9770 Langmuir2006,22,9770-9775

Controlling the Supramolecular Assembly of Redox-Active Dendrimers
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Redox-active ferrocenyl (Fc)-functionalized poly(propylenimine) (PPI) dendrimers solubilized in aqueous media
by complexation of the Fc end groups wjtkcyclodextrin CD) were immobilized at monolayers B€D on glass
(“molecular printboards”) via multiple hosguest interactions. The directed immobilization of the third-generation
dendrimer-SCD assembly G3-PPI(Fc)e—(SCD)s6 at the printboard was achieved by supramolecular microcontact
printing. The redox activity of the patterned dendrimers was mapped by scanning electrochemical microscopy (SECM)
in the positive feedback mode using [l as a mediator. Local oxidation of the=dendrimers by the microelectrode-
generated [IrG]?~ resulted in an effective removal of the-Fdendrimers from the host surface since the oxidation
of Fc to the oxidized form (Fg leads to a concomitant loss of affinity f8CD. Thus, SECM provided a way not
only to image the surface, but also to control the binding of the Fc-terminated dendrimers at the molecular printboard.
Additionally, the electrochemical desorption process could be monitored in time as the dendrimer patterns were
gradually erased upon multiple scans.

Introduction and oxidized silicon wafers) have been repoftedarious
monovalent and multivalent guest molecules were positioned
onto these SAMs by adsorption from solution and by using
supramolecular microcontact printing@P) or dip-pen nano-

S1ithography with nanometer resolutidn? Generally, supra-
molecular interactions are relatively weak, but using multivafent

'guest molecules instead of monovalent guests increases the
thermodynamic and kinetic stability of the adsorbed molecules
at molecular printboards.

Dendrimers serve as a particularly suitable class of poly-

nctional guest molecules since the number of end groups can

be exactly controlled and all end groups are exposed at the

fperiphery of the molecul¥.Furthermore, the unique properties
of dendrimers find applications in many fields such as drug
delivery?optoelectronics?catalysist* molecular recognitiof®

Akey issue in molecular electroniésegnsorg,and biological
arrays$ is the positioning of molecules with high accuracy and
stability on solid substrates. Most procedures to anchor molecule
rely on physisorption, chemisorption, or covalent synthesis.
Covalent synthesis does not allow rearrangement, self-correction
or intentional desorption. Chemisorption and physisorption do,
but the thermodynamic and kinetic parameters are difficult to
control. On the other hand, supramolecular interactions are
specific, reversible, and tunable by multivalency and/or competi- fu
tive agents, and a wealth of information on the binding strength
and kinetics is readily availabfeTherefore, our group has
developed self-assembled monolayers (SAMs) consisting o
receptor sites (“molecular printboards”) to which molecules can
bind via specific supramolecular interactions, allowing the binding
of molecules with ultimate control over binding thermodynamics
and kinetics. We have reported SAMs on gold of heptathioether-
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functionalized3-cyclodextrin CD), which forms well-ordered
and densely packed monolayérdilso, the synthesis and
characterization g8CD SAMs at SiQ surfaces (i.e., glass slides
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Scheme 1. Complexation of G3-PP+(Fc); to fCD at pH 2, Resulting in Water-Soluble Dendrimer—fCD Assemblies (Top),
and Immobilization of the Fc—Dendrimer—fCD Assemblies at the Molecular Printboard by#CP and Their Local
Electrochemical Desorption by SECM (Bottom)

Microcontact
printing

Oxidation
by SECM

and molecular encapsulatiéf.Recently, we reported the found applications such as measuring reaction rates of im-
immobilization of adamantyl (Ad)-functionaliz&nd ferrocenyl mobilized biomolecule’ and following chemical processes in
(Fc)-functionalized® poly(propylenimine) (PPI) dendrimer guest  living cells?® and in fundamental studies of charge-transfer
molecules at molecular printboards. Dendrimers of generation processes at solidiquid, liquid—liquid, and liquid—-gas inter-

1 up to generation 5 have 4, 8, 16, 32, or 64 end groups, faces?* corrosior?® and electrocatalys®. Aimost all imaging
respectively, and form multiple hoesguest interactions withthe  applications were performed under steady-state conditions. Only
molecular printboard. Inthe case of Fc-functionalized dendrimers, very few studies are known where interfaces were probed by a
the precise number of Fc moieties that interact with the host redox compound until all the reactive material was exhau&ted,
surface was determiné&®It is well-known that Fc is able to  although the significance of time-dependent information for
form inclusion complexes witBCD in aqueous medidg~ 10° kinetic studies has been emphasized recently by UnwinZt al.
M~1) and that the complexation is strongly diminished upon
electrochemical conversion of the Fc groups to Eations?°
Consequently, the binding of the Fc-functionalized PPI den-
drimers to theBCD SAMs on gold can be reversed electro-
chemically, even for a G5 PPI dendrimer with 64 Fc end groups

Results and Discussion

Oxidation of Fc—Dendrimers. The Fc-modified PPI den-
drimers were prepared by condensation reactions of 1-(chloro-
carbonyl)ferrocene with the terminal amino groups of the parent

having 7 or 8 hostguest interaction&

So far, the binding control of these redox-active dendrimers

has been limited tggCD SAMs at Au electrodes. However,

applications in, for instance, nanofabrication require binding

amino dendrimers according to a literature proced®irEhe
dendrimers are virtually insoluble in water, but in the presence
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-50
100l o T om0 " 50 um
01 02 03 04 05 06 07 08 Figure 2. AFM images of the Fedendrimers printed on the
molecular printboard on SiO height images of printed patterns of
E (V) vs AgiAgCl G3-PPH(Fc)ebefore rinsing (A) and after rinsing with water at pH
b 2s. 2 (B).
2.0 with SCD in solution can be electrochemically controlled.
Furthermore, all redox centers are oxidized and reduced
1.5 simultaneously and, thus, are electrochemically equivalent,
<:t,L indicating that all Fc moieties are complexed3@D at pH 2.
= 1.0 In contrast, Kaifer et al. found that aqueous solutions of G3-
PPH(Fche—pCD assemblies at neutral pH showed two oxidation
0.5 and reduction waves, which were attributed to complexed and
uncomplexed Fc moietied.
0.0 - ; . . . . Microcontact Printing of Fc —Dendrimers. The G3-PP+
01 02 03 04 05 06 07 (Fche—(BCD)1s assemblies were immobilized in hexagonal
E (V) patterns of dots (wm in diameter and spaced byun) at the

Figure 1. Cyclic voltammograms (A) at 10, 25, 50, 100, 250, and BCD host surface at Sikby supramolecular microcontact printing
500 mV s and differential pulse voltammogram (B) at 1 mvts  («CP)? In the contact areas, hesguest complexes are formed
of an aqueous solution of G3-PP(Fc);s complexed tg8CD at pH between the dendritic ink molecules and @D surface. We
2 with 50 mM NacCl, using a bare Au working electrode. used G3-PP+(Fc)e—(BCD)isas ink molecules since according
to previous work these dendrimers form kinetically stable
of SCD (BCD/Fc= 1.1) and at pH 2, all dendrimers could be assemblies at the host surface with on average fotED
solubilized in water after prolonged ultrasonication (Scheme 1). interactions per dendrimé?.
Under these conditions, the core amines are protonated and The patterns were characterized by AFM. The AFM images
electrostatic repulsion forces the dendrimers into their most clearly show the transfer of dendrimers from the stamp to the
extended configuration. Therefol@CD forms inclusion com-  substrate in patterns with a height of ca. 1 nm (Figure 2A). The
plexes with all Fc end groups, resulting in water-soluble stability of the patterns was verified by rinsing the patterns directly
multivalent dendrimerSCD assemblies (Scheme 1). after printing with Millipore water at pH 2 (Figure 2B). Rinsing
An agueous solution of the Faendrimer-CD assembly removes nonspecifically bound material to leave approximately
was characterized by cyclic voltammetry (CV) and differential a monolayer of dendrimers in the area of contact. Rinsing for
pulse voltammetry (DPV) at bare Au electrodes (Figure 1). Cyclic prolonged periods of time did not result in removal of the
voltammetry showed a single quasi-reversible oxidation wave dendrimers, indicating that the molecules form stable supramo-
at scan ratesy varying from 10 to 500 mV st (Figure 1A). lecular assemblies at th8CD host surface at SiO These
The anodic peak potentig}, s;remains virtually unchanged. Only  observations are fully consistent with our earlier studies on guest
a scan rate of 500 mV-$ caused a shift of 20 mV to higher  dendrimers immobilized on the printboard from solution or by
potentials compared to scan rates of 100 mV ar lower. In uCp7—918

sharp contrast, the cathodic peak potertal was highly scan Scanning Electrochemical MicroscopyPatterns of G3-PP
rate dependent and shifted almost 80 mV to lower potentials by (Fc),s obtained by supramoleculatCP on the molecular
increasing the scan rate from 10 to 500 mVt.s printboard on Si@were also characterized by SECM. The SECM
During oxidation all hydrophobic Fe3CD inclusion interac- instrument used a disk-shaped Pt ultramicroelectrode (UME) of
tions are broken since neutral Fc moieties are convertedto Fc 25 um diameter. The dendrimers were printed in dots with a
cations, which do not form inclusion complexes witgD.2° diameter of 5«m and gaps of 3@m, which are larger than the
Dissociation of the inclusion complex proceeds via a CE active electrode area of the UME, to ensure good resolution
mechanism and is diffusion-independé&htlenceE, »is constant, during imaging. The results were obtained by scanning the surface

irrespective of the scan rate. On the other hand, during reduction,in aqueous solutions containing [Ig3~ as a mediator in the
Fc'is converted to Fc and the FECD interactions are restored ~ feedback mode. The UME potenti&t was kept at 0.75 V vs
according to an EC mechanism. Tig:shifts to lower potential Ag/AgCl such that [IrC§]®~ is oxidized at the UME under

at higher scan rates since the-fBCD association is diffusion-  diffusion-controlled conditions. The oxidized species [H€l
dependent. DPV also showed a single oxidation wave with the diffuses to the surface and may accept an electron from Fc moieties
formal oxidation potentiaE®" at 0.540 V vs Ag/AgCl, which of the dendrimers, which have a lowt'. During this process,
was derived fromE® = E, — AE/2 (Figure 1B). These data  Fc' would be released and [Irg}¥~ regenerated. Subsequently,
prove that the interactions of the Fc groups on the dendrimer [IrClg]3~ may diffuse back to the UME, giving rise to a positive

(30) Osella, D.; Carretta, A.; Nervi, C.; Ravera, M.; Gobett@Rjanometallics (31) Castro, R.; Cuadrado, I.; Alonso, B.; Casado, C. M.; MpM.; Kaifer,
200Q 19, 2791. A. E. J. Am. Chem. S0d.997 119 5760.
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Scheme 2. Mechanism of SECM-Induced Desorption of the
Fc—Dendrimers from the Molecular Printboard on SiO,2

Pt tip

a[IrClg]3~ is oxidized at the tip and diffuses to the molecular
printboard, where it oxidizes the patterns of G3-PfHcC)s

dendrimers. Subsequently, the oxidized dendrimers desorb from the

host surface, and the reduced [l diffuses back to the UME,
giving rise to positive feedback currents only at the dendrimer-
covered regions.

300
X (um)
Figure 3. SECM image of the Fedendrimers printed on the
molecular printboard on Sik&nd line scan obtained from the profile
of the image (inset) indicated by the white line in the image showing
the periodicity of the printed featureB«(= 0.75 V, vy = 200um
s, 0.1 mM [IrClg]®").

feedback current. At locations where only a ha@® monolayer

is present, the [IrG]?~ cannot be reduced, since no dendrimers
are present, resulting in a UME curréqnthat can be described
by pure hindered diffusion of [IrG]*~ from the solution bulk

Langmuir, Vol. 22, No. 23, 2008773

Figure 4. SECM image of a molecular printboard patterned with
Fc—dendrimers illustrating the higher intensity of the first line scan
(shown in the backgroundfg¢ = 0.75 V,vr = 200um s'1, 0.1 mM
[IrClg]37). Black lines correspond to individual line scans. The false
color was interpolated.

o

c
7

Figure 5. SECM images of G3-PPi(Fc)e printed at 83CD SAM

on SiG: image composed of the (A) forward line scans and (B)
backward line scans and a second SECM image of the same area
composed of the forward line scans (C) and backward line scans (D)
(Er = 0.75 V,vr = 200um s1, 0.1 mM [IrClg]®").

30 pA

during the scan, and mediator regeneration ceased before the

to the UME. The redox processes that occur are outlined in current values were sampled. Even at higher scan rates the first
Scheme 2. line scans have the highest feedback current compared to the
An SECM image is shown in Figure 3. The image clearly successive line scans in all obtained images. This is nicely
shows a hexagonal pattern of dots which appear with a higherdemonstrated by the surface plot shown in Figure 4. Individual
feedback current compared to the background. The periodicity line scans are displayed as black lines and are recordings from
was determined from the profile of the image indicated by the subsequent forward scans. During the backward movement the
white line, and the corresponding line scan is also shown in same UME potential and translation rate were used. The first
Figure 3. The observed periodicity of 8th corresponds exactly  line scan is placed in the rear part of the plot. The first line scan
to the printed dendrimer dots (50m in diameter and 3@m is most intense because during the first line scan some of the
gaps). Hence, SECM faithfully reveals the hexagonal pattern of Fc—dendrimers that are located in the area later probed by the
a monolayer of dendrimers printed on the molecular printboard. UME are oxidized. In subsequentimages, sample regions outside
The peak intensities of the line scan are not uniform, probably the imaging frame can contribute to the mediator regeneration,

due to an inhomogeneous distribution of G3-PHc);6 at the
surface.

whereas the imaged region is successively depleted.
Upon imaging by SECM the feedback currents decreased

To obtain the image in Figure 3, a very high scan rate and stepsignificantly due to the depletion of Fc-loaded dendrimers on the

size had to be used. The translation speed was:206 2, and
the step size in the low-frequency ax$$ was 15um. At slower

surface. Moreover, repeated imaging of the same area showed
a further decrease in feedback currents. Figure 5 shows four

scan rates featureless images were obtained. We believe that thisnages of the same sample regions. The instrument allows the

result was caused by the complete release efdemdrimers

assembly of images from the forward line scans and the reverse
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line scans. In this case, the same UME potential and translationscans showed a decrease in positive feedback currents compared
rate were used for recording the images in the forward scanto the forward scans, and imaging the same area a second time
direction (Figure 5A,C) and the backward scan direction (Figure virtually removed all redox-active dendrimers from the host
5B,D). The sequence of recording is therefore first forward line surface; thus, the desorption could be imaged at different stages.
scan of Figure 5A, first backward line scan of Figure 5B, second The reversible adsorption results from specific hagiest
forward line scan of Figure 5A, second backward line scan of chemistry since Fc in the neutral form is able to form inclusion
Figure 5B, and so on until the complete images in Figure 5A,B complexes with3CD while the oxidized cationic form is not.

are recorded. The same process was repeated to obtain Figure The combination of supramolecular and electrochemical control
5C,D. The graphs are scaled to the same minimum and maximumof dendrimer adsorption is a promising tool in the integration of
and illustrate how the overall current and the contrast gradually “bottom-up” and “top-down” nanofabrication schemes. For
fade from part A to part D of Figure 5. The features are hardly instance, local desorption of guest molecules by UME electrodes
visible in the last image (Figure 5D). or smaller conductive AFM tips may give small template patterns

The observations of (i) the relatively high intensity of the first  exposing the molecular printboard to which other guest molecules
line scan, (i) the pattern disappearing upon scanning, and (iii) may bind.
the high scan rate necessary to visualize the pattern all suggest
that upon scanning the guest dendrimers desorb from the host Experimental Section
surfaqe. The proposed mec_hanls_m IS 0_ut||ned n Scheme 2. Al Materials and Methods. The Fc-terminated PPl dendriméts
the mlcroelect(ode the mgdlator is oxidized and dlffuses to the and per-6-amingi-cyclodextrii® were synthesized according to
surface where it may oxidize Fc groups of the dendrinfeTie literature procedures. All glassware used to prepare monolayers was
reduced form of the mediator may diffuse back to the micro- jmmersed in piranha solution (concentrategB, and 33% HO,
electrode. The oxidized form of Fc is not able to form inclusion in a 3:1 ratio).Warning: piranha solution should be handled with
complexes with thgCD at the surface, resulting in an effective  caution; it can detonate unexpectedijext, the glassware was rinsed
desorption of the dendrimers from the surface. The reactions atwith large amounts of Milli-Q water. All adsorbate solutions were
the UME and at the substrate are thus prepared prior to use. All solvents used in monolayer preparation
were of p.a. grade.

Substrate Preparation. The synthesis of 8CD SAM on SiQ
substrates has been reported recently, and the same procedures was
used heré Microscope glass slides were activated by immersion in
at the substrate:n[IrCl >~ + G3-PPH(Fc),— boiling piranha solution for 15 min, rinsed with copious amounts

+ 3- of Millipore water, and dried in a stream of,NSubsequently, a
G3-PPH(FC)n(FC)y + NlIrCly] monolelljyer was formed by reaction with 1-cyan0-11-(tr?ch|orgsilyl)-
undecane. Reduction gave an amine-terminated monolayer which

Therefore, subsequent scans and backward scans show @as converted to an isothiocyanate-terminated layer by reaction
significant decrease in intensity of the feedback currents. The with 1,4-phenylene diisothiocyanate. Finally, reaction with per-6-
high scan rate is required to reduce the number of redox aminof-cyclodextrin gave the host surface.
equivalents supplied per unit surface area, where it oxidizes the Microcontact Printing. The procedure for microcontact printing
Fc units of the dendrimers. The dendrimers desorb from the hostiS Very similar to that reported earlier for adamantyl-functionalized
surface and diffuse into the bulk solution or oxidize neighboring g]?ngr:\r/l"Sefﬁ%timfnsgw:égg??g;@:%bfsaasgggvaclogﬁr(]‘é/)vgg;ﬁt]‘;{ea
dendrlmer_s. Consequently, scanning slowly may supply more photolithographically patterned silicon master and curing overnight
redox equwalents per unit sgmple surface area than Fc unitsy; gooc. Subsequently, the stamps were peeled off the master and
present in the dendrimer-modified areas. For similar reasons theyere mildly oxidized in a UV/ozone reactor for 60 min (Ultra-
step size in the low-frequency direction was relatively large to violet Products Inc., model PR-100). Directly after oxidization the
minimize oxidation during scanning of the previous line scan. stamps were immersed in aqueous solutions containing the den-
This also explains why the very first scan gives a substantially drimer—SCD assemblies (1 mM in functionality and 1 m&CD at
higher positive feedback current than the remaining line scans.pH 2). The stamps were inked for at least-ZD min, and before

SECM-induced oxidation of the dendrimers resulted in an Printing the stamps were blown dry in a stream of Rhe stamps
effective desorption of the dendrimers from {BED SAM at were placed_ in c_onformal contact by hand with the host su_rface at
SiO, and also provided images of the desorption process atSIOZ for 1 min without applying external pressure, after which the
different stages by repetitively recording images until a-Fc stamp was carefully removed. The substrates were used as such or

. . o rinsed with water at pH 2.
dendrimers were desorbed. This observation implies that the Electrochemistry. Electrochemical measurements were per-

Qendrlmers are primarily bound via ,Spe,c'f'c heguest Interaq- formed with an AUTOLAB PGSTAT10, in a custom-built three-
tions to the host surface on SiGn principle, the monolayeris  electrode setup equipped with a platinum counter electrode, a Ag/
less ordered compared to monolayers on Au since the monolayeragCl reference electrode, and a screw cap holding the gold working
is covalently bound, but nevertheless, the binding behavior of electrode (area exposed to the solution 0.43)c@V spectra of the

the dendrimers is in full agreement with the studies ofFc  G3-PPH(Fc)e—BCD assemblies in aqueous solution (10 A®D

atthe UME: n[IrCl]*” — n[IrCl]* + ne”

dendrimer binding to printboards on gold surfdéeand of at pH 2) with 50 mM NaCl were recorded at scan rates of 10, 25,
divalent guest binding to printboards on gléss. 50, 100, 250, and 500 mV"5 The DPV spectra were recorded
using the same solution and a modulation time of 0.5 s, an interval
Conclusions time of 0.2 s, a step potential of 1 mV, and a modulation amplitude
. . ) of 10 mV.
SECM can electrochemically induce the desorption of Fc SECM. A home-built SECM instrument was used that consisted

Germany) and a CHI701B potentiostat used in a three-electrode

(32) The use of molecular printboards on nonconductive, Sidstrates is configuration and operated via home-built software. The Pt UME
advantageous for the SECM measurements because metal substrates {e.g., Au

thiol SAMs) may reduce the mediator by heterogeneous electron transfer, which
complicates the data interpretation. See: Wittstock, G.; SchuhmanAng. (33) Ashton, P. R.; Kniger, R.; Stoddart, J. F.; Alker, D.; Harding, V. D.
Chem.1997, 69, 5059-5066. Org. Chem.1996 61, 903.
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had aradiust = 12.5um, and RG= rgjasdrt = 10 (rgiassis the radius was maintained at 200m s ! with a step size of 1m in the
of the insulating glass shield). A Pt wire served as an auxiliary low-frequency scan axis.
electrode and was used together with a Ag/AgCl reference electrode.

The aqueous solution contained 0.1 mMiClsand 10 mM KCIQ. .
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