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ABSTRACT

Tetrahedrally shaped nanoscale molecules 18—-20 were synthesized from the corresponding tetraiodide by a series of Sonogashira coupling
reactions. Three of the sulfur-containing termini are intended for eventual binding to a gold-coated conventional AFM tip, while the fourth
terminus scans the sample. AFM images of 19 demonstrate that the molecule is sufficiently large and rigid to be imaged by a conventional
AFM tip.

Atomic force microscopy (AFM) is a powerful, relatively ratio (tip height/basé)is another important tip feature. Tips
recentt and rapidly expandirfg* molecular imaging tech-  with the best combination of aspect ratio and sharpness
nique of broad applicability. Among the several capabilities reported to date have a multiwalled (MWNT)(~9 nm

of the technigue is the ability to observe individual biomol- radius) or single-walled (SWNT) carbon nanotube(nm,
ecules such as DNA as they lay on an atomically flat surface ultimate limit,~0.5-0.7 nm radiu§ as the functioning tig.
either in air or in a buffer solution. A major factor limiting Methods of attachment of the nanotubes to conventional tips
resolution in AFM is the sharpness of the AFM tip that scans require specialized equipment. Yao and Touecently

the sample. The sharpest commercially available tips for Published some interesting caltrop-shaped tetrasubstituted
tapping mode AFM are conically or pyramidally shaped silanes with potential as tips for AFM imaging. At about
etched silicon or silicon nitride tips with a nominal radius the same time, we described the synthesis of a prototypic

of curvature as low as-4—50 nm (uncoated). The aspect
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tower-shaped molecule(Scheme 1) as an inroad to a series
of single molecule tips for AFM applicatior}8!*

sufficiently rigid and robust to be visualized using a
conventional AFM tip while laying on an atomically flat mica
surface.

Tetrahedrally shaped precurs&'$ and8'’ were synthe-
sized as follows. Tetraphenyladamant&neas prepared by
arylation of 1-bromoadamantane in a mixture of hot benzene,
tert-butyl bromide, and AIGL The low solubility of3 allows
facile purification by washing with CHEIlin a Soxhlet
extractor. Treatment of adamantaBewith [bis(trifluoro-
acetoxy)iodo]benzened) and iodine gave tetraiodids.
TetraiodideB was synthesized fromtritylaniline (6), which
was diazotized and reacted with Kl to give iodide-urther
iodination of 7 with 4 in the presence of iodine gave
tetraiodide8.

We chose a substituted [1,2,5]-dithiazepane unit for
eventual binding of the tips to a gold surface. 4-lodoaniline
(9) was treated with ethylene oxide to give did, which
was converted into dichoridel (Scheme 2).
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aReaction conditions: (a) Ethylene oxide, MeOH; (b) PQCI
pyridine; (c) KSCN; (d) KOH; (e) TMSA, Pd(PR}, Cul, THF/

Herein, we describe the synthesis of several tetrahedrally EtN; (f) K2COs, MeOH; (g) @-iodophenylethynyljtrimethylsilane,

shaped nanoscale molecules built around a 1,3,5,7-tetra
substituted adamantane unit or else a para-substituted tet-

raarylmethane cor®. Given the high affinity that thiol3
disulfides!® and thiolacetaté$ display toward gold, we

Pd(PPH),, Cul, THF/ESN.

Reaction ofL1 with KSCN gave dithiocyanat&2, which

included S atoms at the termini as a means to eventuallywas converted into [1,2,5]-dithiazepah8 upon treatment

anchor the molecular tip to a thin film of gold placed on a
conventional AFM tip'® We also demonstrate thd®9 is

(10) Keana, J. F. W.; Petukhov, P. A.; Rukavishnikov, A. V.; Phadke,
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with hot KOH. Alternatively, reaction ofl1 with excess
KSCN afforded13 directly. Reaction ofL.3 with trimethyl-
silylacetylene (TMSA) gavé4. Cleavage ofi4 gave alkyne

15, which in turn was treated with (4-iodo-phenylethynyl)-
trimethylsilane under Sonogashira coupling conditions to give
TMS derivative16. Cleavage ofl6 gave terminal alkyne
17. Alkynes15and17 were separately coupled to tetraiodide
8 under Sonogashira conditions to give tetraphenylmethane
18 and its larger analogué&9, respectively (Scheme 3).
Alternatively, tetraiodidé& was coupled to alkyn&5to give
symmetrically tetrasubstituted adamant&@e
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Scheme 3

@ Reaction conditions: (a) Pd(Pg} Cul, THF/EgN.

Visualization of Molecule 19 Using a Conventional consistent with similar differences observed for DNAnd
AFM Tip. Freshly cleaved mica was separately spin-coated Cs™® and may be due to molecular deformations caused by
with 0.06, 0.25, and 1.0@M solutions of moleculel9 in the AFM tip. As a control, freshly cleaved mica was
CH.Cl, and then examined by AFM in air and ambient Separately spin-coated with the &El, used as the solvent
humidity using a conventional tip with tapping mode (Figure (Figure 1A) and a M solution of segment 7 (Figure 1E)
1B-D). The light spots are images of individual molectffes N CHzCl2 and then examined by AFM. Segmeiitis much
laying on the mica surface. The observed heihté the smaller than19 and can lay flat on the mica surface. As
molecules in Figures 1BD are 0.8+ 0.1 nm, 1.0+ 0.2 _expected, only the mica surface is seen in both contrql
nm, and 0.5+ 0.1 nm? The variation in height likely stems images, absent features analogous to those observed with

from day to day differences in humidfy and set up _ . )

parameters (drive amplitudd, and set point amplitude Figure 1F ShOWS Images djg in the presence of DNA

A?22). The height determined by AFM is lower than the fragments, which were deposneq onto mica from agueous

calculated height based on molecular modeling. This is PUffer and washed extensively prior to spin-coating a 0.25
uM solution of 19 in CH,Cl,. The observed height (0£

0.1 nm) of19is similar to that of the DNA fragments (0.7

(18) Individual fullerene molecules §g) on a Si(111) surface have been  + (.1 nm), as expected. Images-B demonstrate that the
imaged by AFM in a noncontact mode in an ultrahigh vacuum. See: ;

Kobayashi, K.; Yamada, H.; Horiuchi, T.; Matsushige, Appl. Surf. Sci.  humber of individual molecules ot9 appearing in the

1999 140, 281. images is concentration dependent.
(19) For a detailed discussion of resolution in AFM see: Bustamante,
C.; Keller, D.Physics Today 995 48, 32.

(20) Confidence limits in all cases were calculated at a-8®% (22) Brandsch, R.; Bar, G.angmuir1997, 13, 6349-6353.
probability level. (23) Ramachandran, T. R.; Baur, C.; Bugacov, A.; Madhukar, A.; Koel,
(21) Thundat, T.; Warmack, R. J.; Allison, D. P.; Bottomley, L. A.; B. E.; Requicha, A.; Gazen, ®lanotechnology 998 9, 237.
Lourenco, A. J.; Ferrell, T. LJ. Vac. Sci. Technol. A992 10, 630- (24) Rivetti, C.; Guthold, M.; Bustamante, G. Mol. Biol. 1996 264,
635. 919-932.
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Figure 1. AFM images (1.00x 1.00um) of freshly cleaved mica after spin-coating with the following: A, £OH used as the solvent
(control image); B, 0.0&M solution of 19 in CH,Cly; C, 0.25uM solution of19in CH,Cl,; D, 1 uM solution of 19 in CH.Cly; E, 1 uM
solution of segment7 in CH,CI, (control image). For image F, DNA was applied to the mica prior to spin-coating aud/P8olution of

19in CH,Cl,. Note the dependence of molecul@ image density on concentration{®). Nanofeatures such as those in control images
A (observed height, 0.6 nm) and E (observed height42@.1 nm) are occasionally seen on certain regions of the surface when imaging
freshly cleaved mica and may represent mica particulates produced as a result of the &eavage.

In summary, we have synthesized three tetrahedrally ~Acknowledgment. This work was supported by a grant

shaped nanoscale molecul&8—20. These molecules are
designed to serve as molecular tips for AFM and may also
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