samples were dried under a
stream of N, and imaged by using tapping-mode AFM (TM-AFM).
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The construction of metal-organic framework (MOF)
coordination polymers is currently receiving considerable
attention owing to their potential properties as functional
solid materials, as well as their fascinating framework
structures.'*l Particularly widely explored have been MOFs
with porous chiral structures in which chiral ligands, chiral
templates, or chiral functionalization of achiral zeolites are
used to perform enantioselective separations and synthe-
ses.*7 Tt is challenging to prepare chiral MOF materials with
known chiral topology from an achiral building unit.
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Learning from nature's minerals, and utilizing the well-
defined coordination geometries of metal centers, some
structures of minerals with specific functionality, such as
perovsktie,® rutile,”! PtS,['% and feldspar'!l have been artifi-
cially produced by replacing monoatomic anions (O*-, $*7)
with polyatomic organic p ligands. The quartz phase, which is
chiral, has unique piezoelectricity and thermally sensitive
properties and is widely used in resonators and sensors.['?]
Although the SiO, phase with quartz topology is thermody-
namically more stable than cristobalite which has diamond
topology, in nature or in artificial materials, known phases
which have quartz topology are rare with only one example, a
cyano-bridged coordination polymer, reported by Robson
and co-workers.’l Generally, most materials comprising four-
connected tetrahedral (T) units, including MOFs, exist in the
diamond topology,l'*®!4 rather than the quartz topology,
while SiO, and GeO, are minerals that have both a quartz
polymorph and cristobalite with diamond topology. Interest-
ingly, when cristobalite is quenched to room temperature,l' it
is transformed reconstructively to the quartz polymorph.

Herein we report the preparation of two quartzlike, chiral,
open MOFs, Zn(ISN),2H,0 (ISN =isonicotinate), assigned
QMOF-1, with the low symmetry of a-quartz and InH(BDC),
(BDC = terephthalate), QMOF-2, with the high symmetry of
B-quartz. QMOF-1 with a large (~8.6 A) left-handed channel
was successfully synthesized with an asymmetric ISN ligand
by using a low-temperature diffusion method (room temper-
ature) similar to the preparation of metal carboxylatel'7l. On
using a highly distorted complex anion [In(O,CR),]™ as the
T block,[') and terephthalate as a linear rod, we could
assemble the anion-type B-quartzlike network QMOF-2 with
a right-handed channel (~7.8 A).

The preparation of QMOF-1 was carried out in a wide
range of conditions: Zn(NO,),6H,0: 1.5-3.0 ISN: 1-10
triethylamine (TEA): 5-10000 dimethylsulfoxide (DMSO):
0-20000 ethanol. After one week, large colorless needlelike
single crystals with dimensions up to 0.200x0.200 x 3 mm
were obtained quantitatively (relative to Zn). QMOF-2 was
solvothermally obtained from InCls:terephthalate (1:2) at
160°C for 3 days, yield 60 % (relative to In). The IR spectra
showed that the carboxylate group in QMOF-1 has mono-
dentate coordination to the metal center, while that in
QMOF-2 is bidentate.['s]

The single-crystal X-ray diffraction studies reveal that all
the zinc ions in QMOF-1 are four-coordinate (Figure 1a).[""]
Each Zn atom is coordinated by two nitrogen atoms of two
ISN ligands and two oxygen atoms of two carboxylate groups
from two other ISN ligands. All of the T units are slightly
distorted, the Zn—O and Zn—N bonds are 1.95 and 2.02 A,
respectively, and the angles of N(1)-Zn(1)-N(2), N(1)-Zn(1)-
0(2), N(1)-Zn(1)-0(1), O(1)-Zn(1)-O(2) are 113.5, 1175,
104.9, 100.4°, respectively. The 3D twofold interpenetrated
network with T blocks is characteristic of a 6*82-b net, similar
to that of a-quartz (Figure 2, Figure S1 in the supporting
information).l'] In the QMOF-1 structure, large Zn cations
replace the Si atoms in quartz structure, and the long ISN
anions replace the O atoms, so that the separation between
two T units can be expanded to 8.813 A, only slightly different
from the Zn-Zn separations in the diamondoid network
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