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ABSTRACT: A non-covalent synthesis route to assemble metallodendrimers was extended to the fifth generation.
Generation four (G4) was characterized by electrospray mass spectrometry. Thin films of generation five (G5)
metallodendrimers were studied by tapping mode scanning force microscopy. Both on graphite and on mica spherical
particles with a diameter ofca 15 nm were observed. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

The miniaturization of devices is still an ongoing
challenge in nanotechnology.1 At the nanometer scale,
materials may exhibit new electronic or optical proper-
ties. Nanophysical (lithographic) fabrication methods
generally yield two-dimensional, silicon-based structures
between 50 and 100 nm. Nanochemistry follows a
‘bottom up’ approach and may be used to synthesize
nanostructures of more complex shapes, able to perform a
specific function. The covalent synthesis of such large
structures becomes cumbersome because of the large
number of subsequent steps. However, non-covalent
synthesis might provide new and efficient routes for the
construction and functionalization of nanosize struc-
tures.2 Dendrimers are nanoparticles with a highly
branched architecture leading to spherical shapes com-
bined with high molecular weights.3 We have previously
reported the non-covalent assembly of metallodendri-
mers up to generation three (G3).

4 This work has now
been extended to the assembly of generations four and
five (G4 and G5, respectively) to study the macro-
molecular (probably globular) shape of such nanosize
structures.

To assemble nanosize structuresvia non-covalent
interactions we designed the building blocks depicted
in Scheme 1. These building blocks contain branched
spacers that should favor dendritic growth with metal

centers embedded in so-called pincer complexes. The
insertion of the metal in the aromatic C—H bonds gives
kinetically stable complexes with S donor atoms. The
fourth coordination site at the Pd center is occupied by a
strongly, but reversibly, coordinated Clÿ ligand.

NucleusG0 can be ‘activated’ by removing the Clÿ

ligands with AgBF4. Building block BB-Cl contains a
CH2CN group that can coordinate to the activated Pd
centers ofG0. The assembly of activatedG0 and three
BB-Cl building blocks yields a first-generation metallo-
dendrimer. This controlled assembly procedure can be
repeated to assemble larger structures. Scheme 2 shows
the assembly of a second-generation metallodendrimer.

The same sequence of repetitive activation and
addition steps yieldedG2 to G5 via a one-pot procedure.
Here we report the assembly ofG4 andG5. The1H NMR
spectra ofG4 andG5 in CD3NO2 are remarkably simple
because of the high symmetry of the nucleus and the
similarity of the building blocks. The1H NMR spectra of
both compounds show some broadening of peaks
compared with the lower generations, indicating a high
molecular weight and/or a decrease in rotational freedom
of the dendritic arms. In the IR spectrum the coordination
of the cyano group is confirmed by the characteristic shift
of the C�N stretch vibration from 2252 cmÿ1 for free
BB-Cl to 2290 cmÿ1 upon coordination.5 The molecular
weight of metallodendrimerG4 was determined using
Electrospray mass spectrometry (ESMS). The highest
molecular weight thus obtained was 49878 Da (Fig. 1)
corresponding toG4

�39BF4
ÿ. The spectrum is broadened

because of the natural isotope distribution of the Pd-
containing metallodendrimers. The resolution of the mass
spectrometer was unfortunately not high enough to
resolve the signals ofG5 and its mass therefore could
not be determined. An attempt was made to determine the
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size of G5 in nitromethanesolution also with QELS.
Extensiveclusteringwasobservedat millimolar concen-
trations.Thesizeof theparticlesdecreasedconsiderably
after diluting the sample.At very low concentrations
(10ÿ6 M) the averagediameterremainedmore or less
constantat 10� 2 nm. However, the intensity of this
signalwasweakandthereforenodefiniteconclusionscan

be drawn.GPC did not give satisfactoryresults,as the
metallodendrimersin generalinteract too strongly with
thecolumnmaterial.

As commonly observed,the molecular weight for
dendrimerG4 lacksa numberof anions(G4 contains45
BF4

ÿ anions).Apparentlythereis a preferentiallossof a
number of anions.The loss of counter ions has been
reported.6 In somecasescationic complexeshavebeen
preparedin order to allow measurementsof ES mass
spectra.7

Molecular mechanics(MM) calculationswere per-
formed for G3 using the universal force field8 imple-
mentedin Cerius.2,9 Higher generationsconsistof too
manyatomsandcouldnot beminimized.Thesizeof G3

in the gasphase,as determinedby MM, is 7–8nm in
diameter.ExtrapolatingtheMM results,a diameterof ca
10nm is expectedfor G5.

To obtain experimentalresults on the size of the
metallodendrimers,tappingmodescanningforce micro-
scopy(TM-SFM) studieswerecarriedout. Molecularly
thin films werepreparedby spin-castingsolutions(0.2–

Scheme 1

Scheme 2

Figure 1. Deconvoluted ESMS spectrum of G4
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1.2mgmlÿ1) of G5 on a freshlycleavedgraphite[highly
orientedpyrolitic graphite(HOPG)]or micasurface.The

tappingmodewasusedin orderto minimizelateralshear
deformationscausedby interactionswith the tip. The

Figure 2. Tapping scanning force micrographs of a non-closed molecular ®lm of G5 which was prepared by spincasting a dilute
solution (0.2 mg mlÿ1) of G5 in nitromethane on freshly cleaved HOPG. (c) Amplitude signal; (b) height image (light areas
correspond to elevated structures); (a) stereoscopic projection of (b)
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imagesin Fig.2 showanotfully closedmonolayeronthe
ratherapolarsurfaceof graphite.Thedarkareasareholes
in this layer and show bare graphite.The film has a
granular structurewhere the individual grains have a
diameterof ca 15–20nm asdeterminedfrom the lateral
periodicity. When the surfacewas scannedwith mini-
mumforce,a hight of 4.2nm wasmeasuredfor thefilm.
When the force was increasedthe apparent height
decreasedto 2.8nm asthe SFM tip compressedthe soft
metallodendrimers. (Generally, the observedheight of
organicdendrimersin SFM measurementsdeviatesfrom
the theoreticalvalue.10)

A different patternwas observedon mica. Different
adsorptionpreferencesbetweenthehydrophobicsurface,
the nitromethanesolvent and the metallodendrimers
resultedin the dewettingpatternsshown in Fig. 3(b).
Evenathighconcentrationsnoclosedfilms wereformed.
Lower concentrationsresultedin patternswhereseparate
spheresareclearlyvisible [Fig. 4(a))and4(b)]. This is in
contrast to films on a graphite surface which fully
covered the graphite at higher concentrations.As on
graphite,the films caston mica showeda globular fine
structure.Theparticlesdepictedin Figs2(b)and4(b)had
the same size, i.e. 15–20nm in diameter and at a
minimum normalforceabout5 nm in height.

To comparethe resultsof the SFM measurementswe

estimatedthediameterof G5, with a molecularweightof
108kDa, as7 nm usingtheequations

V � 4
3
�r3 �1�

� � M
V

�2�
wherer� 1.1g mLÿ1 andM = 108.548g molÿ1.

The diameterof the structuresobservedby SFM is
twice as large as the calculated value. This can be
explainedby consideringthat the sphericalmetalloden-
drimers will flatten out on the surface.The hard core
diameterof 7 nm for sphericalassembliesof G5 doubles
to ca 15nm for the half-sphereson the surfaceand the
height is decreasedas reported above. The apparent
distortion comparedwith a globular shapemight be
exaggeratedowing to the convolution of the surface
structure with the tip shape.12 Assuming spherical
geometryof the moleculeswith a radiusr = 3.5nm and
a maximum radius R = 8 nm for the tip apex, the
measureddiameter could be as large as D = 4

p
Rr

&21nm.

CONCLUSIONS

By usinga non-covalentsynthesisroute,metallodendri-
mersup to G5 wereassembledwith molecularweightsof
over100000Daandwith anapproximatesizeof 7 nmin
diameter. TM-SFM studies on thin films cast on a
graphiteor micasurfaceshowedthepresenceof spherical
assembliesin the expectedsize range.Furtherresearch
will be concentratedon the introductionof functionality
(e.g.porphyrins,redoxor catalyticallyactivecenters)in
thesenanosizestructures.

EXPERIMENTAL

All chemicalsusedwereof reagentgradeandwereused
asreceived.Thesynthesesof BB-Cl11 andof G0, G1, G2

andG3 havebeendescribedpreviously.4 Theinstrument
used for SFM was a NanoscopeIII operatedin the
tappingmode.The force measurementswereperformed
with Si probesat their fundamentalresonancefrequency
of about300kHz. Theradiusof theprobeapexwasless
than10nm.Nitromethanewaswashedwith 1 M HCl and
water and distilled from CaCl2. Nitromethanesolutions
with concentrationsbetween0.2 and 1.2mgmlÿ1 were
spin-caston cleansurfacesat 1000rpm.

ESMS was carried out using a Micromassplatform
quadrupolemassspectrometer,coupledto a Micromass
Masslynxdatasystem.Thesampleswereintroducedinto
the sourceby constantinfusion or direct injection via a
valve–loop system.Constantinfusions were made by
loading the samples(dissolvedin nitromethane–chloro-

Figure 3. Tapping scanning force micrograph of a ®lm of G5

which was prepared by spincasting a 1 mg mlÿ1 solution in
nitroethane onto freshly cleaved mica. Top: height image
(light areas correspond to elevated structures): Bottom:
amplitude signal
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Figure 4. Tapping scanning force micrographs of G5 spin cast from a 0.2 mg mlÿ1 solution in nitromethane on freshly
cleaved mica. (c) Amplitude signal; (b) height image (light areas correspond to elevated structures); (a) stereoscopic projection
of (b)
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form) into a 10ml gas-tightSGE syringe.The sample
waspresentedto the sourceat a rate of 10ml minÿ1 of
nitromethane–chloroform solution via a Cole Palmer
Model 74900syringepump.Loop injection wasaccom-
plishedby usinga RheodyneModel7125injectionvalve
with a 10ml loop.

General procedure for the controlled assembly of
metallodendrimers. To solution of Go (2.50mg,
1.61mmol) in CH2Cl2 (5 ml) were added 30.0ml
(4.83mmol) of a freshly preparedstock solution of
AgBF4 (0.1611M). Themixturewasstirredfor 5 min and
subsequentlyBB-CI (5.30mg, 4.83mmol) was added.
The mixture wasevaporatedto drynessand the residue
dissolvedin nitromethane(5 ml). To assembleG1 all the
solvent was evaporatedunder reducedpressure.The
residuewasdissolvedin nitromethaneandevaporatedto
drynessagain.CrudeG1 wasdissolvedin nitromethane
(5 ml) andAgBF4 (59.4ml, 9.56mmol) wasadded.After
stirring for 5 min. BB-CI (10.6mg,9.6mmol) wasadded
to assembleG2. Repeatingthisprocedure(activationwith
AgBF4 andadditionof newbuildingblocks)two or three
more times, G4 and G5 were assembledin a one-pot
procedure. After filtration through Hyflo/cotton to
remove AgCl, nitromethanewas evaporatedand G4

was obtainedas a yellow solid (76.8mg, 90%). M.p.
154–156°C. 1H NMR (CD3NO2), � 7.77–7.68(m, 372
H, SPh),7.56–7.44(m, 696 H, SPh� ArH), 6.8 (s, 186
H, ArpdH), 5.0 (s, 186 H, CH2O), 4.5 (bs, 372 H,
CH2S), 3.9 (s, 90 H, CH2CN); ESMS, m/z 49 878
([G4
�39BF4]

�, calculated 49 905); IR (KBr),
2290cmÿ1 (C�N). Analysis: calculated for
C2319H1902B45N45O93F180S186Cl48Pd93

�25CH3NO2, C
51.30, H 3.63, N 1.79, Cl 3.10; Found, C 50.44; H
3.54;N 1.82,Cl 2.87%.

After filtration throughHyflo/cottonto removeAgCl,
nitromethanewasevaporatedandG5 wasobtainedasa
yellow solid (140.2mg, 85%), m.p. 149–151°C, which
wascharacterizedonly by 1H NMR andIR spectroscopy.
1H NMR (CD3NO2), � 7.77–7.68(m, 756H, SPh),7.56–
7.44(m, 1416H, SPh� ArH), 6.8(s,378H, ArpdH), 5.0

(s, 378H, CH2O), 4.5 (bs,756H, CH2S), 3.9 (s, 186H,
CH2CN); IR (KBr), 2289cmÿ1 (C�N).
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Molecules; Concepts,Design, Perspectives.VCH, Weinheim
(1996).

4. W. T. S. Huck, F. C. J. M. van Veggel and D. N. Reinhoudt.
Angew.Chem.,Int. Ed. Engl. 35, 1213(1996);W. T. S. Huck, R.
Hulst,P.Timmerman,F.C.J.M. vanVeggelandD. N. Reinhoudt,
Angew.Chem.Int. Ed. Engl. 36, 1006(1997).

5. B. N. StorhoffandH. C. Lewis. Coord.Chem.Rev.23, 1 (1977).
6. E. Leize,A. vanDorsselaer,R. KrämerandJ.-M. Lehn.J. Chem.
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