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Molecular rotors are attracting much attention in the pursuit of
ever-smaller machines.1 Studies of double-decker porphyrins in
solution have revealed that the two rings undergo rotational libration
with respect to each other.2,3 The double-decker complexes may
be considered among the most promising rotatable components for
molecular rotors in view of their amenability to additional func-
tionalization. Thus, visualization of the rotational libration of
double-decker complexes on an individual molecule basis is an
important means of understanding the rotational dynamicssand
finding ways of controlling it. We and others have previously used
scanning tunneling microscopy (STM) to observe arrays of double-
decker complexes at solid-liquid interfaces on the surfaces of
highly oriented pyrolytic graphite (HOPG).4,5 Although the rota-
tional libration has been inferred on the basis of the shapes of the
observed molecules,4 no solid evidence has been presented to date.
In this present study, we visualized the rotational libration of a
macrocyclic ring within a double-decker porphyrin on an individual-
molecule basis.6

We prepared a new double-decker porphyrin [Ce(C22OPP)(TPP-
Fc)] [TPP-Fc ) 5-(4-(4-ferrocenylphenylethynyl)phenyl)-10,15,20-
triphenylporphyrin; C22OPP ) 5,10,15,20-tetrakis(4-docosylox-
yphenyl)porphyrin] featuring a ferrocene unit tethered through a
rigid spacer to one of the rings. The STM image in Figure 1,
recorded at the HOPG/1-phenyloctane interface, reveals a lamellar
pattern composed of larger spots accompanied by smaller dots. We
assign the pairs of larger (double-decker core) and smaller (fer-
rocene moiety) dots to individual double-decker molecules. The
intermolecular distances along and across the row of molecules (the
larger spots) are 2.1 and 4.6 nm, respectively. Because this two-
dimensional lattice is close to that observed for the array of H2(C22OPP)
[5,10,15,20-tetrakis(4-docosyloxyphenyl)porphyrin],4a we assume that
the molecules are immobilized on the surface through adsorption
of the C22OPP ring, presenting the TPP-Fc ring to the solution.
The ferrocene moiety serves as a molecular beacon; it is always
located on one side of the row (perpendicular orientation, ⊥), except
for positions adjacent to defects.7 Consecutive scans of the same
area revealed that reorientation of the upper ring, or exchange of
molecules on the surface with those in the overlying solution, rarely
occurred in the densely packed array.

STM images of a mixture of [Ce(C22OPP)(TPP-Fc)] and
H2(C22OPP) reveal (Figure 2) molecules aligned in the same manner
as those in the cases of [Ce(C22OPP)(TPP-Fc)] and H2(C22OPP)
alone. We ascribe the dimmer spots on the rows to the free-base
porphyrin. Brighter spots on the rows accompanied by smaller
features located on either the left or right side correspond to double-
decker porphyrins with a perpendicular ferrocene moiety (⊥); pairs
of bright spots on the rows without any feature on their sides are

due to double-decker porphyrins with a parallel ferrocene moiety
(|). The right-hand image in Figure 2 was taken immediately after
(starting 86 s later) recording that on the left image, on the same
area. Comparison of these images reveals that six of the double-
decker molecules had reoriented between the first and second scans;
the reorientation of the three grouped in the upper regions of the
images are illustrated schematically in the lower panel. Thus, we
have visualized the orientational changes of double-decker com-
plexes in real space on an individual-molecule basis.
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Figure 1. Ce double-decker porphyrin presenting a tethered ferrocene unit,
[Ce(C22OPP)(TPP-Fc)]. (Left) Molecular structure. (Right) STM image of
a surface array at the HOPG-1-phenyloctane interface (20 µM; I ) 10 pA;
Vsample ) -1.0 V).

Figure 2. Mixed array of [Ce(C22OPP)(TPP-Fc)] and H2(C22OPP) (10 µM/
10 µM) at the HOPG-1-phenyloctane interface. (Top) STM images of the
same area, one recorded immediately after the other (I ) 10 pA; Vsample )
-1.0 V). Encircled molecules changed their orientation during the interval;
arrows indicate the orientation of the ferrocene units. (Bottom) Schematic
representation of the three circled units in upper regions of the images.
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We collected data for over 300 double-decker molecules from
25 scans (60-90 s for each) on six different samples to analyze
the orientations and reorientations quantitatively. The double-decker
molecules may be categorized into three classes according to their
neighboring molecules: ones that are flanked by two free-base
porphyrins (class 1), ones that are flanked by one free-base
porphyrin and one double-decker molecule (class 2), and ones
flanked by two double-decker molecules (class 3). Whereas the four
antiprismatic orientations are equivalent in solution, the lamellar
formation on the surface makes the perpendicular and parallel
orientations nonequivalent. Table 1 lists the fractions of molecules
in their respective orientations (P⊥ and P|). The perpendicular
orientation is preferred over the parallel orientation; this preference
is more pronounced in class 2 than in class 1. The orientational
preference indicates that interaction of the ferrocene unit with the
interstitial alkyl groups is favored over interaction with the free-
base porphyrin. The different values of P⊥ and P| for classes 1 and
2 indicate that the neighboring molecules play a role in determining
the orientation. Quantitatively, the perpendicular orientation is more
stable than the parallel orientation by 2.1 ( 0.9 and 3.8 ( 1.2 kJ
mol-1 for molecules in classes 1 and 2, respectively, on the
assumption of the Boltzmann distribution.

Assuming that the 90° flips of the double-decker molecules would
follow a Poissonian process, the number of events per molecule in
a unit time would correspond to the first-order rate constant. Table
1 summarizes the rate constants obtained after comparing the
orientations of individual molecules in consecutive images.8 We
found that the rate constants for the 90° flips differed depending
on the initial orientation; from perpendicular to parallel, k⊥f| was
ca. (1-3) × 10-3 s-1; vice versa, k|f⊥ was ca. 1 × 10-2 s-1. These
values are consistent with the perpendicular-to-parallel being
perturbed by adjacent molecules, with the reverse process being
less influenced. These aspects are unique to the surface assembly;
they are not observable in solution.

Most of the orientational changes occurred when the STM tip
was positioned away from the molecules, even though it passed
immediately above them many times (typically, 10 times) during
imaging. Increasing the tunnel current from 10 to 20 pA did not
result in any detectable change in the rate of rotational libration,
suggesting that it was thermally induced. Precise assessment of the
effects of the tip and the scanning parameters was difficult, however,
because the ranges of bias voltages and tunnel currents that
produced clear images were rather narrow, preventing us from
investigating the effects of these parameters beyond what is reported
here.

In conclusion, we have visualized the rotational libration of a
double-decker porphyrin by using a ferrocene unit as a molecular
beacon signaling its position. STM observation of individual
molecules revealed neighbor-dependent energetics and kinetics for

the rotational libration process. We are currently investigating the
effects of molecular structures and intermolecular interactions on
the rotational behavior of related double-decker complexes at the
individual-molecule level.
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M.; Jung, T.; Spillmann, H.; Diederich, F. Angew. Chem., Int. Ed. 2007, 46,
4089–4092. (f) Baber, A. E.; Tierney, H. L.; Sykes, E. C. H. ACS Nano
2008, 2, 2385–2391. (g) Lei, S.-B.; Deng, K.; Yang, Y.-L.; Zeng, Q.-D.;
Wang, C.; Jiang, J.-Z. Nano Lett. 2008, 8, 1836–1843.

(7) Not all of the double-decker molecules appear to present a ferrocene unit;
such molecules remained unaccompanied by a ferrocene unit in subsequent
scans. This phenomenon might be due to upside-down adsorption or to
irreversible changes in the ferrocene moiety caused by ambient STM; for
an example of the latter, see: Yokota, Y.; Fukui, K.; Enoki, T.; Hara, M. J.
Phys. Chem. C 2007, 111, 7561–7564.

(8) Exchange of molecules on the surface with those in solution was negligible.
Replacement of [Ce(C22OPP)(TPP-Fc)] or H2(C22OPP) units would have
resulted in exchange in roughly half the time; we observed it occurring with
a frequency as low as 6 × 10-5 s-1 per molecule. Some orientational changes,
such as 90° rotation followed by a -90° rotation, would have been missed
in our counting approach. Nevertheless, the small fraction of molecules that
changed their orientation at all, and the even smaller number that underwent
180° flips, between consecutive imaging suggest that the likelihood of
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Table 1. Orientation and Rotational Libration of
[Ce(C22OPP)(TPP-Fc)]a-c

class P⊥ P|
E⊥ - E|/
kJ mol-1

k⊥f|/
10-3 s-1

k|f/⊥/
10-3 s-1

1 0.70 ( 0.08 0.30 ( 0.08 -2.1 ( 0.9 2.9 ( 0.8 9.5 ( 3.0
2 0.90 ( 0.04 0.10 ( 0.04 -3.8 ( 1.2 0.95 ( 0.36 8.7 ( 4.0

a Errors indicated are 95% confidence intervals. b 25 ( 2 °C. c I ) 10
or 20 pA; Vsample ) -1.00 to -1.25 V.
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