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ABSTRACT

Nanocars with an angled chassis have been synthesized and imaged using scanning tunneling microscopy. These angled chassis nanocars
were designed to further our understanding of the directional control and surface-rolling capabilities of this class of nanomachines. The
alkylated carbazole inner core might enable the molecular scaffold to produce circular rolling motions of the nanovehicles on surfaces.

Recent advancements in imaging techniques such as scannintp further develop our understanding of directional movement
tunneling microscopy (STM) have allowed organic chemists on gold surfaces.

to expand the field of molecular machinery from the more  As illustrated in Figure 1, the angled nanochrwas
traditional solution-based machifeso the design and  designed to combine the directional movements of two
synthesis of molecular machines that are individually ad- existing fullerene surface-rolling molecules: the nanocar,
dressable or controllabfeOf particular importance for our  which rolls in directions perpendicular to the axles, and the
group is the synthesis and manipulation of nanocars that
demonstrate a restricted rolling motion, rather than random (1) (a) Balzani, V.; Credi, A.; Venturi, MMolecular Devices and
sliding motion, on surfaces such as gdMith complemen- '\G/'an'l'{;'ﬁ; zéoj??g?gélérgﬁi't\r}i g'fe':;i” X{?g?g'rﬁgv,gm;vs\’g{}g;?i E
tary results from other research groups also showing wheel-Angew. Chem., Int. E®000,39, 3349—3391. (c) Bern4, J.; Leighm, D.

i H H 4 H i H A.; Lubomska, M.; Mendoza, S. M.; Pérez, E. M.; Rudolf, P.; Teobaldi,
like rolling motions? there is a basis for extension of the G- Zerbetto, FNat. Mater.2005.4, 704—710. (d) Badjié, J. D.. Balzan,

field to produce more complex functionalized molecular v credi, A.; Silvi, S.; Stoddart, J. FScience2004,303, 1845—1849. (e)

vehicles with varying properti€sReported here is the design Kggfsvf;% GS';fC:arke’ t '-:T'ﬂ?{ingkv D'kM:fht')' ‘Dhe;-“'f?f\?g"} %35,
and synthesis of a nanocar with an angled carbazole chassigemn Socé(g())3 1”;3052'12;5;31;“@) Ko N Goartsoma B M.
Meetsma, A.; Feringa, B. L1. Am. Chem. S02000,122, 12005—12006.
T Departments of Chemistry and Mechanical Engineering and Materials (h) Garcia-Garibay, M. AProc. Natl. Acad. Sci. U.S.2005,102, 1077+
Science. 10776. (i) Kwon, K.-Y.; Wong, K. L.; Pawin, G.; Bartels, L.; Stolbov, S.;
* Department of Electrical and Computer Engineering. Rahman, T. SPhys. Rev. Let2005,95, 166101/1-166101/4. (j) Kay, E.
§The R. E. Smalley Institute for Nanoscale Science and Technology. R.; Leigh, D. A.; Zerbetto, FAngew. Chem., Int. E®006,46, 72-191.
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Figure 1. The trimer molecule (A) and nanocar (B) motions (light
blue arrows) have already been observed by ST{) The

fullerene-wheeled angled chassis nanocar should undergo circular

motion rather than the pivoting as in A and translation as in B.

trimer, which rotates on the surface around an interior axis

without any translational motiohThe angled chassis created

by the carbazole provides a new dimension in molecular
design to study additional structure-based directional control

on the surface of gold.
The synthesis ot (Scheme 2) begins with four straight-

forward steps attaching two terminal alkynes to the carbazole

inner core3.f The product was then coupled via a Sono-
gashira reaction with,3” an alkoxy-functionalized axle used

in fullerene-wheeled nanocars to ameliorate the insolubility

(2) (a) Gross, L.; Rieder, K.-H.; Moresco, F.; Stojkovic, S. M.; Gourdon,
A.; Joachim, CNat. Mater.2005,4, 892—895. (b) Grill, L.; Rieder, K.-
H.; Moresco, F.; Rapenne, G.; Stojkovic, S.; Bouju, X.; Joachimi\&x.
Nanotechnol2007, 2, 95-98. (c) Serreli, V.; Lee, C.-F.; Kay, E. R.; Leigh,
D. A. Nature2007,445, 523—-527. (d) Wong, K. L.; Pawin, G.; Kwon, K.
Y.; Lin, X,; Jiao, T.; Solanki, U.; Fawcett, R. H. J.; Bartels, L.; Stolbov,
S.; Rahman, T. SScience2007,315, 1391—-1393.

(3) (a) Shirai, Y.; Osgood, A. J.; Zhao, Y.; Kelly, K. F.; Tour, J. M.
Nano Lett.2005,5, 2330—2334. (b) Shirai, Y.; Osgood, A. J.; Zhao, Y.;
Yao, Y.; Saudan, L.; Yang, H.; Yu-Hung, C.; Sasaki, T.; Morin, J.-F.;
Guerrero, J. M.; Kelly, K. F.; Tour, J. MJ. Am. Chem. So006,128,
4854—4864. (c) Shirai, Y.; Morin, J.-F.; Sasaki, T.; Guerrero, J. M.; Tour,
J. M. Chem. Soc. Re2006, 35, 1043—1055.

(4) (@) Joachim, C.; Tang, H.; Moresco, F.; Rapenne, G.; Meyer, G.
Nanotechnologp002,13, 330—335. (b) Jimenez-Bueno, G.; Rapenne, G.
Tetrahedron Lett2003 44, 6261-6263. (c) Rapenne, Grg. Biomol.
Chem.2005,7, 1165—1169.

(5) () Morin, J.-F.; Shirai, Y.; Tour, J. MOrg. Lett.2006,8, 1713—
1716. (b) Sasaki, T.; Tour, J. Metrahedron Lett2007,48, 5821—-5824.
(c) Sasaki, T.; Morin, J.-F.; Lu, M.; Tour, J. Metrahedron Lett2007,
48, 5817—-5820. (d) Morin, J.-F.; Sasaki, T.; Shirai, Y.; Guerrero, J. M;
Tour, J. M.J. Org. Chem. in press.
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Scheme 1. Synthesis of Chassi&
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aTBAH = tetrabutylammonium hydroxide; TMSA trimeth-
ylsilylacetylene.

of fullerenes. After deprotection of the alkynesananother
Sonogashira coupling betweénand 7° afforded the pro-
tected form of the chass& Removal of the TMS protecting
groups afforded the chas9s(Scheme 1).

By a stepwise synthesis, the axles were elongated to afford
compoundlO, followed by the removal of TMS protecting
groups to afford compountll in two steps. Four fullerene
wheels were successfully coupled via the in situ ethynylation
method” using excess lithium hexamethyldisilazide (LH-
MDS) in THF in the presence of excesso@® complete the
synthesis of the angled nanocar

(6) Wong, W.-Y.; Lu, G.-L.; Choi, K.-H.; Shi, J.-XMacromolecules
2002,35, 3506—3513.

(7) (@) Zhao, Y.; Shirai, Y.; Slepkov, D. A.; Alemany, L. B.; Sasaki,
T.; Hegmann, F. A.; Tour, J. MChem.—Eur. J2005,11, 3643—3658.
(b) Shirai, Y.; Zhao, Y.; Chen, L.; Tour, J. MDrg. Lett.2004,6, 2129—
2132.
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Scheme 2. Synthesis of Angled Nanocdr
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With the addition of the axles and thH-alkylated
carbazole, the tetrafullerene (1) proved to be sufficiently
soluble for definitive characterization Bid NMR, 13C NMR,
and mass spectrometric analysis.

(8) Angled Nanocar 1.To an oven-dried 500 mL round-bottom flask
equipped with a magnetic stir bar were adddd(0.075 g, 0.0250 mmol)
and Go (0.200 g, 0.278 mmol). After adding THF (250 mL), the mixture

Figure 2. (A—C) Three models of possible conformations Jof
represented by material studios (MS) modeling. (D) STihage
of 1 shown in A (bias voltage= —0.71 V, tunneling current= 7
pA). (E) Higher resolution view of, same tunneling parameters.

Our next step was to image the angled nanocar (Figure
2). STM imaging of the molecule revealed that a large variety

Hz), 3.97 (t, 2HJ = 6.53 Hz), 3.86 (t, 2HJ) = 6.33 Hz), 3.74 (t, 2HJ =

6.24 Hz) (the six-OCH,— groups), 2.0—1.1 (m, 196H) (other decyl and
carbazole CH groups), 0.99 (t, 3HJ = 7.35 Hz) (the carbazole Gj
0.87-0.81 (m, 36H) (six different decyl CHgroups);13C NMR (126 MHz
CDCl) 0 154.6, 154.3, 153.84, 153.76, 153.6, 153.4 (six different signals
from aryloxy C), 151.7, 151.5, 147.7, 147.5, 146.8, 146.52, 146.50, 146.34,
146.33, 145.9, 145.8, 145.7, 145.56, 145.55, 145.5, 144.8, 144.6, 143.3,
142.71, 142.68, 142.24, 142.16, 142.1, 142.0, 141.8, 141.7, 140.5, 140.4,

was sonicated for 3 h (general purpose sonicator). To the greenish-brown136.2, 135.3 (30 different fullerene Spignals; the two slightly different

suspension formed after sonication was added LHMDS (1.00 mL, 1.00

mmol) dropwise at room temperature over 1 h. As the reaction progressed,

the mixture turned into a deep greenish-black solution. During the addition
of LHMDS, small aliquots from the reaction were extracted and quenched
with trifluoroacetic acid (TFA), dried, and redissolved in £fér TLC
analysis (developed in a mixture of ESCH,Cl,, and hexanes 2:1:1).
Completion of the reaction was confirmed by the disappearance of the
starting materials. Upon completion, the reaction was quenched with TFA
to give a brownish slurry. Excess TFA and solvent were then removed in
vacuo to afford a crude product that was dissolved in &f8l directly loaded
onto a column. The column was eluted withL5H,Cl, (100:1) to remove
unreacted &, followed by CS/CH,CI; (1:1) for complete removal of trace
Ceo and elution of product. The product was further purified using another
flash column with graduated elution of @8H,Cl,/hexanes (4:1:3 then
2:1:1). A third column with elution (2:1:1) was used to complete the
purification to afford1 (0.015 g, 10%): FTIR 2950, 2922, 2851, 2207,
2151, 1591, 1501, 1461, 1410, 1382, 1277, 1215, 1015, 843, 732, 662 cm
1H NMR (500 MHz, CDC}, ppm)é 8.27 (dd, 2H,J = 1.51 Hz,J = 0.5

Hz), 7.67 (dd, 2H,) = 8.46 Hz,J = 1.57 Hz), 7.38 (d, 2HJ = 8.58 Hz)
(aromatic H on 3,6-disubstituted carbazole ring), 7.76 (dd, 2H, 1.66

Hz, J = 0.59 Hz), 7.54 (dd, 2HJ) = 8.01 Hz,J = 0.5 Hz), 7.48 (dd, 2H,
J=8.03 Hz,J = 1.66 Hz) (aromatic H on 1,2,4-trisubstituted phenyl ring),
7.29 (s, 2H), 7.13 (s, 2H), 7.07 (s, 2H), 7.04 (s, 2H), 6.96 (s, 2H), 6.94 (s,
2H) (six aromatic H on the three types of tetrasubstituted phenyl rings),
7.18 (s, 4H) (the fullerene C-H), 4.32 (t, 2H) (the carbazoleQH,—),

4.17 (t, 2H,J = 6.05 Hz), 4.15 (t, 2HJ = 6.63 Hz), 4.03 (t, 2HJ = 6.55
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fullerene environments cannot be differentiated), 134.4, 131.6, 130.8, 130.0,
124.0, 108.9 (six different €H groups on the 3,6-disubstituted carbazole
and 1,2 ,4-trisubstituted phenyl rings, the last signal is C-1 of carbazole),
143.1,126.5, 125.9, 123.2, 122.6, one signal in the cluster of seven signals
from 115.14 to 113.27 (six different substituted C on the 3,6-disubstituted
carbazole and the 1,2,4-trisubstituted phenyl rings, the first signal is C-8a/
C-9a of carbazole), 117.6, 117.4, 117.2, 117.09, 117.08, 116.8 (six different
C—H groups on three types of tetrasubstituted phenyl rings), 115.1, 114.4,
114.3, 114.2, 114.0, 113.5, 113.3 (six of these seven signals are from six
different alkyne-substituted C on three types of tetrasubstituted phenyl rings),
101.2, 100.2, 97.8, 96.5, 94.4, 93.7, 92.7, 92.3, 91.1, 88.2, 84.5, 80.2 (the
12 different alkyne C; lack of symmetry in the trisubstituted phenyl ring
results in the three groups with two alkynes giving 3 = 12 well-resolved
alkynyl signals), 70.1, 69.9, 69.8, 69.6, 69.5, 69.3 (the six differéDCH,—

C), 62.0 (fullerene C—H signal), 55.6 (fullerene’*spuaternary C), 43.2
(N—CHz— broad signal detected only in the DEPT-15%& experiment
because of its increased sensitivity), 31.97, 31:08)( 31.9, (four signals

for six C-8 decyl C), 31.1 (NCH,—CH,—) 30.0, 29.85, 29.83, 29.76, 29.74,
29.714, 29.708, 29.70, 29.65, 29.643, 29.64, 29.636, 29.49, 29.47, 29.44,
29.43, 29.42, 29.41, 29.39, 29.35, 29.3 (numerous signals for six sets of
C-3 through C-7 decyl C), 26.6, 26.23, 26.19, 26.16, 26.1, 26.0 (the six
different —-OCH,—CH,— C), 22.8, 22.74, 22.71, 22.69 (four signals for
the six C-9 decyl C), 20.6 (NCH,—CH,—CH,—), 14.20, 14.18, 14.1 (three
signals for the six C-10 decyl C), 13.9 {NCH,—CH,—CH,—CHy);
MALDI-TOF MS m/z(silver nitrate as the matrix) calcd forakgH2gdNO12

5873, found 5873.
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of final conformations were possible when adsorbed onto In summary, we have successfully synthesized a new
the gold surface. The source of this result is revealed by version of a nanocar wherein the angled architecture of the
molecular modeling and appears to be due to the inherentchassis might provide circling directional control for surface-

structural flexibility of 1 (Figure 2A-C).? Preliminary results  rolling nanomachines. Since the prevalence of conformation
indicate a random distribution of different conformations on C (Figure 2C) is low, imaging of these nanocars in circular

the gold surfaces with no preference for any particular motion has been slowed. However, further work is underway,
conformation. Examples of conformations imaged are shown and results will be presented in the near future.

in Figure 2D, with a higher resolution image shown in Figure
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